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ABSTRACT

High-strength concrete plates are frequently used in vanous structural engineering
systems and varieties of civil engineering applications. A research program was carried
out at Memonial University of Newfoundland to investigate the behavior of high-strength
concrete two-way plates subjected to impact loading. The research program included both
experimental investigation and numerical investigation.

The current research includes an experimental investigation on sixteen concrete
plates with dimension of 950x950 mm and 100-mm thickness. The plates were supported
by a special frame designed for this investigation. The support frame is made from
concrete and steel with free opening of 700x700 mm. Normal-strength and high-strength
concrete plates were tested under two end conditions, i.e. fixed and simply supported. All
of the specimens were two-way reinforced plates with reinforcement ratio that varied
from 1%-2.5% in tension face and 0.7%-0.8% in compression face. A rigid projectile was
used to apply the impact load to the tested reinforced concrete specimens. The rigid
projectile was a solid steel cylinder with 220-kg mass and 304.5 mm diameter contact
area. The projectile was dropped from a variable height of up to 4 m. An accelerometer
with +200-g capacity was attached to the cylinder steel to record the actual test
acceleration. A data acquisition system based on a personal computer acquired the data at
a sampling rate of 1000 Hz. The structural behavior with respect to displacement,
concrete and steel strains, failure mode, and energy absorption were examined. The effect

of dynamic loading, concrete strength, reinforcement ratio, and support patterns were the

test parameters.



A numernical investigation was conducted to evaluate the test results with respect
to the North American code and some European design codes. A linear elastic fracture
mechanics impact load expression was used to evaluate the effect of rate of loading on
the dynamic behavior of high-strength concrete plates. Based on the experimental test
results it has been found that the punching failures of the impact loading were about
twice the static punching shear capacity. The critical velocities of perforation can be
estimated accurately for all high-strength concrete specimens according to CEB dynamic
code expression. The ratio of impact versus static fracture energy for high-strength
concrete plate was found to be much higher than that for normal-strength concrete.

Therefore. high-strength concrete plates are considered to be more efficient than normal-

strength concrete plates under impact loading.
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Chapter 1

INTRODUCTION

1.1. General

It is appropriate to discuss and clarify a number of fundamental points in the subject or
dealing with specific design arrangement. There are three points that should be clanfied
before examining the behavior of concrete plates under impact loading. Firstly. the high-
strength concrete plate should be defined. Secondly, the definition of impact loading
should be outlined. Finally, the objectives of the research should be described clearly.

High-strength concrete is defined as any concrete with compressive-strength over
41 MPa. High-strength is realized through the use of silica fume as a partial replacement
for cement to produce extremely strong, highly abrasion resistant. impermeable, very
durable concrete against freeze-thaw damage and salt water attack. This material has
already been successfully used for offshore platforms, marine structures, tall buildings,
and long span bridges.

Impact loading is a result of a collision between two bodies that occur in a very

small interval of time, one with a high initial speed striking another at a stationary



position by generating large forces. The struck object, in civil engineering, is usually a
structural element that has to be designed to resist impact loading. This loading is mostly
extreme loading with infrequent probability of existence dunng the lifetime of the
structure. However, failure due to impact loading often results in a serious structurai
damage. Material properties like high-energy absorption have to be taken into
consideration in the design of safe concrete structure.

Many structures experience impact loading. Some of the structures that must have
the possibility of impact loading considered in their design are offshore facilities. piles,
defense shelters. and structures in seismic areas. The impact loading can be ignored in the
design process when the loading intensity has small fluctuations. However. when the
magnitude of the fluctuating component of loading is large. the impact loading can be
very significant. Engineers should be able to decide whether the impact loading must be
accounted for in design or neglect it. The responsibility of the design engineer is to solve
problems in a safe. efficient. and economic manner. Therefore, the design engineer
should consider how the overall structure behaves under impact loading.

The use of high-strength concrete is increasing faster than the development of
appropnate design code recommendation. In spite of the wide use of high-strength
concrete, little research has been conducted on the structural behavior of high-strength
concrete beams, slabs and columns under dynamic loading. The structural behavior of
concrete plates, especially under impact loading, needs further investigation. The
concrete plate is a simple, economical, and popular structural system. Therefore, high-

strength concrete flat plate was chosen in this research, since it has several civil

engineering applications.

(1S ]



1.2. Research Scope

The scope of this study is to investigate the dynamic behavior of two-way reinforced
concrete plates under impact loading. The investigation includes an experimental
investigation and a numerical evaluation. The two phases of the investigations are
described as follows:

The expenmental testing program will be conducted on several specimens
subjected to impact loading. The impact load speed target range between 4 to 9 m/s as
acceleration is range between 70 to 120 g. The specimens will be tested under fixed and
simply supported end-conditions. The behavior of high-strength concrete plates will be
evaluated with respect to deflection. concrete and steel strains, energy absorption
capacity. and fracture energy.

The numenical evaluation will be carried out to verify the validity of the current
code predictions. The impact load capacities will be compared with static capacities of
the codes. A fracture mechanics impact load analysis based on linear elastics fracture
mechanics (LEFM) will be conducted. The purpose of the numerical evaluation is to
provide a more detail analysis on the effect of the rate of loading on the dynamic
behavior of high-strength concrete plates. The dynamic fracture energies of the tested
plates will be compared to static fracture energies calculated from previous investigators.

The study will provide a design guide for engineers on the effect of rate of loading on the

behavior of high-strength concrete plate.



1.3. Research Objectives

This research will investigate the test results of 16 different specimens. Based on the

experimental investigation a better understanding of the behavior of high-strength

reinforced concrete plates under impact loading will be realized. The major objectives are

not fimited to but will contain the following objectives:

(1) Investigate the structural behavior of high-strength concrete plate under dynamic
impact loading.

(2) Study the effect of the end conditions on the structural behavior of high-strength
concrete plate under impact loading.

(3) Examine the effect of reinforcement ratio on the behavior of high-strength concrete
plates.

(4) Record actual concrete strains, steel strains, and deflection of high-strength concrete
plates under impact loading.

(5) Investigate the influence of the rate of loading on the impact behavior of specimens
using fracture mechanics equations and test results.

(6) Provide new information on the force-displacement relationships of high-strength
concrete plates.

(7) Compare the result of the investigation with theoretical expressions and code
equations.

(8) Evaluate the fracture energy of the concrete plate under impact loading.



1.4. Format

This thesis can be divided into three parts. Part [ appears under Chapters | and 2. Chapter
1 covers the introduction and the objectives of this investigation. Chapter 2 presents the
literature review of previous investigations.

Part II appears under Chapter 3 that cover all the experimental investigation
carried out to study the effect of concrete strength and reinforcement ratio on the
behavior of reinforced concrete plates subjected to impact loading. This chapter covers
the set-up of laboratory and experimental program.

Part III appears under Chapters 4 and 5, cover the entire research findings. test
results and analytical investigation including evaluation of several models to predict the
shear-strength of high-strength concrete plate. This chapter also presents a numerical
evaluation based on a fracture mechanics analysis to evaluate the effect of rate of loading
on the behavior of concrete plates. Finally, a conclusion summarizes the experimental

and analytical investigations are given in Chapter 6.



Chapter 2

REVIEW OF LITERATURE

2.1. High-Strength Concrete

2.1.1. General

Quality of concrete is generally described by its compressive strength. According to the
American Concrete Institute, ACI 363 (1992), ordinary structural concrete has been used
with a compressive strength in the range of 20 to 40 MPa. While. high-strength concrete
1s defined as any concrete with over 41 MPa compressive strength. But, in the last two
decades. concrete with higher compressive strength has been used in the construction of
high-rise buildings, long-span bridges, and offshore structures. The new high-strength
concrete has a compressive strength of 70 MPa and 100 MPa.

The use of high-strength concrete is spreading rapidly all over the world and
increasing faster than the development of appropriate design code recommendations.
Several recent investigations have been conducted on high-strength concrete behavior to

find the characteristic behavior of high-strength concrete and to upgrade the current



design recommendations so that the potential of high-strength concrete can be fully

exposed.

Recent investigations on high-strength concrete can be classified into three main
categories, i.e. behavior of material properties, behavior of structural members. and
development of testing equipment. These three main categories can be described brefly
in the following:

(1) With attention to the material properties. several studies have been carmied out to
investigate the behavior of high-strength concrete subjected to different stress
conditions.

(2) With respect to the behavior of structural members, several studies have been
conducted to investigate the behavior of structural elements constructed with high-
strength concrete.

(3) Finally, with consideration to the development of testing equipment. several
researches have been given to improve the testing equipment in order to investigate
accurately the behavior of high-strength concrete.

During the past decade. several concrete material and structural investigations
were conducted at Memorial University of Newfoundland. Marzouk and Hussein (1990)
conducted the development of high-strength mix design from local matenais. It has been
concluded that local materials can be used with silica fume and fly ash to provide
strength of 70 MPa at 28 days. Marzouk and Chen (1995) recommended a constitutive
relationship for the behavior of high-strength concrete under uniaxial tension load

including the post-peak softening response and fracture energy.



Marzouk and Hussein (1991) reported that the use of the cubic root of the
compressive strength to predict the punching shear resistance of high-strength concrete
slabs is much better expression compared to the square root expression used in all North
American codes. Marzouk and Jiang (1994) investigated six different methods to
enhancement of the punching shear capacity. The structural behavior of high-strength
concrete plates was evaluated in terms of overall load-deflection respense, ultimate

loading capacity, ductility and energy absorption. Failure patterns and strain distribution

were also discussed.

2.1.2. Mix Design of High-Strength Concrete

High-strength concrete is made with the same basic ingredients as normal-strength
concrete. Famy and Panarese (1993) reported that the production of high-strength
concrete is achieved by optimization of the following factors:

(1) characteristics of the cementing medium,

(2) characteristics of the aggregates,

(3) proportions of the paste,

(4) paste-aggregates interaction,

(5) mixing, consolidating, and curing, and

(6) testing procedures.

Some selection of materials and mixing methods are being explored through research.
However, attention to the above six basic areas is of extreme importance whether using

existing or new materials and techniques. In the United States and Canada, the ACI



Committee 363 (1992) rcport is used as a guide for the design and construction of high-

strength concrete structures.

2.1.2.1. Cement
Cement paste is an important factor in making high-strength concrete. Selection of a
portland cement for high-strength concrete should be based on comparative strength tests
of cement at 28 and 90 days. A cement that yields the highest compressive strength at the
later age, 90 days. is obviously preferable.
Zia et al. (1993) described that the choice of appropriate cementitious materiais
was governed by considerations of:
(1) cost.
(2) availability,
(3) evidence of satisfactory performance,
(4) the engineer's confidence in specifying the material, and
(5) the contractor's ability to produce, handle, and place concrete containing the product.
In the United States and Canada, ACI-363 (1992) recommendations require a
minimum cement content of 360 kg/m’. In order to make high-strength concrete; the
mixture should have a cementitious materials content of between 360 to 600 kg/m’.
However. the use of high cement content in massive structures frequently leads to
thermal cracking. Thermal cracking increases the permeability and reduces the durability.
Therefore, developing high-strength cement with moderate heat of hydration is

recommended in order to avoid this problem. In the United States ASTM type I cement



and in Canada CSA type 10 cement are the most used type of cements to produce high-
strength concrete.

Water-cement ratio is typically expressed as the total weight of water to the total
weight of cement. In addition, water-cementitious matenal ratio is expressed as the total
weight of water to the total combined weight of all cementitious materials. In both cases.
the total weight of water excludes that absorbed by the aggregates. but includes any water
introdiiced inta the mixture as part of an admixture. Some of the more finely ground
portland cements such as ASTM type III (high-early-strength) will have higher mixing
water requirement for equal workability, particularly at low water-cement ratios. and may

promote rapid stiffening in hot weather. Unfortunately. this type of cement is not

recommended for high-strength concrete.

2.1.2.2. Aggregates
Aggregates are those parts of the concrete that constitute the bulk of the finished product.
Aggregates constitute the major part of the mix and comprise 60% to 80% of the volume
of the concrete. They have to be so graded that the whole mass of concrete acts as a
relatively solid, homogeneous, dense combination, with the smaller sizes acting as an
filler of the voids.

