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ABSTRACT

The present research investigation deals with the structural behaviour of two-way
slabs made with high-strength concrete subjected to punching shear.
A high-strength concrete mix, suitable for offshore applications, was developed

using ional cement and available in dl.

The incor-
poration of silica fume and high-range water reducing agent made it possible to
achieve high strengths at early ages. A compressive strength of 70 MPa at 28 days
was achieved for concrete mix incorporating 12 % class F fly ash, 8 % condensed sil-
ica fume and a high-range water reducing agent of naphthalene formaldehyde base.

The relevant rheological and hanical of the mix were examined. In

addition, an experimental program was carried out to study the effect of cold ocean

water, simulated under laboratory conditions, on the mechanical

of green
high-strength concrete containing silica fume and fly ash.

Seventeen slabs were tested in the structural laboratory at M.U.N. The effect
of the reinforcement ratio, concrete strength, slab depth and column size on the
behaviour of the slabs was investigated. The structural behaviour of the tested
slabs with regard to deformations, strains, ultimate capacity, and modes of failure
was examined. Test results revealed that the present North American Codes are
unsafe for high-strength concrete slabs, since they overestimate the influence of the
concrete strength, as a factor, on the ultimate capacity of two-way slabs.

Based on the test results, a mechanical model was adopted. The formulation
takes into account the actual behaviour of the high-strength concrete and steel.
The proposed model gave a fairly good agreement between the predicted and ex-

perimental punching loads.



ACKNOWLEDGEMENTS

This thesis was completed at Memorial University of Newfoundland as part
of a project funded by the Natural Sciences and Engineering Research Council of
Canada. Funding in the form of graduate fellowship and graduate supplement from

ial University is lly acknowledged

I am greatly indebted to Dr. H. Marzouk, Associate Professor of Civil Engineer-
ing, under whose guidance and supervision the project was carried out. Thanks are
due to Dr. T. R. Chari, Associate Dean of Engineering, for his encouragement and
the facilities provided.

Sincere thanks are due to the Technical Staff who made their services available at
every stage of this project, specially Messrs C. Ward, A. Bursey and R. O'Driscoll.

Finally, I take this chance to express my profound gratitude to all my family

members for their continuing encouragement and affection.



Contents

ABSTRACT

. ACKNOWLEDGEMENTS
List of Figures
List of Tables

List of Symbols

-

Introduction

L1 SOOPE « + e vv vt e e
12 OBJECHVES .+« v v v v et e e
13 Thesis Outhne. . . vovvvoveeneneennenn.

©

Review of Literature

2.1 Concrete for Marine and Offshore Structures . . . ... ...
2.1.1 Durability of Concrete in Marine Environment . . . ... ..
2.1.2 Selection of Materials . . . . ..............

2.2 Punching Shear Strength of Concrete Slabs . . . . ... ...

221 IotrOAMCHOR o eie o simie 5w simie & 3 s o risimie o

iii

viii

xi

xiii



222 EmpiricalStudies . . . . ... .0t rinannan 14

223 Rational'Studies: : s = @i s ¥ @RS 5 5 SEFED 18
3 Material Investigation 31
31 Iateoduction ; ¢ o sveveis & 0 swein @ @ & 8 arEEEEa & 8 W ETEALE B 31
3.2 Selectionof Materials . . . . ccicv o« o v isionaes o v soneiares 31
3.21 Cementitious Materials . . . . ..o v0vvevevnnnans 32
857 Aggresatenine & o556k 3 & 5 GRAGEKE § 4 LEEEAE 33
3.2.3  Chemical Admixtures 34
B3 MiR'DeSEN -« vvioin io i 5 o sssiimion © 30 wito 37
34 AdOPted MIX . oo oo vev ettt 41
34.1 Mix Design Proportions ... ................. 41
342 Mixing Procediite . . v oe s v 5 siaiwwri s 5 v wwaas 41
3.4.3 Properties of Fresh Concrete . . . ... ............ 42
3.4.4 Properties of Hardened Concrete . .. ............ 42
3.5 Effect of Low Temperature on the Prope. ties of High-Strength Concrete 51
351 Test Specimens « vuw 50 v s enn e s e s dETeEE 51
352 Compressive Strength . ... ................. 51
353 Basldty ..« ooivains o ssene wiaans v v wiem s e 55
3.54 Stress-Strain Relationship . . . ................ 59
3.5.5 FEffect of Low Temperatures on the Cement Hydrates of High-
Strength Concrete « .« s o v vvov e o s s o vonsisn 59
4 Experimental Program 64
2 Tatboduction s ivis s s asEERE TR E EEEPRG 9% % B R A 64