Usually, the main components of aggregates can be divided into two types: (1)
coarse aggregate: gravel, crushed stone, or blast furnace slag; and (2) fine aggregate:

natural or manufactured sand. The coarse and fine aggregates are described briefly in the

following discussion.
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2.1.2.2.1. Coarse Aggregates
The characteristics of the aggregate significantly influence the properties of concrete,
including strength. The strength of aggregates is always greater than the strength of
cement paste. However, for high-strength concrete production, the strength of the cement
paste is high enough to rival the strength and other vital properties of the aggregate. The
strength of the aggregate, the bond or adhesion between cement paste and aggregate. and
the absorption characteristic of the aggregate all become more important for high-
strength concrete than for normal-strength concrete. For this reason. any one of these
properties could be a limit factor for ultimate strength.

There is a practical value in determining the optimum size of coarse aggregate for

different concrete strength levels. The optimum size depends on the following factors:

(1) relative strength of the cement paste,
(2) cement-aggregate bond. and
(3) strength of the aggregate particles.
The chemical content of the aggregates. that is the mineral present, does lend some
insight into predicting the interaction between cement paste and aggregate particles. Still.
trial batches provide the most practicai information for choosing the best aggregate for a
concrete mixture.

For normal-strength concrete, Walker and Bloem (1960) explained that mixing
water requirement is reduced as coarse aggregate size is increased. The net effect is a
lower water-cement ratio and higher strength. Water requirement is a function of the

overall fineness of the solid ingredients.
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For high-strength mixtures, the use of small aggregates with maximum nominal
size of 19.0, 12.5. and 9.5 mm, usually is sufficient to offset the effect of the higher
mixing water demand. Carrasquillo (1985) reported that the use of crushed aggregates is
recommended for the production of high-strength concrete, rather than round aggregates.
This was attnbuted to the reduced aggregate-mortar interface bond strength of natural
gravel aggregates.

However, the role of aggregates in high-strength concrete is minor compared with
the role of cementitious materials. Marzouk, Osman, and Helmy (1998) reported that it

has been produced a high-strength lightweight concrete up to 80 MPa at the concrete

laboratory of Memorial University.

2.1.2.2.2. Fine Aggregates

Saucier, Smith, and Tynes (1964) indicated that fine aggregates contain a much higher
surface area than coarse aggregates for a given weight. Because it has a much larger
surface area, the fine aggregate (sand) can influence the amount of mixing water required
and affect the properties of fresh and hardened paste more than the coarse aggregate. In
sands of the same grading, 1% increase in fine aggregate voids may induce a 5 V/m’
increase in water demand to maintain an equal siump.

Since all aggregate in concrete must be coated with paste, the shape and grading
of fine aggregate as well as its proportion to coarse aggregate will have a direct impact on
paste requirement. More cement paste is required when more fine aggregate is used. The
less sand used, however, the harsher mixture and workability maybe seriously impaired.

A balance must be struck in proportioning high-strength mixtures. In general, using at



least sand consistent with necessary workability has given the best strength for a given
paste.

The bond of paste to fine aggregate is less significant than bond to coarse
aggregate because of the large surface area available in the fine aggregate for bonding.
Maximizing the coarse to fine aggregate ratio (CA/FA) can result in the most efficient.
and therefore economical. use of cementitious materials. The optimum ratio of CA/FA
will probably be apparent from trial batches based on workability of the mixture.

Rounded and smooth fine aggregate particles (natural sand) are better from the
viewpoint of workability than sharp and rcugh particles (manufactured sand). Concrete
mixtures of the same slump and cement factor containing natural sand produce higher
strengths than concrete containing manufactured sand as reported by Famy and Panarese
(1994). The particle shape and grading of these materials are probably responsible for the
strength differences.

Washing the sand may be necessary. When natural sands containing large
quantities of mica, clay, and other deleterious materials. These harmful matenals should
be avoided as they may increase water demand and affect hydration and bond of cement
paste to aggregate. Uniformity of grading from batch to batch is also important for both

the fine and coarse aggregates because of its effect on workability.

2.1.2.3. Admixtures

Admixtures are materials other than water, aggregates, and cement that are used as
ingredients of concrete. ACI Committee 212 (1983) reported that the function of

admixtures is to modify the properties of concrete to improve workability, or for
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economy, or for other purposes such as improving concrete strength. These matenals are
added to the batch immediately before or during the mixing. These properties help the
concrete to achieve high strength and water reduction without loss of workability.

Trial mixtures should be made with the admixture and job matenals at the same
temperatures and humidity anticipated on the job. This permits an evaluation of the
compatibility of an admixture with other admixtures and concrete matenals. It alse serves
an evaluation of the admixture effects on the properties of fresh and hardened concrete. A
recommendation by the manufacturer or the optimum amount determined by laboratory
trial batches should be used. The major type of admixtures can be summanzed as mineral

admixtures and chemical admixtures, which will be described briefly in the following

discussion.

2.1.2.3.1. Mineral Admixtures
The most important mineral admixtures to the production of high-strength concrete are
pozzolans. The two pozzolans most commonly used in high-strength concrete are fly ash
and silica fume. However, especially in Canada, ground granulated blast-furnace siag has
been used more recently instead of silica fume. Ground slag for use in concrete should
conform to section C989 of the ASTM (1997), specification for ground granulated blast-
furnace slag for use in concrete and mortar.

Fly ash is produced as a by-product of the combustion of pulverized coal in
electic power generating plant. This material is used to amend insufficiencies in a
concrete mix by providing missing fines from the fine aggregate. Using fly ash type F to

the mix can improve qualities of concrete such as reducing permeability, expansion, and
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the cost of concrete-making materials. Unfortunately. the properties of fly ash can vary
greatly because of the wide range of composition of coals. Considering the acceptance
and uniformity, tests should made according to section C618 of the ASTM (1997),
specification for fly ash and raw or calsined natural pozzolan for use as a mineral
admuxture in portland cement concrete.

Stlica fume is @ new pozzolanic material that has received considerable attention
in both research and application. This material is a by-product resulting from high-punty
quartz with coal in the electric arc furnace in the production of silicon and ferrosilicon
alloys. Unlike fly ash, silica fume is extremely fine. Most of particles are less than lum.
and the average particle diameter is about 0.1 um with surface area of about 20.000
mllkg. For comparison, fly ash surface area typically ranges from 300 to 500 m-/kg.
ground stag from about 400 to 600 mllkg. and type I cement from 300 to 400 m/kg.

Aitcin and Neville (1993) reported that the addition of silica fume to the mix
increases the cohesiveness, viscosity, and water demand of fresh concrete. In hardened
concrete, the addition of silica fume can produce significant increase in strength. modulus
of elasticity, and flexural strength. The use of silica fume should conform to section

C1240 of the ASTM (1997), specification for silica fume for use in hydraulic-cement

concrete and mortar.

2.1.2.3.2. Chemical Admixtures
The benefits to be realized from use of admixtures in high-strength concrete have
practically mandated their use. These admixtures increase the workability and enable

reducing the cement content in proportion to the reduction in water content. A common
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practice is to use a water-reducing admixture (superplasticizer) in combination with a
water-reducing retarder.

The type of sulphonated naphthalene formaldehyde superplasticizer normally
used reduces the amount of water required by 15-40%. However. using this
superplasticizer often results in high rate of stump loss, making it difficult to place the
concrete properlv. The high rate of siump loss will he overcome by the addition of the
water-reducing retarder which extends the time of set and permits the placement of a very
low water-cement ratio concrete.

The compatibility of the admixtures with the choice of cement is a very important
consideration. In order to reduce any undesirable effects in concrete, all chemical
admixtures should meet the requirements of section C494 of the ASTM (1997).
specifications for chemical admixtures for concrete. The use of retarder should be
conformed to section C494 type B and D of the ASTM (1997). while the use of

superplasticizer should be conformed to section C494 type F of the ASTM (1997).

2.1.3. Batching and Mixing Sequences

The incorporation of silica fume and high-range water reducers makes it possible to attain
high-strength concrete at early ages. The following batching and mixing procedure has
been developed by earlier researchers in the concrete laboratory of the Memorial

University of Newfoundland for the production of workable high-strength mix.

(1) Charge 100% of coarse aggregates,
(2) Batch 100% of cement,

(3) Batch 100% of fly ash,
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(4) Baich 100% of sand,
(5) Mix tor 3-5 minutes after adding 50% the estimated water with water reducing agent.

(6) Prepare a slurry of silica fume. together with 25% of gross superplasticizer dose and

20% of water.
(7) Mix for 5 minutes,
(8) Add 30% of mixing water together with air entraining admixtures.
(9) Retemper with the rest of superplasticizer dose to target slump.
Flowing concrete was generally achieved using those mixtures including
superplasticizer and retarder. The air content in the majority of the mixtures lies within
3% to 5%. Slump values were loosely at the 100-mm target, while an average value of

the unit weight of fresh concrete was 2400 kg/m".

2.2. Punching Shear Strength

Respective suggested approaches can be represented as either the result of an empirical
study or a rational study to establish a relationship between the load and stress at failure
of concrete plates. The empirical study used a statistical analysis of the available test
results, while the rational study described and idealized mathematically the mechanism of
failure.

In the case of empirical studies. Forsell and Holemberg (1946) described that the
critical section located at a distance #/2 from the loaded area. It has also been reported
that the shear stress distribution over the slab thickness is assumed parabolic.

Vv
h
4(c + E)h
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where v is the ultimate shear stress, V is the ultimate shear force, ¢ 1s the side dimension
of a square column, and # is the effective depth of the slab.

Moe (1961) conducted an expenmental investigation to analysis of shear strength
where shear and flexure were considered as a combined loading problem. Moe stated that
the cntical section of a slab subjected to a concentrated load was located at the column
perimeter and that the shear strength is to some extent dependent upon the flexural
strength. Based on the experimental program, a semi-empirical type of equation was

developed to calculate the ultimate shear strength,

0075 [~
- ==
-~ Vll — 15[ d } f(

cd |, 525bdyf,
V flex
where, v, = ultimate shear stress
V., = ultimate shear force
Vier = ultimate load for flexural failure
b = side dimension of square loaded area
c = periphery around the column excluding openings
d = effective depth of the slab
A = compressive strength of concrete

It was suggested that Equation (2.2) was the best equation to date for prediction of
the failure load in the report of ACI-ASCE committee 316 (1962). The Committee
recommended that the following design equation for calculating ultimate shear load,

V = vbd (2.3)
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where b take as the perimeter at a distance of d/2 from the periphery of loaded area. and

v< 4.0\/_]:. fcl is the concrete compressive strength. and d is the effective depth of the
slab.

The shear design methods of ACI-318 Building Code (1995) and CSA A23.3-94
(1994) are based on the developed in the most part on the work Moe (1961). The ratio of

the ultimate shearing capacity of the slab to the ultimate flexural capacity of the slab is

defined as &, = v“ . the following empirical expression was developed from
flex

Equation (2.2) for the prediction of the ultimate shear stress:

v, = [15(1 - o.o75%j - 5350, )Jf— (2.4)

The development of design approaches of the British Codes. BS 8110 (1985). and
is based pnimarily on the work of Regan (1981). An equation was developed to calculate

punching shear capacity as:

[100 A,
V, = K, K,.3 bd“‘* feu (269d)(3 C + 7.854d) (2.5)

where. V,, = ulumate shear force
K, = 0.13 for normal concrete and 0.105 for lightweight concrete
K,. = 1.15[4 nt(column area)/ (column perimeter)” |~
1004, _ steel ratio
few = cube strength of concrete
d = effective depth of the slab
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Y C = perimeter of the column

The shear perimeter for a rectangle column is located at distance 1.25 d out from the
column, for a circular column is located {.25 4 out from the column.

Marzouk and Hussein (1991) investigated the structural behavior of normal-
strength and high-strength concrete slabs with respect to punching resistance. The result
showed that high-strength concrete exhibits a more bnttle failure than normal-strength
concrete. The researchers have also indicated that the Moe's Equation (2.4) cannot be
recommended to predict the punching shear capacity of high-strength concrete slabs. The
punching resistance is proportional to the cubic root of concrete compressive strength.
Therefore. the assumption of the British codes is better than the use of square root of the
concrete strength as given in the present North American codes such as ACI-318 (1995)
and CSA A23.3-94 (1994).

Gardner and Shao (1996) confirmed the use of cubic root of compressive strength
using thetr expenimental results regarding the punching shear of a two-way flat reinforced
concrete slab. An empirical method using a shear pennmeter around the loaded area was

presented. The empirical recommended equation was expressed as follows:

05 0.5
14 200

v =~ <y, =071+ =] (o £, ] (fe)? 4 (2.6)
ud d u

where, v, = ultimate shear stress
Ve = nominal shear stress
V. = ultimate shear force

u

perimeter of loaded area

N
1}

effective depth of the slab
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P = flexural steel reinforcement ratio, calculated over width ¢ + 6d

yield strength of flexural steel

]

£y

n

f(‘l"

mean concrete strength

2.3. Impact Performance of Concrete Plates

2.3.1. Overview of Material Modeling
CEB (1988) report No. 187, recommended that generally the mechanical behavior of the

concrete matenal is described by a stress-strain relationship:

c = f(e) 27N
taking strain rate into account leads to:

o = f(¢.€) (2.8)
where the strain rate is defined as:

d_e_
dr

£ = (2.9)

and 1t expresses the variation of strain with time.
More recently, several investigations have revealed that also the loading history should
be taken into account:

o = f(e.¢, load historv) (2.10)
It is obvious that material models covering the relation in Equation (2.10) are much more
complicated than those for Equation (2.7). In this sense, a broad varieties of different

material models exist which may be grouped into the main categories of elasticity theory,

plasticity, viscoplasticity, etc.
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The different theories applicable to the modeling of concrete and steel
reinforcement will be discussed briefly according to CEB (1988) report No. 187 as
follows:

(1) Linear and non-linear elastic models
Linear elastic models are best known due to their simplicity. but as impact loading in
general cause non-linear defermation it is not suited for any application in this field.
The same may be stated for non-linear elastic models.

(2) Viscoelastic models
Models based on viscoelasticity have been used for the description of creep and
relaxation phenomena. A few authors have used this theory with the idea that
similanty between creep and strain-rate-effects should exist.

(3) Viscoplastic models
Models based on the theory of viscoplasticity have been used for many years also for
the description of impact problem. The theory of viscoplasticity is very convenient
especially for the modeling of the reinforcing steel, and may be simplified to a vast
extent at least for the one-dimensional case.

(4) Models based on plasticity
Models based on the theory of plasticity can be arranged into two categories such as:
(a) Elastic-perfectly plastic material behavior

The matenal shows elastic behavior up to a certain level, for example

compressive strength where strain is increased at constant stress. The influence of

stress rate can be taken into account by increasing the yield level according to this

stress rate.

[
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(b) Elastic plastic behavior with hardening
Instead of undergoing unlimited deformation at a constant stress level. the stresses
increase with increasing strain. Rate effects upon the yield surface are introduced,

for example in the form of rate hardening parameters.

(3) Endochronic models

(6)

Models based on endochronic theory have been developed for concrete and
reinforcing steel. Onginally the endochronic theory was based on the viscoplastic
theory. supplemented by a new internal variable, the intninsic time. Although the
endochronic theory was the subject of controversial discussions, it seems that some
phenomena, like the influence of the loading history upon the stress-strain
relationship and the strain-rate dependancy, are very well represented. For reinforcing

steel this model is adequate. but for concrete, the problem of dilatancy at high strain

1s not solved yet.

Fracture mechanics modelis

Fracture mechanics has to be subdivided into a linear and a non-linear theory. The
linear theory provides a good basis to predict unstable or catastrophic propagation.
Relations exist between fracturing stress, crack length, and strain rate. Linear fracture
mechanics does not take any plastic deformation or micro-cracking in the region of
the crack tip into account. However, as concrete and ductile steel are concerned. this
must be included because of the fact that the energy consumed in the plastic or micro-

cracked process zone is more relevant than the elastic part.



(7) Damage mechanics models
Models based on damage theory are relatively recent. especially on concrete. The
method is based on the idea that damage occurs as an irreversible degradation of the
material under deformation. A damage parameter is introduced as a scalar or vectonal
function of this degradation process. The degradation process is a continuous and
global process and does net consider only degradation within a default like the
fracture mechanics concept.

(8) Stochastic models
The fracture process within the matrix of concrete is formulated using stochastic
formulation. Concrete is modelled as a group of coupled elements with two or three
different phases. A logarithmic relation between the resistance of concrete and stress

or strain rate can be formulated.

2.3.2. Strain Rate for Various Types of Loading

In recent years. respectable attention has been given to the influence of strain rate or
stress rate on the mechanical properties of concrete. reinforcing steel, and pre-stressing
steel. Steel and concrete will be treated in two subsequent sections. The presentation of
the data will be such that a design engineer can use such parameters in simple hand
calculations and in a limited manner also in advanced computer codes. The properties
will be given in graphs and or in functional form with respect to strain or stress rate.
Table 2.1 gives some global estimates of strain rates which occur during various
types of loading. As reported in CEB (1988) report No. 187, these values are not expert

estimates and have to be determined more exactly for specific structures and loading



configurations. On the other hand, it will be shown that most relations between strength
and strain rate. or ultimate strain and strain rate. are linear-logarithmic or double
logarithmic which means that exact accuracy is not necessary. With regard to the second

remark. there 1s no mechanical property which decreases its value at higher strain rates.

Table 2.1. Typical strain rates for various types of loading

Type of Loading Strain Rate (s
Traffic 1I0°% - 1077
Gas explosions 5107 - 51077
Earthquake 51077 - 510"
Pile driving 10" - 10°
Air plane impact 51077 - 2.10°
Hard impact " - 510
Hypervelocity impact 10- - 10°

2.3.3. Properties of Concrete under Dynamic Loading

A proceeding of the intermational symposium released in Germany, BAM (1982),
reported that the most of the dynamic loading research were confined to plain concrete
with normal-weight natural aggregates. The mechanical properties which were
investigated include the compressive and tensile strength, ultimate strain at compressive

and tensile strength, Young’s modulus, biaxial strength, and fracture energy at tensile



loading. Some of these properties are well established as a function of stress or strain
rate, defined as stress or strain increase in time, others are much less investigated.

Unfortunately. not all of research papers on this subject contain the information
required to relate high stress rate tests to standard static test. This information is very
important to give enough details in order to judge the validity of the results and the range
of application. However, an attempt was made to examine the reported result to derive
more relations.

Since most investigations at high strain rates were intended to determine the
strength of matenal, data on ultimate strain are rather limited. Furthermore, data are
sometimes not complete in the sense that static references are not given. That makes
comparnison dependent on assumptions that are based on general knowledge. Although

these relations, for strain, are weaker than the strength relations they may still be useful.

2.3.3.1. Compressive Strength

A bulletin synthesis report on concrete structure under impact and impulsive loading was
published by Comite Euro-International du Beton. CEB (1988), stated that the static
testing rate was taken as g, =1 MPa/s. Stress rate is converted into strain rate by
assuming elastic material behavior with a modulus of elasticity of £. = 33000 MPa.
The strength relationship started at unity for static testing and reached a value of about 2
for low grade concrete. and about 1.4 for high grade concrete, when loaded more rapidly
atarateof o, = 10% MPas. Beyond this stress rates the increase higher reaching values

of four and greater. It should be noted, however, that this steep increase has been

determined theoretically and that experimental evidence is only attainable for natural
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rocks. Malvern, et al. (1985) reported that recent experimental results for concrete have
not fully confirmed this prediction.
Ammann and Nussbaumer (1995) described that the compressive strength of

concrete can be written in terms of strain rate as:

f o LO26a I
_""p = [i] with « = —— for € £ 30 ! .1
feras £, S+075¢.

where, € = strain rate

€, = strain rate at quasi static condition

fe static cube strength of concrete
This relationship reveals that the influence of loading rate decreases as the grade of
concrete increases. If the influence of the loading rate on the modulus were not

considered, the power of the equation above would be 1.0 a where « is the dynamic

material property as defined in Equation (2.11).

2.3.3.2. Modulus of Elasticity
The modulus of elasticity (Young's modulus) of the concrete in compression increases
with stress and strain rate. The relation between static and dynamic (impact) modulus of

elasticity is given by Ammann and Nussbaumer (1995) in the following equation:

E 5 10025
imp  _ [_] with &6, =1 MPu/s (2.12)
Es!ar GD
or
E. p 0.025
_imp (_] with ¢, = 30.1076 57! (2.13)
Estar €o



where, & = stress rate or variation of stress with time, or

do
g =—
di

G, = stress rate at quasi static condition.
€ =strain rate

€, = strain rate at quasi static condition

2.3.3.3. Ultimate Strain

The ultimate strain in compression is the strain that occurs at maximum stress. The

ultimate strain as a function of strain rate given by Ammann and Nussbaumer (1995} is:

€, . 5 0020
—F - [——] with 6, = 1 MPa/s

Eu, stat Oo
and
P 0.020
w,im . . - -
P = — with £, = 30.10 6471
Eu.s!a! Eo

2.3.3.4. Compressive Fracture Energy

The fracture energy is usually defined as the area under the complete stress-strain curve

multiplied by the appropriate volume element. Whereas numerous results were available

for static loading, there was no complete stress-strain curve available for high strain rates

of compression loading. However, from the occurrence of higher strength and ultimate

strain together with evidence of enhanced cracking, it may be concluded that the fracture

energy increases with increasing stress rate and strain rate.



2.3.3.5. Tensile Loading
Ammann and Nussbaumer (1995) have also described the properties of concrete under
tensile loading. In contrast to compressive failure, tensile failure is always a discrete
phenomenon. Usually one crack occurs which divides a specimen into two parts. These
two parts would unload as the crack width increases. Energy consumption occurs in the
cracking zone. The relationships between a mechanical property and the stress or strain
rate are similar to those obtained. The formulation is also similar to compressive strength
except for the value of the coefficient.

Taking account again of the influence of strain rate on modulus of elasticity. a

relation can be defined between strain rate and tensile strength in the following.

f‘ ¢ \ 1.0164 1
“'"p = —} with § = ——— for € < 30 s7! (2.16)
Sstar 10 + Q.5 f.

where f. is static cube strength of concrete.

Tensile strength is more sensitive to strain or stress rate if the concrete has a low
grade and is more sensitive to strain rate than compressive strength. Usually compressive
strength is the reference value for the concrete grade and is therefore known. The tensile

strength can be estimated from:

f, = 0.20(f,)*"° MPa (2.17)

These values of concrete strength have also been recommended by CEB-FIP (1990).

2.3.3.6. Tension Modulus of Elasticity
The influence of stress rate on modulus of elasticity for tension is smaller than for

compression. The formulation presented by Ammann and Nussbaumer (1995) such as:
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arc valid for all stress and strain rates. and all concrete grade.

The definition of strain in a tensile experiment only makes sense up to the
moment where a discrete crack starts to open, i.e., until the maximum stress is reached.
Beyond this point. the cracks open and the remaining undamaged part of the concrete
unloads. Ultimate strain is just the strain at maximum stress. Few expenments are
available which allow one to establish a relation between strain and the stress or strain

rate. This relation is also given by Ammann and Nussbaumer (1995) such as:

£, 10020
. O . .
_mp =( . } with 6, = 0.1 MPa/s (2.20)
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These relationships are valid for all stress rates, strain rates, and concrete grade.

2.3.3.7. Tensile Fracture Energy
The fracture energy is defined as area under the stress-crack opening curve muitiplied by
the cross-sectional area of the specimen. The post-cracked behavior was treated with a

brittle fracture concept proposed by Hillerborg (1985). The value can be calculated from
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integrating the complete tensile stress-crack opening displacement or crack width such as

follow:
Gp =[5 frdw (2.22)
where, G fF= fracture energy required to form an unit area of crack surface
Jf; = tensile stress, as a function of w

w = crack width

w, = crack width when f, reaches zero.
More common in the description of engineering material, the expression for Gy
can be arranged and expressed as a function of a stress-strain law. Thus, W is defined as

the fracture energy density. or work per unit volume. dissipated by cracking. can be

expressed as:

Gf £
Wp=—= jom f, de, (2.23)
c
where, f, = tensile stress expressed in terms of tensile strain
w,. = width of the fracture process zone

€, = tensile strain

€max = Maximum tensile strain when f; reaches zero at the end of the tension
softening branch.

As reported by Marzouk and Chen (1995), the fracture energy of high-strength
concrete is about five times the area under ascending portion of its complete stress-strain
curve. Fracture energy is estimated about ten times the area under ascending portion of its

complete stress-strain curve for normal-strength concrete as reported by Massicotte, Elwi,

31



and MacGregor (1990). This indicates that the high-strength concrete is more brittle in
tension than normal-strength concrete.
CEB (1988) stated that the relation between fracture energy under static and

dynamic (impact) loading is expressed by the following equation:

Gm!. imp W

0.045
) (2.24)

G'nf. srar . W

(2l

where, w = the crack opening velocity

W, = 107 mm/s .

2.3.4. Impact Resistance of Reinforced High Strength Concrete Slabs

2.3.4.1. Design Practice

In order to evaluate the damage due to impact caused by missile, fragments or dropped

objects on reinforced concrete plates, different models are used in the design practice.