i 413 TRE Slaboh s = 5 5w @ % s 2 % B A § B B 8 ses o
439 1S1ADITRREORRIE « o nome oo 0 v = 0 %m0 3 ey % § s 67
44 Instrumentation and Measurements . 69
44.1 Loading System . . . . . 5 E B TSR B A § § WS 69
442 Deflections . . ... ........ P — 7l
443 Steel SHaiNS . . oo ot v ot et 7l
44.4  Concrete Strains 71
| 4.5 Preparation of Test Slabs . . .\ v\ v it 7
; 4.5.1 Fabrication of the Model . . . . ... . ..vuutun..n 74
; 452 Castingand Curing . . ... ..o vviit i 8
4.6 Test Procedure . . ........... 4% Gatd ¥ BN 8§ B 81

i
? 5 Test Results and Discussion 82
! Bi1; “Introduction e 3 5 wwem 8 PUER T L B ERE £ ¥ AN H 5 6 82
: 5.2 Load-deflection Characteristics. . . . . .. .............. 82
5.3 Ductility and Energy Absorption . .. .. .............. 87
5.4 Slab ROEAHON « « - o v v v et ettt e 8
5.5 Concrete Strains . .. . . G % S i %% E R AR EARG E ¥ 89
Bi6 ISteRUBHRAIES iovs 5 5 woion s omm 3 5 ¥ ¥ P 8 5 BENE G 5 93
i 5.7 Cracking Characteristics . . ... .............. oo e 9B
E, 5.8 Post Punching Behaviour. . ... .. .............. .. . 104
{ 8§19 ‘Modes:of Fallure: © 5 poy s & 5o 5 9 9 5 0% & 5 WA B 2 ¥ e 105
% 5.10 Test Results versus Codes Predictions. . . .. ... ......... 105
[ 6 PROPOSED MECHANICAL MODEL 111

vi



6.1 Introduction

6.2 Punching Failure Mechanism. . . . .................. 111
6.3 Stress-Strain Relationships . . . . . .................. 115
6.4 Forces Acting on 2 Radial Segment ... ............... 115
641 'Steel Foroes «:ovisas ¢ awiwies 45 % do 6@ ¥ s s 5ad 118
842 Concrete FOrees viuvx « swasie s s o o & viamenss s o o ais 19
643 Dowel Forces . ...c.cvneevaonvovannesnons 121

6.5 Calculation of the Ultimate Load
66 Failure Criterla: « ¢ virewn o 6 v swwn 4 4 ¢

6.7 Numerical Procedure . .

6.8 Compnrison of Test Results with the Assumed Theoretical Model . 124

7 Conclusions 127
L Materinl Tovestigation:. oo« = vonsieim o 0 5 susioiney w =+ wain 128
7.2 Structural Investigation on the Two-way Slabs . . . ... ...... 129
References 132

A Chemical and Physical Analysis of Portland Cement and Supgle-

mentary Cementitious Materials 140

B Comparison of Theoretical Results with Others’ Test Results 143



List of Figures

21
2.2
23
2.4
2.5
2.6
27
2.8

3.1
3.2
33
3.4
3.5
3.6
3.7

3.8
3.9

Deterioration of a concrete structure in sea water [Mehta 1980] . . .
Punching model adopted by Kinnunen and Nylander ... .....
The mechanical model proposed by Reimann . . . .. ........
Yield line mechanism used by Gesund et al. [35,36] . ... ... ..
Failure mechanism of Nielson et al. [37) . . . . ... .........
Failure criterion and yield line locus for concrete. . .. .......
AR trussT o006l ocnmmor 1 o 5 someieny n 4 8 8 s § o 8

The truss model as proposed by Alexander and Siramonds [41] . . .

Grading of aggregates .

Failure surface of a high-strength concrete cylinder .. .. .....
Modulus of elasticity versus Compressive strength . . . . .. ...
Splitting tensile strength versus compressive strength . . . . . . . .

Modulus of rupture versus compressive strength .

Water tanks and cooling system used in the study . . . .. ... T
Compressive strength versus temperature after exposure of 3, 7, 14,
28,56 and 91 days . . ... u e
Compressive strength versus exposure time at 20 and 10°C . . . . .