These different models can be represented in the tfollowing:

(a) Determination of impact loads based on energy principles and penetration estimates.
The impact loads are then to be compared with the punching shear capacity and the
flexure capacity according to the yield line theory.

(b) CEB (1988) stated the determination of impact velocity to avoid scabbing based on
empirical scabbing limits

(c) CEB (1988) has also represented the calculation of the critical impact velocity
concemning perforation. This calculation is based on empincal data. The real impact

velocity has to be compared with the critical velocity.



Jensen. Hoiseth, and Hansen (1993) concluded that the essential element in the
first method is the ductility and the punching shear capacity of high-strength concrete
under impact and impulsive loading. The validity of the two other methods are limited to
certain missile velocities and concrete types, therefore the methods have to be verified.
An experimental investigation on the capacity of reinforced high-strength concrete slabs
under impact loading is recommended. The results may provide verification of analvtical
methods as well as design recommendations.

Banthia, Mindess, and Trottier (1996) conducted an experimental impact
resistance of steel fiber reinforced concrete using a simple instrument impact machine
designed to test concrete in uniaxial tension. it has been reported that fiber reinforcement
is sensitive material to stress rate and is effective in improving fracture energy absorption
under impact. While, Banthia, Yan, and Sakai (1998) studied the impact resistance of
concrete plates reinforced with a fiber reinforced plastic grid. The plates reinforced with
fiber reinforced piastic were found to fail in a brittle manner and absorb only a third of
the cnergy absorbed by those reinforced with a traditional steel grid. It has also been
reported that the most improvements in the impact performance occur with the use of
fiber reinforced concrete. Improvements occur in both the ultimate load carrying capacity
and the energy absorption capability.

Barr et al. (1982) studied the applicability of replica scaling to the dynamic
behavior of reinforced concrete slabs impacted by rigid missiles. Experimental results
were presented for models with relative linear scales of 1. 0.37. and 0.12. It has been
found that the rear faces of all 3 scales of target showed very similar damage and

cracking. A slight tendency of more rear face damage and more concrete stripping
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occurred in the bigger target case than in the smaller targets. The general shapes of
perforation craters were also similar on all 3 sizes of target. It has been concluded that the
use of scale models, over the size range tested. to provide data on the perforation

performance of reinforced concrete are justified.

2.3.4.2. European Design Codes for Punching Shear Capacity and Critical
Perforation Velocity

The static punching shear capacity as specified in the Norwegian Code is expressed as

tollows:
k
Vg = O.33[f,d + p]ud k, < 0.66 fyudk, (2.25)
c
where, f,; = design tensile strength of concrete
Y. = materal coefficient for reinforced

ky, = 100 N/mm’
10 < k, (= 1.5d/d\)< 14 . d=10m

d = mean slab depth in the two reinforcement directions

u length of perimeter of the governing section at a distance 1.0 d
from the loaded area
p = geometrical mean of the orthogonal tension reinforcement ratio.
The upper value of the design punching shear capacity is limited by compressive failure.
However, this limitation is not relevant in the case discussed here.

The critical velocity of perforation for the dynamic loading of a two-way plate as

recommended by Committee Euro-Intermnational du Beton, CEB (1988) will be examined.
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The cntical velocity of perforation can be expressed as:

2/3

,
I—

v = 13wl/e g2 PR (p +0.3)Y° (2.26)
: \nM

where, W = concrete density

fe = cylinder compressive strength

p = missile penimeter

h = concrete slab thickness
M = missile mass

p = reinforcement quantity.

Barr, et al. (1982) indicated that the crack pattern in the concrete target, as well as
the transient displacement measurements. indicates that bending and shear tailure
mechanism were involved in concrete behavior. The researchers provided further
justification for the suggestion that Equation (2.26) should be modified. An alternate
bending reinforcement quantity dependent was included in the following:

(2.27)

L2103
16 #12 | dh” 0.27
b(‘ = 13Wl fCI\ T] p

where d is diameter of dropped object, h is concrete slab thickness. and m is mass of

cylindncal dropped object.
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Chapter 3

EXPERIMENTAL INVESTIGATION

3.1. Introduction

As a result of several advances in the manufacturing of chemical additives and material
selection, it has been possible to produce high-strength concrete of 80 MPa and higher.
The main objective of this experimental work, as discussed in the previous chapter. is to
investigate the structural behavior of high-strength concrete two-way plates subjected to
tmpact loading.

The experimental program consisted of testing and evaluation of the structural
performance of sixteen plates. The details of test specimens and laboratory setup
arrangements are described in the following section. The experimental test results will be
compared with North American codes, ACI-318 (1995) and CSA-A23.3 (1994),
Norwegian Standard NS-3473 (1992), British Code BS-8110 (1985), and European code
CEB-FIP (1990) for predicting the shear strength. The experimental test results are

presented in the following chapters.
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3.2. Materials

3.2.1. Concrete
Ordinary Portland cement type 10. produced in Newfoundland. quartzite sandstone. and a
crushed granite of 19 mm maximum nominal size were used for all test specimens. In
order to produce high-strength concrete with low water cementitious ratio (w/c) ot about
0.27. the following materials were added:
(1) Silica fume in a powder form in the ratio 8% of cement weight.
(2) Class F lignan fly ash from Nova Scotia in the ratio 12% of cement weight.
(3) Superplasticizer of sulfonated naphthaline formaldehyde base (Eucon 37),
(4) Retarder of polvhydroxycarboxylic base (TCDA type DX) supplied by Euclid
Admixture Canada Inc.

The recommendation of the earlier investigation by Marzouk and Hussein (1990)
was used for the mix proportion of selected materials. The mix proportions for | m’ are
given in Table 3.1 for normal-strength concrete and Table 3.2 for high-strength concrete.

The mix was designed for a compressive-strength targets of 35 MPa for normal-strength

and 80 MPa for high-strength concrete.

Table 3.1. Mix proportion for | m” of normal-strength concrete

Ingredients Unit
Portland Cement 350 kg
Coarse Aggregates (granite 19-mm) | 1160 kg
Fine Aggregates (graded sand) 690 kg
Water 175 liter
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Table 3.2. Mix proportion for | m® of high-strength concrete

Ingredients Unit
Portland Cement 400 kg
Silica Fume 40 kg
Fly Ash 60 kg
Coarse Aggregates (granite 19-mm) 1160 kg
Fine Aggregates (graded sand) 690 kg
Water 135 liter
W/cementitious matenals ratio 0.27
Superplasticizer 7000 ml
Retarder 600 ml

3.2.2. Reinforcement

Grade 400 steel reinforcing with deformed rebars were used conforming to CSA
standards. The steel reinforcements were obtained from one supplier. Two typical No. 10
M and No. 15 M bars were used as specimen reinforcement. The diameters of No. 10 M
and No. 15 M bars are 11.3 mm and 16.0 mm., respectively, as detailed by the Canadian
code. A 300 kips (1335 kN) Tinus Oslen hydraulic testing machine was used to test the
tensile strength of the two sampies of the reinforcing rebars. While, electrical strain gages
were applied to determine the strain of the reinforcing rebars and LPDTs (Linear
Potential Differential Transducers) were utilized to measure the specimen deformation up

to the failure. The properties of the steel reinforcements are summarized in Table 3.3.
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Table 3.3. Properties of steel reinforcement

Bar Diameter | Area | Yield strain Mean Mean | Modulus
number (mm) (mm?) £ yield stress | ultimate | Elasticity
I stress E,
(MPa) (MPa) (GPa)
No.lOM | 11.3 100 0.00235 450 660 191
No.I5M | 16.0 200 0.00225 435 670 193
L | | | | | J

3.3. Test Specimens

This study has been conducted on over 16 specimens. Two specimens were used at the
beginning as a reference to establish the testing procedure. to check the instrumentation
accuracy, to set the rate of loading and the rate of scanning data. The dimension for all
test specimens were 950 mm square and 100 mm thick and several vanables were
considered in the investigation. The variables included the effect of concrete strength,
support pattemn, and reinforcement ratio. Details of the individual specimens and its
variables are given in Table 3.4.

As given in the table, each specimen is identified in column two by three letters
and one numeral. The first and second letters indicate the strength of concrete: HS
indicates high-strength and NS indicates normal-strength. The third letter indicates the
type of support pattern, where F indicates fixed and S indicates simply supported. The
last numeral indicates the variable of the tension reinforcement ratio, where number 1
indicates reinforcement ratio of about 1%, 2 indicates 1.5%, 3 indicates 2% and 4
indicates 2.5%. A typical size of the tested specimen is given in Figure 3.1, and Figure

3.2 presents a typical reinforcements pattern on tension and compression faces.
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Table 3.4. Details of test specimens

Sernes | Notation Support fc' Reinforcement | Projectile's

No: Condition P P Velocities
(MPa) () | (%) (m/s)
1 HSS1 | Simply supported 81.7 1.0 0.68 7.00
2 HSS2 | Simply supported 81.7 1.5 0.68 7.67
R HSS2 I Simply supported &1.7 20 074 %.20
4 HSS4 | Simply supported 81.7 25 0.82 8.86
5 HSF1 Fixed 79.1 1.0 0.68 7.00
6 HSF2 Fixed 79.1 1.5 0.68 7.67
7 HSF3 Fixed 79.1 2.0 0.74 8.29
8 HSF4 Fixed 79.1 2.5 0.82 8.86
9 NSS1 | Simply supported 33.1 1.0 0.68 542
10 NSS2 | Simply supported 33.1 1.5 0.68 6.26
11 NSS3 | Simply supported 33.1 20 0.74 7.00
12 NSS4 | Simply supported 33.1 2.5 0.82 7.67
13 NSF1 Fixed 36.6 1.0 0.68 4.43
14 NSF2 Fixed 36.6 [.5 0.68 +4.95
15 NSF3 Fixed 36.6 20 0.74 5.42
16 NSF4 Fixed 36.6 23 0.82 5.86

3.4. Fabrication of Specimens

3.4.1. Formwork

The formwork for the test specimens was fabricated in the concrete laboratory. The

formwork consisted of four 960 x 960 mm decks made with 20 mm thickness plywood
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with 100 mm height. The bottom of the form was made of steel plates. The form was
constructed such that it can be disassembled and re-used. Before each casting, all of the
steel plates and plywood surface were cleaned and coated with light mould oil. During

casting, great care was also given to ensure that the four specimens provided were

uniform.

3.4.2. Steel Reinforcement

The tension steel reinforcement at bottom face and the compression steel reinforcement at
top tace were arranged based on the design spacing. The tension steel reinforcement were
supported on the compression steel reinforcement by 10-mm diameter spacers. The
spacers also provided the concrete clear cover. The spacers were welded to the steel
reinforcement at selected location to eliminate the effect of welding. The reinforcement
cage was placed in the form, both the tension and compression steel reinforcement were
tied together with steel wires. As shown in Figure 3.3, the steel reinforcement were

placed in the form before casting

3.4.3. Mixing, Casting, and Curing

The capacity of concrete mixer was 0.1 m’. The quantity was required to cast one
specimen using one batch. Before concrete was placed, the formwork and the reinforcing
rebars were thoroughly cleaned.

Figure 3.4 shows the pouring of fresh concrete from the batch to the formwork.
Each concrete batch was poured into the formwork and then was vibrated using an

electrical rod vibrator. The vibrator was applied to the whole plate to consolidate the
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concrete and to ensure its consistency. When a full compaction was attained. the surface
of the specimen was then ieveled and finished with wooden and steel trowel. Four hours
after casting. the surface of the specimens were cured under polyethylene sheets in the
forms. This cunng continued for a week by pounng water to its surface every 24 hours.
The formwork for the specimen was stripped at an average age of one week after casting.

In order to determine the compressive strength f. of the specimens, three 150x200
mm concrete cylinders were taken from each batch according to the procedure of section
C192 of the ASTM (1997). The test cylinders were subjected to the same curing
conditions as the test specimens. The compressive strengths for the test cylinders were
carried out of the 28 days of casting. A soil test 2670 kN machine was used to determine

the concrete compressive strength. Figure 3.5. shows a specimen during compressive

strength test.

3.5. Test Set-up

The specimens were simply-supported aiong the edge on a reinforced concrete frame
with a free opening of 650x650-mm. In order to simulate a fixed-support, four steel plates
were bolted to fix the upper face of the specimens. A special testing frame was designed
including four concrete beams for supporting the specimen and steel beams to fix the
edge of specimen as detailed in Figures 3.6 and 3.7. Figure 3.8 shows a specimen under
fixed support.

The special testing frame was placed on a 2000x2000x200 mm concrete base. The

concrete base was made in order to protect the basement laboratory floor. Figures 3.9 and
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3.10 show the details of steel reinforcement of concrete base in bottom face and top face.
respectively.

In order to ensure that the projectile strikes the specimen exactly at center and
keep it in that place after hitting the specimens. a hollow steel cylinder was used to guide
the flving projectile. The hollow steel cylinder was 6 mm thickness steel with 50 mm
diameter and 1000 mm height. The steel cylinder was welded te the supported steel as
part of the testing frame to provide a clear distance from the specimen surface. A

photograph of the special test frame and the guide steel cylinder ts shown in Figure 3.11.

3.6. Instrumentation System

3.6.1. Testing Load

Impact tests on the specimens were carried out after a minimum of 28 days from casting.
The impact load was applied vertically to the test specimens using a drop rigid projectile.
A solid steel cylinder was used as a projectile. The cylinder has a 220-kg mass and 304.5
mm diameter flat contact area, which can be dropped from variable heights of up to 4 m.
The photographs in Figures 3.12 and 3.13 show the nigid projectile to be ready to be
dropped for fixed and simply supported specimen, respectively. While, Figure 3.14
shows the rigid projectile was moving to hit against the tested specimen.

The stationary specimen is suddenly subjected to very high acceleration in the
direction of the projectile when the rigid projectile dropping at a high speed strikes the
specimen. An accelerometer was attached to the projectile. The accelerometer can read
up to 200 g, where g is Earth's gravitational acceleration. Before each test. the

accelerometer was calibrated. The calibration chart for the accelerometer was supplied by
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the manufacturer. This accelerometer recorded the vertical acceleration of the projectile

together with the plate. The impact velocity was then calculated.

3.6.2. Deflections

Deflection of the test specimen was measured during experimental by an extemal LPDT
gage. Deflection was recorded at the center of the plate. The master panel recorded the
deflection data, and the electrical strain gages reading were stored at the data acquisition
system.

The voltage readings were converted to deflections using the LPDT calibration
factor. The analog electrical signals came from the instruments were converted through
the data acquisition board to digital signals and recorded in a digital computer files at
sampling rate of 1000 Hz as well. The LPDT at the center of the tested specimen was

placed in its position before securing the specimen in position as shown in Figure 3.15.

3.6.3. Strains

3.6.3.1. Steel Strains

In order to obtain the strain distribution at the cracking process zone, four electrical
resistance steel strain gages with gage length of 10 mm were attached at different

locations. The electrical resistance strain gages had a resistance of 120+ 0.3% ohms and a

gage factor of 2.04 £ 0.5% was used for calibration.

For protection against any possible water damage during concrete casting, the

steel strain gages were coated with a protective sealant and then covered with a shnink



tube waxed at both ends. A typical locations of the steel strain gages on tension and

compression faces are shown in Figure 3.16.

3.6.3.2. Concrete Strains
The concrete strains were measured on the compression face of the concrete plates by
means of special concrete strain gages with gage length of 50 mm. The strain gages were
glued using epoxy to the compression plate surface after it was ground and cleaned. The
electrical concrete strain gages had a resistance of 120+ 0.3% ohms and a gage factor of
204%£0.5%.

The steel strain gages and concrete strain gages output together with
accelerometer and deformation data were continuously scanned and recorded into data

acquisition system. Figure 3.17 shows the location of measured concrete strain gages of

compression face only.

3.7. Test Procedure

As mentioned before, the tests were carried out under a drop rigid projectile. The rigid
projectile was a solid steel cylinder with 220-kg mass and 304.5 mm diameter flat contact
area. The cylinder was dropped from variable heights up to 4 m. During impact testing,
an accelerometer (* 200 g) was attached to the steel cylinder. The impact velocities were
calculated while accelerometer recorded the vertical accelerations of the plate specimens.

Deflection at the center of specimen was measured with LPDT gage. As
mentioned in the previous section, steel strain gages were used to record strains at four

locations for each specimen, three gages on tension face and one gage on compression



face. Concrete strain was recorded on the compression surface only. Before conducting
the test. the concrete specimen and the equipment were carefully inspected. Careful
attention had also been given to the scrutiny of gages, wires and data acquisition system
during testing.

A data acquisition system based on a personal computer at a sampling rate of
1000 Hz was used in this experiment. Labtech Notebook software was used for data
acquisition and process control software was utilized. The data acquisition system has a
build-time that enables to configure the set-up. and a run-time that controls the data
acquisition and other function. This data acquisition system can be used to continuously
monitor and record all types of process variables including voltage, strains, displacement,
and accelerations at the scanning time of 1 micro-second.

There are two basic types of process control, open loop and closed loop. In an
open loop controlling process. as used in this research, analog output blocks transmit
waveforms to the control hardware during run-time operation. In closed loop control. the
controlled system sends response data through the interface device to the run-time. The
data output function uses this information to convert raw data from an interface device
into appropriate scientific or engineering unit such as strain, displacement and
acceleration. The data acquisition system used in this study is shown in Figure 3.18 and

instrumentation block-diagram is given in Figure 3.18.
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Chapter 4

TEST RESULTS AND DISCUSSION

This chapter discusses the test results of the present research investigation inciuding the
crack patterns. ultimate loads, deflections, ductility and energy absorption. modes of
failure, strains both in concrete and steel reinforcement. A comparison was made between
high-strength and normal-strength concrete slabs tested under static loading in the same
luboratory by previous research workers. Marzouk and Hussein (1990).

Measurements obtained from laboratory investigation are presented in the
following section. Due to the large amount of recorded data, only a few representative of
the test results are selected in this presentation. In addition, the crack pattems at failure

are represented graphically by means of photograph.

4.1. Cracking Characteristics

The crack patterns, after failures, are depicted in Figures 4.1 through 4.4 for tension face
damages. While the stripping of the concrete cover from the compression face shown in

Figure 4.5. Both the tension face and the compression face of all specimens showed very

similar cracking damage.
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It was not possible to determine a reliable value for the shear-cracking load. i.e.
the load at which the shear cracks started up. The estimation of such load from the crack
pattern was uncertain because there was no fundamental difference between shear crack
and flexural crack expanding in tangential direction. However, employing the decrease of
the steel strain in the reinforcement can be used as a guide for determining the shear
cracking loads. As proposed by Kinnunen and Nvlander (1960), the observed punching
loads of two-way concrete slabs without shear reinforcement were around 70-80 percent
of the ultimate load.

For dynamic loading, a slight trend of more tension face damage and more
concrete stnipping occurred at a larger reinforcement steel ratio p than the smaller ratio.
The same observation was more evident for the case of high-strength concrete than
normal-strength concrete. Radial cracks expanding to the edges of the specimens were
evident on all the test specimens. The crack indicates that bending and shear failure
mechanisms were detected in all the specimen. Therefore, it can be concluded that all the

specimens were failed under a ductile shear failure.

4.2. Load-Deflection Characteristics

The impact loads versus the deflection at the center of the plates for the different test
series are presented in Figure 4.6 through 4.13. The load-time curves for the different test
series have also shown in Figure 4.14 through 4.17, while the deflection -time curves
given in Figure 4.18 through 4.21.

The deflections for all tested specimens were obtained using LPDT measurements

at the center of specimen. Using dynamic equilibrium in the vertical direction, the impact
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load was obtained from the accelerations that was provided from the accelerometer. The
dynamic equilibrium in the vertical direction is described in the following equation:
Fit)=(mp+ 0.5 mg)a,

where, F(t) = impact loading

mp, mass of projectile

m, mass of specimen

a, = acceleration of projectile.

The load versus deflection curve can be used for estimating the energy absorption
capacity by calculating the area under the load-deflection curve. In addition. load-
displacement curve can be approximated by several straight lines with different slopes.
The ascending curve has a slope that represents to the stiffness of the specimen before
cracked. Within a given curve, the pre-cracking stage represented by the slope of the
ascending curves is normally steeper than the descending curve of the post-cracking
stage. As expected, the stiffness of concrete plates were decreased after cracking.

Load-deflection curves of the test specimens shown in Figures 4.6 through 4.9
were made with different steel reinforcement ratio. and had the same concrete strengths
as well as the same support conditions. Figures 4.6 to 4.9 show that for pre-cracking
stages. the slope of ascending curve of the bigger reinforcement ratio were slightly higher
than those from plates with smaller reinforcement ratio. This indicates that the plate
stiffness increased with the increase of reinforcement ratio.

Repeating the same mentioned procedure for different specimens with different
concrete strength and support conditions are shown in Figures 4.10 through 4.13. All the

figures indicated that the plate stiffness increased with the increase of concrete-strength.
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The stiffnesses of concrete plates were slightly increased with the change of end-

conditions from simply supported to fixed.

4.3. Dynamic Fracture Energy

The energy absorption capacity is defined as the area under the load-displacement curve.
The test results are given in Table 1. The results include the energy absorption capacity of

all tested specimens at failure.

Table 4.1. Test results

Series | Slab Support f Reinforcement | Speed | Accel | Displ. Energy
No: | Ne: Condition o0 o' at center | Absorpuon
(MPa) | (%) (%) (m/s) (g) (mm) {kN.mm)
1 |HSS!|(Simply supported | 81.7 | 095 | 0.68 | 7.00 110 12.0 276
2 |HSS2{Simply supported | 81.7 | 1.26 | 0.68 | 7.67 | 110 14.0 121
3 |HSS3|Simply supported | 81.7 190 | 0.74 8.29 115 23.0 876
4 |HSS4|Simply supported | 81.7 232 | 082 8.86 118 29.0 1227
5 |HSFI|Fixed 79.1 | 095 | 0.68 | 7.00 - 15.8 N/A
6 |HSF2|Fixed 79.1 1.26 | 068 | 7.67 102 17.0 364
7 {HSF3iFixed 79.1 190 | 0.74 | 8.29 L15 25.0 812
8 |HSF4|Fixed 79.1 232 0.82 8.86 121 349 1245
9 |NSSI|Simply supported | 33.1 | 0.95 068 | 542 70 5.5 77
10 {NSS2|Simply supported | 33.1 1.26 | 0.68 | 6.26 76 79 162
11 |NSS3|Simply supported | 33.1 190 | 0.74 | 7.00 95 10.8 181
12 INSS4|Simply supported | 33.1 232 | 082 | 7.67 106 11.2 255
13 [NSFI [Fixed 366 | 095 | 068 | 443 72 4.7 6l
14 INSF2|Fixed 6.6 1.26 0.68 4.95 78 6.0 110
15 |NSF3|Fixed 36.6 1.90 0.74 5.42 85 8.4 186
16 |NSF4|Fixed 366 | 232 | 082 | 5.86 98 10.0 260

It is evident from the given table that the energy absorption capacity increased as

the concrete strength increased. Test results of the specimens made with different
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concrete strength, and had the same reinforcement-ratio and support condition revealed
that energy absorption increased with the increase of concrete strength. The use of high-
strength concrete plate can be employed to improve the energy absorption capability of
the concrete plate by about 4 times higher than normal-strength concrete plate.

The effect of support-condition on the energy absorption capacity was not a
significant factor. As the end-condition changed from fixed to simply-supported. a slight
change in the energy absorption capacity of the test plate was recorded. On the other
hand. the effect of reinforcement ratio on the energy absorption capacity was significant.
For example. increasing the reinforcement ratio from 1% to 2%, the energy absorption
capacity of the specimen increased by about three umes, both for the case ot high-

strength and normal-strength concrete.

4.4. Steel and Concrete Strains

Figures 4.22 through 4.37 show the distribution of the measured steel strains and concrete
strains of all specimens. The strains were measured at points of special interest in order to
obtain information on the state of stress, as mentioned in sections 3.6.3.1 and section
3.6.3.2. Unfortunately, not all the measured data are reported since some strain gages
were lost due to electrical problems and damages to the gages during casting.

All the tested specimens experienced yielding of steel reinforcement before
punching failure occurred. The tension reinforcement reached the yield point at strain of
about 0.0025. Companng the tension steel strain at approximately same location from the
compression face, it has been found that the steel strains in the case of impact loading

were about twice higher than those recorded for static loading as reported previously.
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There was a concentration of stresses at the area under impact load. While a large
area of steel had yielded, the strain at the concrete compression face just reached to a
maximum of 1700 micro strain at failure. This i1s approximately half the value that
obtained experimentally at the same location under static loading as reported previously.
Since, in the case of impact loading, the concrete surface suddenly perforated, the

concrete surface have been separated, hence the concrete strains on the separate face were

not recorded.

4.5. Modes of Failure

Modes of failure of conventional two-way plates under static load can be classified into

three categories:

(1) Pure flexural failure
(2) Pure shear failure
(3) Ductile shear failure.

Pure flexural failure takes place in plates where most of the reinforcement yields
before punching occurs. Consequently. the plates exhibit large deflections prior the
failure. Usually this type of failure happens in the case of lightly reinforced plates. As the
reinforcement ratio decreases, more steel yielding approaches to the total area of the
tension steel reinforcement.

The second category of failure is pure shear failure. Pure shear failure occurs
when the yielding of the tension steel is very localized at the center of loading. Usually,

specimens with heavy reinforcement ratio failed under punching shear. The third type of
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failure is ductile shear failure or shear failure with ductility. This type of failure is a case
of transition between pure punching and pure flexure failures.

As mentioned in the Section 4.1, all specimens failed under ductile shear failure.
This failure can be categorized under the third type of failure. The impact punching load
increased as the concrete-strength increased and the steel reinforcement ratio increased.

The failure surface of some of the tested spectmens were carefully removed and
examined. The observed angles of failure surface had some vanation. For normal-
strength concrete plates. the observed angle of failure surface was about 60 degree, while
for high-strength concrete plates, the angle was found to about 65 degree. In addition, the
punching shear radius on the tension face happened at a distance of (1.6-2.0) umes the

plate depth (d) from the edge of loaded area for most of the tested specimens compared to

a distance d/2 for static loading.

4.6. Effect of Concrete Strength

The designed compressive strength targets for this investigation were 35 MPa for normal-
strength and 80 MPa for high-strength concrete as described in section 3.1. Increasing the
concrete compressive strength from normal-strength to high-strength concrete increased
the energy absorption capacity, critical velocity of perforation, and deflection at the
center of specimens.

The energy absorption capacity increased by range of about 3-5 times, while the
critical velocity of perforation increased by a range of about 20-30 percent. The
displacements at the center of specimen also increased around twice. This observation

indicated that high-strength concrete can provide higher ductility for concrete plates.



4.7. Effect of Steel Reinforcement Ratio

The tension reinforcement ratios were 1%, 1.5%. 2%. and 2.5%. As tension steel ratio
was increased from about 1% to 1.5%, the cntical velocity of perforation increased by
about ten percent. The energy absorption capacity has also increased by about fifty
percent for high-strength concrete and hundred percent for normal-strength concrete.
Increasing tension steel ratio from [% to 2%. the critical velocity of perforation
increased by about twenty percent. While. the energy absorption capacity of the specimen
increased by about three times, both in high-strength and in normal-strength concrete. In
addition. when the tension steei ratio increased from 1% to 2.5%. the critical velocity of
perforation increased by about thirty percent. In this case, the energy absorption capacity

has also increased by about four times for high-strength concrete as well as normal-

strength concrete.

4.8. Effect of Support Pattern

As mentioned in section 3.3, this study was conducted on 16 specimens under two types
of support patterns, fixed and simply supported. The effect of support pattern can be
described briefly in the following section.

Energy absorption capacity of the two types had nearly the same behavior both in
the case of fixed and simply supported. Therefore, there was no significant effect of
support pattern for specimens regarding the energy absorption capacity.

However, increasing the concrete strength from 35 MPa to 80 MPa resulted into a

significant effect on the critical velocity of perforation. The critical velocity of
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perforation increased by about 20-30 percent for specimens under simply supported end

condition, and 50-60 percent for specimens under fixed end condition.

4.9. Effect of Dynamic Loading on Peak Strain

Comparing the static loading to the dynamic (impact)} loading can be summarized in the
tollowing section. In case of static loading, the peak strain and the maximum detlection
happen on the same time with the peak load. However, under dynamic loading, the peak
strain occurs slightly delayed with respect to the peak load but ahead to the maximum
deflection. An illustration of the difference behavior between normal-strength and high-
strength concrete is shown in Figure 4.38.

Under impact loading, the tension steel strain is estimated by about twice that
under static loading. On the other hand, the concrete strain on the outer side area of
contact loading decreased by about half. As described in the previous section. the
concrete surface suddenly perforated under dynamic loading, hence the concrete strains

on the separated area could not be recorded.
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Figure 4.6.

Load-deflection curves for specimen no. 1, 2. 3 and 4
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Figure 4.7. Load-deflection curves for specimen no. 6, 7, and 8
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LOAD - DEFLECTION
(Specimens 10, 11, and 12)
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Figure 4.8. Load-deflection curves for specimen no. 9, 10, and 11
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Figure 4.9. Load-deflection curves for specimen no. 14, 15, and 16
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Figure 4.10. Load-deflection curves for specimen no. 1 and 9
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LOAD - DEFLECTION
(Specimens 2, 6, 10, and 14)
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Figure 4.11. Load-deflection curves for specimen no. 2, 6, 10, and 14
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Figure 4.12. Load-deflection curves for specimen no. 3. 7, 11, and 15
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LOAD - DEFLECTION
(Specimen 4, 8, and 16)
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Figure 4.13. Load-deflection curves for specimen no. 4, 8, and 16
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IMPACT LOADING
(Specimens 1, 2, 3, and 4)
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Figure 4.14. Load-time curves for specimens no. 1, 2. 3, and 4
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IMPACT LOADING
(Specimens 6, 7, and 8)

Figure 4.15. Load-time curves for specimens no. 6, 7, and 8
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Figure 4.16. Load-time curves for specimens no. 9.10, and 11



IMPACT LOADING
{Specimens 14, 15, and 16)

Figure 4.17. Load-time curves for specimens no. 14, 15, and 16
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DEFLECTION AT CENTER
(Specimens 1, 2, 3, and 4)
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Time, ms

Figure 4.18. Deflection-time curves for specimens no. 1. 2, 3 and 4
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Figure 4.19. Deflection-time curves for specimens no. 3., 6, 7, and 8
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Figure 4.20. Deflection-time curves for specimens no. 9, 10. 11, and 12
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Figure 4.21. Deflection-time curves for specimens no. 13, 14, 15, and 16
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Figure 4.22. Steel and concrete strains of specimen HSS 1
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Figure 4.23. Steel and concrete strains of specimen HSS2

97

F AN
- / \
\
|\
[\
/ \ ]
[ \
/ \-—\/\/\/‘V\
/
[ _



STEEL AND CONCRETE STRAINS OF HSS3
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Figure 4.24. Steel and concrete strains of specimen HSS3
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Figure 4.25. Steel and concrete strains of specimen HSS4
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Figure 4.26. Steel and concrete strains of specimen HSF1
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Figure 4.27. Steel and concrete strains of specimen HSF2

101



STEEL AND CONCRETE STRAINS OF HSF3

2500

2000

1500

1000

Steel Strain, pe

500

-560

Time, ms

1000

Concrete Strain, pe
- =]
o (=]
(=] (=]
————
—

5 10 15 20 25 30
Time, ms

Figure 4.28. Steel and concrete strains of specimen HSF3
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Figure 4.29. Steel and concrete strains of specimen HSF4
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Figure 4.30. Steel and concrete strains of specimen NSS1
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Figure 4.31. Steel and concrete strains of specimen NSS2
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Figure 4.32. Steel and concrete strains of specimen NSS3
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Figure 4.33. Steel and concrete strains of specimen NSS4
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Figure 4.34. Steel and concrete strains of specimen NSF1
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Figure 4.35. Steel and concrete strains of specimen NSF2
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Figure 4.36. Steel and concrete strains of specimen NSF3
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Figure 4.37. Steel and concrete strains of specimen NSF4
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Chapter 5

NUMERICAL EVALUATION

5.1. Introduction

High-strength concrete has a different behavior than normal-strength concrete. It fails by
cracking through the aggregates resulting in a smooth fracture surface, while normal-
strength concrete fails by the aggregate pulling out of the matrix resulting in a rough
fracture surface. This phenomenon can significantly affect the structural performance of
concrete material in many applications. For example, the shear transfer mechanism in
reinforced concrete structures relies partialiy on aggregate interlocking across the shear
cracks. This mechanism will be reduced greatly for high-strength concrete as a result of
its failure mode.

This chapter presents a numerical evaluation of the test results. The performances
of numerical evaluation are evaluated against North American codes and some European
codes such as BS-8110 (1985), CEB-FIP (1990}, and NS-3473 (1992). The analysis will
include a comparison between the ratios of dynamic to static impact load. The static

punching shear strength capacities according to the current code predictions will be
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examined with respect to the experimental results. The values of the critical velocity of

perforation calcuiated from the test results are compared to values calculated according to

the dynamic code CEB (1988).

A fracture mechanics analysis was used to evaluate the impact loads on high-
strength concrete plate. The fracture mechanics approach 1s considered a good promising
approach for investigating the brittle failure of structural concrete elements accurately.
The fracture mechanics approach is used to investigate the effect of the rate of loading on
a brttle material based on linear elastic fracture mechanics (LEFM). One of the

objectives of the present study is to provide the design engineers with a rate sensitivity

number for high-strength concrete plates.

5.2. Impact Load
In order to calculate the impact load of the test results. the vertical equation of dynamic
equilibrium, ignoring damping, can be written as:

F@) = m,.qa, (5.1)
where F(1)is the total force, a,is the total accelerations, and the total mass m, is the
sum of the projectile mass and half of the specimen mass. If a, is equal to the projectile

acceleration a,, while m,and mg are the masses of the projectile and the specimen,

respectively, Equation (5.1) can then be written as:
F(ty=m, +05m)a, (5.2)

Equation (5.2) can then be used for calculating the impact test load P,,,, = F(1)
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5.3. Punching Shear (Static Capacity)

The design shear strength equation tncorporated in building codes are a direct result of
empirical procedures developed from laboratory tests. As mentioned previously. the
North American codes are based principally on Moe's (1961) work. while the British
codes are based mainly on Regan's (1981) work. It becomes necessary to examine the
existing formula strength of high-strength concrete plates of 80 MPa compressive
strength.

Maximum shear stress resistance provided by a concrete plate without shear
reinforcement, v, calculated according to ACI-318 (1995) under S.1. unit, shall be the

smallest of:

2 V1 [~
v = I+E-]g\/z (5.3a)

a.d 1 ;
V. = b’ + Z]F\]fc (5.3b)

(5.3¢c)

where, .= ratio of long side to short side of the concentrated load

f. = specified compressive strength of concrete
a, = factor which adjusts v. for support dimensions

d = distance from extreme compression fiber to centroid of tension reinforcement

b, = perimeter of critical section for shear in plates.
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The Committee recommended that the following design equation for calculating ultimate

shear load,
Vi = v, b, d (5.4)

The critical section shall be a section perpendicular to the plane of the plate and located

so that its perimeter, b,. is a minimum. But. the section need not approach closer than

d/2 to the perimeter of the concentrated load. Therefore, b, = 1t (¢ + d/2). where ¢ 1s the
diameter of loaded area.

The Brtish Codes, BS-8110 (1985). and code of practice for structural use of

concrete, CP-110 (1972), recommended the following equation for calculating punching

shear capacity as:

V, = K, K .3 E)gdﬁ-fc,, (2.694)(3.C + 7.85d) (5.5)
where, V,, = ultimate shear force (N)
K, = 0.13 for normal concrete 0.105 for lightweight concrete
K,. = L.15[4 n(column area)/ (column perimeter): ]”2
100 A .
Y d = steel ratio
few = cube strength of concrete (MPa)
d = effective depth of the slab (mm)
Y C = perimeter of the column (mm)

The shear perimeter for a rectangle column is located at distance 1.25 4 out from the

column, for a circular column is located 1.25 4 out from the column. According to the
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code predictions, the above limit of 40 MPa of the cube strength of Equation (5.5) was

neglected when calculating the shear strength.

Nominal shear stress, v,., according to CEB-FIP (1990) is:

2 p
v, = 0.18 (1+ %]3,/100 o f- (5.6)

The highest concrete strength considercd in CEB-FIP (1990) is 80 MPa. The control
perimeter is the minimum length taken from 2d from the concentrated load periphery.
Equation (5.4) can also be used for calculation the punching shear capacity, where, the

perimeter b, for circular loaded area is = 1t (¢ + 2d).
The Norwegian code NS-3473 (1992) specifies the punching shear capacity as:
Veg = 033(fig +kaplyc)udk, <066 f,udk, (5.7
where, f,; = design tensile strength of concrete
Y. = material coefficient for reinforced concrete = 1.0
kq = 100 N/mm*
1.0 < k,(=15d/d)) <14, d =10m

d = mean plate depth in the two reinforcement directions

# = the length of perimeter of the goveming section at a distance 1.0 4 from

loaded area
p = tension reinforcement ratio.
Compressive strength is usually given as the reference value for a concrete grade.

According to the CEB-FIP (1990) recommendation for mean values, the tensile strength

of concrete can be estimated from compressive strength by:



fg = 02023 (5.8)

The measured test impact loads Py and the calculation of the shear strength by different

codes are tabulated in Table 5.1.

5.4. Code Recommendations

In order to evaluate the validity of the current design specifications, the calculations of
the formulas for static punching shear capacities listed in Table 5.i are to be discussed
briefly in present section. The static punching shear tests of all specimens can be used as
a reference for all of the dynamic impact tests.

The static punching shear capacities calculated according to ACI-318 (1995) and
the dynamic test results are used for the dynamic shear capacities. The ratio of dynamic
to static punching shear is in the range of 1.39-2.31; it the same ratio ranged between
1.50-1.82, 1.36-1.65, and 1.87-2.33 according to the BS-8110 (1985). CEB-FIP (1990).
and NS-3473 (1992), respectively.

The impact test results indicate that the punching failures were at a much higher
load level than the static punching shear capacity. The ratio of impact versus static load
according to the North American codes is normally varied between a wider range
compared to the European codes. The ratio of dynamic to static punching shear according
to NS-3473 (1992) is almost consistent and higher than other codes predictions. In
conclusion, the results can be used as a design guide for engineers to predict the dynamic

capacity of high-strength concrete plates.
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Table 5.1. Comparison of test results (impact) with code predictions (static)

No. | Specimen fc' P Pumpact Psand{Code) Prpact/ Psiate
ACI BS 8110 CEB-FIP NS 3473 ACI BS 8110 | CEB-FIP | NS 3473
(MPa) | (%) | (kN) (kN) (kN) (kN) (kN)
1 HSS1 81.7 0.95 [338.17| 240.45 196.45 214.52 164.73 1.41 1.72 1.58 2.05
2 HSS2 81.7 1.26 {354.27( 240.45 215.84 235.69 175.56 1.47 1.64 1.50 2.02
3 HSS3 81.7 1.90 |370.37| 23212 236.81 261.70 189.70 1.60 1.56 1.42 1.95
4 HSS4 B81.7 2.32 1380.03] 232.12 2583.12 279.72 203.76 1.64 1.50 1.36 1.87
5 HSF1 79.1 0.95 | N/A 236.60 194.34 212.22 161.90 N/A N/A N/A N/A
6 HSF2 791 1.26 [328.50( 236.60 213.52 233.17 172.73 1.39 1.54 1.41 1.90
7 HSF3 79.1 1.90 |376.81 228.39 234.28 258.90 186.99 1.65 1.61 1.46 2.02
8 HSF4 79.1 2.32 |389.70] 228.39 250.40 276.72 201.05 1.71 1.56 1.41 1.94
9 NSS1 33.1 095 [|225.44] 153.05 145.36 158.73 105.21 1.47 1.55 1.42 2.14
10 NSS2 33.1 1.26 [244.77] 153.05 159.71 174.40 116.04 1.60 1.53 1.40 2.1
11 NSS3 33.1 190 |30596| 147.74 175.23 193.65 132.65 2.07 1.75 1.58 2.3
12 NSS4 33.1 232 |341.39| 147.74 187.29 206.98 146.71 2.31 1.82 1.65 2.33
13 NSF1 36.6 095 {231.88| 160.94 150.31 164.14 110.20 1.44 1.54 1.41 2.10
14 NSF2 36.6 1.26 |251.21 160.94 165.15 180.34 121.03 1.56 1.52 1.39 2.08
15 NSF3 36.6 1.90 [273.75] 155.36 181.20 200.25 137.44 1.76 1.51 1.37 1.99
16 NSF4 36.6 232 [315.62] 155.36 193.67 21403 151.50 2.0 1.63 1.47 2.08




5.5. Critical Velocity of Perforation

The values of the critical velocity of perforation can be calculated according the formula:

AN 203
. 112 =
V. = 13wVe 5 ph (p +03)!/2 (5.9)
M
where, W = concrete density
f‘: = cylinder compressive strength
p = missile perimeter
h = concrete slab thickness
M = missile mass
p = reinforcement quantity.

The calculations of critical velocity then are given in Tabie 5.2 as follows:

Table 5.2. Cntical velocity of perforation

Specimen f- w p h M

p Ve
(MPa) (kg/m3) (mm) mm) (kg) (%) (m/s)
HSSH1 81.7 2400 304.8 100 220 .95 7.05
HSS2 817 2400 304.8 100 220 1.26 7.61
HSS3 817 2400 304.8 100 220 1.90 8.51
HSS4 81.7 2400 304.8 100 220 2.32 8.98
HSF1 79.1 2400 304.8 100 220 0.95 6.94
HSF2 791 2400 304.8 100 220 1.26 7.49
HSF3 791 2400 304.8 100 220 1.90 8.37
HSF4 79.1 2400 304.8 100 220 2.32 8.83
NSS1 33.1 2400 304.8 100 220 0.95 4.49
NSS2 33.1 2400 304.8 100 220 1.26 485
NSS3 33.1 2400 304.8 100 220 1.90 5.41
NSS4 33.1 2400 304.8 100 220 2.32 5.71
NSF1 36.6 2400 304.8 100 220 0.95 4.72
NSF2 36.6 2400 304.8 100 220 1.26 5.10
NSF3 36.6 2400 304.8 100 220 1.90 5.69
NSF4 36.6 2400 304.8 100 220 2.32 6.01
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In order to evaluate the prediction of Equation (5.9), the calculated critical
velocity is then compared to the actual test velocity. The comparison between the

calculated critical velocity and the actual test velocity are given in Table 5.3. below:

Table 5.3. Calculated cnitical velocity compared with test velocity

Series | Notaticn Maximum Maximum Critical Test | Ratio
No: Acceleration |Displacement| Velocity | Velocity Vtesr

at Center |from code V cade

(9) {mm) (m/s) {m/s)

1 HSS1 110 12 7.05 7.00 0.99
2 HSS2 110 14 7.61 7.67 1.01
3 HSS3 115 23 8.51 8.29 0.97
4 HSS4 118 29 8.98 8.86 0.98
5 HSF1 - 16 6.94 7.00 1.01
6 HSF2 102 17 7.49 7.67 1.02
7 HSF3 115 25 8.37 8.29 0.99
8 HSF4 121 35 8.83 8.86 1.00
9 NSS1 70 6 4.49 5.42 1.21
10 NSS2 76 8 4.85 6.26 1.29
11 NSS3 95 11 5.41 7.00 1.29
12 NSS4 106 11 5.71 7.67 1.34
13 NSF1 72 5 4.72 443 0.94
14 NSF2 78 6 5.10 4.95 0.97
15 NSF3 85 8 5.69 542 0.95
16 NSF4 98 10 6.01 5.86 0.98

It can be seen from Table 5.3 that under impact loading, both of the measured and
calculated accelerations for high-strength concrete were higher than normal-strength
concrete. The acceleration for heavy reinforcement plates were higher than that for
lighter reinforcement. This indicates that the acceleration magnitude increased when the
concrete strength and steel reinforcement ratio were increased. Increasing concrete

strength from normal-strength to high-strength, from about 35 MPa to 80 MPa, increased
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the acceleration by about 40% in the case of simply-supported and increased about 30%
in the case of fixed support. In addition, as the steel reinforcement ratio increased by
about 0.5%, the acceleration increased by about 10%.

The critical velocity of perforation according to CEB (1988) were very close to
the test results for high-strength concrete plates. both in the case of fixed and simply-
supported. However, for normal-strength concrete. the critical velocities were different.
Under fixed condition, the test results of normal-strength concrete plates were much
higher by about 30% than the code prediction. On the other hand, for simply-supported
plates, the test results were slightly lower by about 4% than the CEB (1988) prediction.
In conclusion, the prediction of critical velocity based on the CEB (1988) Equation (5.9)
is adequate and can be used to estimate the critical velocity of high-strength concrete

plates subjected to impact loading accurately.

5.6. Fracture Mechanics Analysis of Impact Load

The strength of matenals depends on how rapidly the stress is applied. Thus, the rate of
loading effect is extremely important, since it sets a limit on the allowable stresses in
structures based on the expected time under load. One of the main objective is to use
fracture mechanics to provide a more detailed estimate of the rate of loading effects on
the behavior of the concrete plate under impact.

The fracture mechanics approach to the rate of loading effect in brittle materials is

based on the classical Griffith (1925) theory. The fracture is governed by equation:

172
2
o, = (-E”) (5.10)

Ta
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where, o, = fracture strength

E = modulus of elasticity
y = fracture surface energy
a = crack length

If G. =2y

is the critical strain energy release rate, then the Equation (5.10) can also be

written in the form:

172
o, = {EG") (5.1D
T a

An intrinsic matenal property called fracture toughness, K., can then be defined as:

K. = JEG, (5.12)

In order to states that fracture will occur when the crack length. a, reaches some cntical

value. substituting Equation (5.12) into Equation (5.11) give:

0'=Kc

— (5.13)
¢ (na)uz

Subcnitical crack growth is defined as the growth of cracks that are too small to

cause failure under the prevailing stress. During subcritical crack growth, an empincal

relationship is also utilized that describes the crack velocity as:

_da
dr

1% =ak,N (5.14)

a . : ,
where, V = i rate of crack extension, while A and N are constants. K is the stress

intensity factor and equal to K. at the critical stress condition.

Assuming, Y = Jr . Equation (5.13) become:



G, =

- (5.15)

Using a more general form, Equation (5.15) can be expressed as:

K =voad'? (5.16)
Combining Equation (5.16) with Equation (5.14) gives:

da

d_ = AYIVG‘VG‘IV;E (5.17)
!
The rate of stress can be define as
i‘jl -G (5.18)
t

Alternatively. in other way, Equation (5.18) can be written as:

do

— (5.19)
(o)

dt

I

Substituting Equation (5.19) into Equation (5.17) and leads to the integration gives:

N
[07a™"'?da = %jo"’ do (5.20)
2 L—(N—Z/:) _ _—(N—:/z)]- Ar" N +1 (5.21)
(N-2)"" 4 I ~

where the subscript i and f refer to the initial condition before testing and the final

condition on fracture, respectively. Inserting Equation (5.15) into Equation (5.21). gives:

: 2-N
N+l _ 20 Kc (N+l) N-=2 N-=2
o VTl = T [a -0y ] (5.22)
AYS(N=-2)
Letting:
2-N
B = 2Kc (N+1]) (5.23)

AYX(N=2)
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Leads to:

And.

oV + Boo N7 = Boo, N (5.25)

From Equation (5.25), if the final strength of a specimen 1s measured in a fracture test.
the initial strength can be computed by knowing the stressing rate ¢ . Conversely, if the
initial strength of a specimen is known, the fracture strength in any constant loading rate
test can be defined from Equation (5.25) by numerical methods.

As reported by Nadeau, Bennet, and Fuller (1982), using the prninciples of linear
elastic fracture mechanics, the dependence of strength on the rate of loading can be

expressed by the loganithmic form of Equation (5.24). The expression can be wrntten as

follows:

! lm(a,-""2 - o N2) (5.26)

Analysis of Equation (5.26) implies that a plot of Ino,. versus Ing would have a
slope of [l/(N+I)] at lower values of ¢ . Finally, it would reach a constant value (zero
slope) at high values of & . This is consistent with the subcritical crack growth model that

at very high loading rates, the strength would be largely independent of loading rate.

Since, there is not enough time for subcritical crack growth to occur, the initial and final

strength are essentially equal.

In recent years, there are three independent methods for evaluating the constant B

in Equation (5.23) by determining the constant N based on:
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(1) direct observations of crack growth measurements where the constant N is the slope
and the constant A is the intercept of the V-K plot. where V is crack velocity and K is
intrinsic material property, plot on a logarithmic scale,

(2) the rate of loading effect in which the first two terms of Equation (5.26) are plotted
giving both the slope N and from the intercept B,

(3) alogarithmic plot of the applied stress against the time to failure, the slope of this plot
is [-1/N].

Mindess (1984) reported that the values of N obtaired from impact tesis are
essentially the same as those obtained from constant rate of loading tests (the second

method). This would suggest that even at these very high stress rate. the fracture

processes are much the same.

O'CA

log o;

log O

S

logg

Figure 5.1. Method of calculating N from stressing rate data
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The method of calculating N from stressing rate data is shown in Figure 5.1 when

matenals can be assumed to behave in a linear elastic manner. The strength, o . can be
expressed as a function of stress rate.d . Then, the slope of logo,. versus logg is

defined as[l/(N+l)]. When materials can be assumed to behave in a linear elastic. the
stress rate in a test can be related to the strain rate, € , through a simple relation: & = E€.

The first hump at strain versus failure time plot indicates inertial strain and the second
hump is where the brittle matrix fractures. Since the matnx crack created dunng the
second hump, the value of N in present research obtained from a logarithmic plot of
applied strain versus the time to failure in rising part of the second hump. The slope of
this plot is [L/ N].

The values of N in the present experiment are presented in Table 5.4. The table
notices that the value of N varies between wide limits. In general. the values of N are
higher than normally reported for other types of concrete. The test result indicates that
concrete is known to be far more sensitive to stress rate under impact loading than in any
other mode. This phenomenon probably caused by a lack of a linear response. Concrete is
not ideally brittle and the o — ¢ response is far from linear. The values of N therefore
may not be expected to capture the true nature of stress rate sensitivity in these matenials.
Therefore. as pointed by Mindess (1985), the assumption of a linear elastic fracture
response assumed in Equation (5.14) is not entirely valid. However, the properties of
high-strength concrete are close to more linear response than normal-strength concrete.
Hence, the use of linear fracture mechanics for structures made with high-strength

concrete are more valid than normal-strength concrete.



For specimens loaded slowly, more time is available for slow crack growth than
specimens loaded rapidly. Therefore, the rate of loading effect on the tested specimens
must be considered. Under very high rate of loading such as impact loading. the crack
velocity (crack growth) depends on the values of N as defined by Equation (5.14). As the
value of N increases, the crack velocity increases. It can be seen in Table 5.4 that the
crack velocity increase as well as in the case of an increase of the concrete strength and in

the case of a decrease in steel reinforcement ratio.

Table 5.4. Values of N from impact tests

No. Specimen fe! P N
MPa %
1 HSS1 81.7 0.95 28
2 HSS2 81.7 1.26 28
3 HSS3 81.7 1.90 24
4 HSS4 81.7 2.32 23
5 HSF1 79.1 0.95 -
6 HSF2 79.1 1.26 33
7 HSF3 79.1 1.90 24
8 HSF4 791 2.32 22
9 NSS1 33.1 0.95 28
10 NSS2 33.1 1.26 24
11 NSS3 33.1 1.90 16
12 NSS4 33.1 2.32 14
13 NSF1 36.6 0.95 28
14 NSF2 36.6 1.26 24
15 NSF3 36.6 1.90 21
16 NSF4 36.6 2.32 17

However, some researchers like Reinhardt (1985) suggested an alternative
explanation of the observed trends given on the basis of non-linear fracture mechanics. It

has been recognized that immediately ahead of a moving crack is a zone of micro-



cracking. called process zone. The size of the zone of micro-cracking depending on the
velocity of the crack. A faster crack has a larger zone of micro-cracking ahead of it. At a
higher stress rate that crack propagates faster, and therefore the process zone will be
bigger. This increased micro-cracking may explain the higher fracture energy
requirements at higher stress rates.

The previous argument seems to contradict with the argument presented above.
The sub-critical crack growth. predicts less micro-cracking in high-stress rate loading
situations. However, these two phenomena occur on the opposite sides of the peak load.
The concept of sub-critical crack growth is applicable prior to the peak load while the

concept of larger process zone applies for the post-peak load region where the unstable

crack propagation commences.

5.7. Dynamic Fracture Energy

When the projectile hits the specimen, a sudden transfer of energy from the projectile to
the specimen occurs. The energy lost by the projectile is partly transferred to the
specimen and partly stays within the projectile in the form of elastic strains and
vibrations. The energy received by the specimen from the projectile is the energy given

by the area under bending load versus deflection curve. as described in the following

equation:

t
Gy(n) = [ PG)du (5.27)
where. G (r) = bending energy received by the specimen

P(t) = punching load



u(r) = deflection at the load point
The deflection u(t) can be obtained by double integration of the extrapolated acceleration

at the load point, u(t), by equation:

u(e) = [{ [0 (o) dr de (5.28)

Figure 5.2 illustrates a typical load versus deflection plot. The area under load-

deflection curve represents the fracture energy received by the specimen subjected to

impact loading.

Area = fracture energy

Load

Deflection u(t)

Figure 5.2. Typical load-deflection curve

The dynamic fracture energy values under impact loading for all tested specimens
are then compared to static fracture energy under static loading. The values of static
fracture energy were obtained from previous investigators, i.e. Hussein (1990), Marzouk,

Emam, and Hilal (1995), and Osman, Marzouk, and Helmy (1998).
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The comparison of fracture energy between dynamic to static tests are then
tabulated in Table 5.5. The results indicate that concrete under impact loading. especially
high strength concrete, is more energy absorbing than under static loading. In general,
concrete is a sensitive material to the change in the stress-rate. The ratios of impact to
static fracture energy was found to be higher for high-strength concrete than normal-
strength concrete. Therefore. high-strength concrete plates are considered to have more

impact resistance than normal-strength concrete.

Table 5.5. Comparison of dynamic fracture energy with static fracture energy

Series | Notation Support fe P Dynamic Static Ratio
No: Condition Fracture Fracture Dynamic
Energy Energy Static
(MPa) | (%) |(kN.mm)"10°| (kN.mm)*10’
1 HSS1 | Simply supported | 81.7 0.95 2.76 2.61 1.1
2 HSS2 | Simply supported| 81.7 1.26 4.21 2.74 15
3 HSS3 | Simply supported!| 81.7 1.90 8.76 3.01 2.9
4 HSS4 | Simply supported | 81.7 2.32 12.27 3.18 3.9
5 HSF1 Fixed 79.1 0.95 N/A 2.32 -
6 HSF2 Fixed 79.1 1.26 3.64 2.56 1.4
7 HSF3 Fixed 791 1.90 8.12 2.44 3.3
8 HSF4 Fixed 791 2.32 12.45 2.61 4.8
9 NSS1 | Simply supported| 33.1 0.95 0.77 2.43 0.3
10 NSS2 | Simply supported | 33.1 1.26 1.62 2.55 0.6
11 NSS3 | Simply supported{ 33.1 1.90 1.81 2.80 0.7
12 NSS4 | Simply supported | 33.1 2.32 2.55 2.96 0.9
13 NSF1 Fixed 36.6 0.95 0.61 2.16 0.3
14 NSF2 Fixed 36.6 1.26 1.10 2.38 0.5
15 NSF3 Fixed 36.6 1.90 1.86 2.27 0.8
16 NSF4 Fixed 36.6 2.32 2.60 2.43 1.1
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Chapter 6

SUMMARY AND CONCLUSIONS

The dynamic behavior of the two-way reinforced concrete plates under impact loading
are summarized briefly. The present research investigation combines into an
experimental investigation and a numerical investigation. A summary of the two phases
of the investigation is described in the following section.

The experimental testing program was conducted on sixteen reinforced concrete
plates under variety of concrete strength, steel reinforcement ratios. and two end-
conditions. The plates were tested under dynamic impact load. The impact load speed
ranged between 4.0 to 9.0 m/s as acceleration ranged between 70 to 120 g. Eight
specimens were constructed with high-strength concrete, while the other eight specimens
were constructed with normal strength concrete. The concrete strength ranged between 35
to 80 MPa and had a vanety of reinforcement ratios in the range of about 1.0%-2.5%, and
were tested under fixed and simply supported end-condition. The behavior of high-

strength concrete plates was evaluated in terms of deflection, concrete and steel strains,

energy absorption, and fracture energy.
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The numerical investigation was carried out to verify the validity of the codes’
predictions. The recorded impact load capacities were compared with static capacities of
current codes' prediction. In addition, a fracture mechanics impact load analysis based on
linear elastics fracture mechanics (LEFM) was performed. The purpose of the numerical
investigation was to provide a more detailed analysis on the effect of the rate of loading
on the dynamic behavior of high-strength concrete plates. The dynamics fracture energy

of the tested plates were compared to static fracture energy calculated from previous

investigators.

6.1. Experimental Investigation

Experimental studies were conducted on sixteen reinforced concrete two-way plates

subjected to impact loading. The following conclusions were reached from the present

investigation conceming the effect of concrete strength, steel reinforcement ratio, and

end-condition.

1. All specimens failed under ductile shear failure. The observed angles of failure were
about 60 degree for normal-strength concrete and 65 degree for high-strength
concrete. In addition, the punching shear surface on the tension face was located at a

distance of 1.6-2.0 times the plate depth (d) from the edge of loaded area for the most

of the tested specimens.

9

As the concrete strength increased from normal-strength to high-strength (35 MPa to
80 MPa), energy absorption capacity and critical velocity of perforation increased.
The energy absorption capacity increased by a range of about 3-5 times, and the

critical velocity of perforation increased by a range of about 20%-30%.
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3. The steel reinforcement has a major effect on the dynamic behavior of high-strength

n

concrete plates. Increasing reinforcement ratio from 1% to 1.5%, the energy
absorption increased by 50% for high-strength concrete and 100% for normal-
strength concrete, while the critical velocity of perforation increased by about 10%
for both high-strength and normal-strength concrete. Increasing reinforcement ratio
from 1% to 2%, the energy absorption increased by about 300% and the critical
velocity of perforation increased by about 20% for both high-strength and normal-
strength concrete. Increasing reinforcement ratio from 1% to 2.5%. the energy
absorption increased by about 400% and the critical velocity increased by about 30%
for high-strength concrete as well as normal-strength concrete.

The effect of the end-condition was less significant on the behavior of high-strength
concrete plates under impact load. As concrete strength increased from normal-
strength to high-strength, the critical velocity of perforation increased by about 20%-
30% for the simply supported specimens. While under fixed-end condition. the
critical velocity of perforation increased by about 50%-60%.

In the case of static loading, the peak-load, peak-strain and maximum-deflection
occurred at the same time. However, in the case of impact ioading, the peak-strain
occurs slightly later than to the peak-load but ahead of maximum-deflection. In
addition, the tension steel strain is estimated by about twice that recorded under static
loading. The test results illustrate the difference between impact failure mechanism

compared to static failure mechanism. All of the impact test specimens failed under

ductile shear failure.
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6.2. Numerical Investigation

An analytical investigation was carried out on the impact loading on a concrete plates.

The recorded impact load capacities were compared to static capacities calculated by the

formula of current codes. A fracture mechanics analysis based on linear elastics fracture

mechanics (LEFM) was performed to evaluate the effect of rate of loading on the

dynamic behavior of high-strength concrete plates. The dynamics fracture energy was

compared to static fracture energy for all of the tested specimens. The significance and

contribution of the present numerical investigation can be concluded as follows:

I

I~

The punching shear capacity due to impact loading were about twice that of the static
punching shear capacity. The ratio of impact punching shear capacity to static as
estimated by the ACI-318 (1995) was in the range of 1.39-2.31. The same ratio based
on BS- 8110 (1985). CEB-FIP (1990), and NS-3473 (1992) were 1.50-1.82. 1.36-
1.65. and 1.87-2.33, respectively.

The critical velocities of perforation can be estimated accurately for all high-strength
concrete specimens according to CEB (1988) code expression. However, for normal-
strength concrete under fixed-end condition, the critical velocity of the test result was
30% higher than the code prediction. On the contrary, under simply-supported
condition, the test result was slightly lower by about 4% than the code values. In
general, the prediction of the CEB (1988) code can be used accurately to estimate the
critical impact velocity, especially for high-strength concrete plates.

A linear elastic fracture mechanics impact load expression can be used to evaluate the
effect of rate of loading on the dynamic behavior of high-strength concrete plates.

High-strength concrete is more brittle and close to more linear response prior to peak
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load than normal-strength concrete. Therefore, linear fracture mechanics can be used

to provide a good degree of confidence.

The concrete fracture strength, o, can be expressed as a function of the stress rate,

& . The slopes of log o, versus logd were determined experimentally. The

suggested values for N and subsequently the two constants A and B can be used to
represent the stress rate sensitivity numbers for high-strength and normal-strength
concrete plates. Therefore, the recommended values can be used by designer to
predict the dynamic behavior of any plate under impact loading.

The dynamic versus static fracture energy ratio of high-strength concrete plate under
impact load was found to be much higher than that for normal-strength concrete.
Therefore, high-strength concrete plates are considered to be more efficient matenal
for construction under impact loading. High-strength concrete is a better material than

normal concrete in dynamic situations because of its increased impact resistance.
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