Compressive strength versus exposure time at different temperatures

viii

54
56
57



3.10 Modulus of elasticity versus exposure time . . . ... ........ 58
3.11 Stress-strain curves at different temperatures after 91 days of exposure 60

3.12 Concrete specimens after 91 days of exposure to ocean water at tem-

peratures of 20 and 10°C. . .. ..... 5w s e Ao 63
3.13 Surface deterioration of concrete specimens after 91 days of exposure

to ocean water at temperatures of -5 and -10°C. . 6
4.1 Details of a typical test specimen. . . . . ............... 65
4.2 Tesb 88 UD. v o cowioia v 0 = o omsaiene & 5 s we Wi e 8 B e 68
4.3 Supporting reinforced concrete frame. . . . . . .. ... ....... 70
4.4 Dial gauge locations. . . . ..ot at i 72
4.5 Steel strain gauge locations. N — 73
4.6 Concrete strain gauge location. .. ............... vl 15
4.7 Digital strain indicator. . . . . ... .. ... ... ceen. T6
4.8 Stress-strain curve for a i, izl reinforcing bar. . ... ....... 79
4.9 Formwork used. 80

5.1 Typical load-deflection characteristics at centre span of test slabs
(SeriesTand II) . . ... iin i .. 84
5.2 Typical load-deflection characteristics at centre span of test slabs
(Series Il and VI) . .. .. 85
5.3 Typical load-rotation characteristics in the lateral direction for test
alabs (Series [and I1) o oovvviin i o 0 « sonsies 5 o 5 5 5 swons Loo9
5.4 Typical load-rotation characteristics in the lateral direction for test
slabs (Series IIland VI) . ... ...... L.o92




5.6
5.7

o
@

5.9

5.10
5.11
5.12
5.13
5.14

6.1
6.2
6.3
6.4
6.5
6.6

Observed distribution of the concrete strain, €., at the top of test
slabs HS4 and HS8 at various values of the load P (kN) . . .. ... 94
Applied load versus concrete strain around the column periphery . . 95
Observed distribution of the strain in the flexural reinforcement, ¢,,
at for test slabs HS3 and HS9 at various values of the load P (kN) . 97

Typical load-tension steel strain behaviour at the column periphery

for test slabs (Series Tand II) ... .ovivivninvomannns 93
Typical load-tension steel strain behaviour at the column periphery

for test slabs (Series [IT and VI) . ... 99
Failure patterns of test slabs NS1, HS1, HS2 and HS3 . . . . . . .. 100
Failure patterns of test slabs HS7, HS4, NS2 and HS6 . . . . . .. . 101
Failure patterns of test slabs HS8, HS9, HS10 and HS1:. . . .. . . 102
Failure patterns of test slabs HS12, HS13, HS14 and HS15 .. ... 103
Yieldlinemechanism . .......cc0viiiniaianana 107
Modified Kinnunen and Nylander punching model. . ........ 13
Failure crack and assumed shear crack. . . ... ........... 114
Relation between deformations and strains. . . . ... ....... 14
Idealized stress-strain curves for steel and concrete. . ... ..... 116
Punching failure model and forces. . ... .............. nur
Bearing stress failure at the column face. . .. ... ......... 120



List of Tables

3.2
3.3
3.4

3.5
3.6

4.1
4.2

Grading of aggregates . . . . . . ... .. Y — 35
Physical properties of aggregates . « « . ... ..o ... 35
Mix proportions of one cubic meter for the trial batches . . . . . .. 39

Properties of fresh concrete and compressive strength for the trial

babdlieny svmmn 5 4 5 § svpee 5 5 5 5 s 5 5 @ @ s 40
Strength properties of the adopted mix « . . . . . ... . ... .. 47
Ratio of ive strength at various and

to the one at 20°C after 3days ... ...l oea ol 53

Ratio of modulus of elasticity at various temperatur - and exposures

to the one at 20°C after3days ... ................. 53

Details-of the testslabs. . . .. ... .. ... ... ... ... . 66

Mix proportions of one cubic meter of concrete used in the two-way

slab InVeStIgAtoN. . . « L L .. e h ke e s
Deflection characteristics of test slabs . . . ... ... . ... .. 86
Observed lurtility and stiffness .. . . . ........ ... o 88
Deformation characteristics of test slabs .. . ........... 90

Comparison of code predictions with test results . . . . . ... ... 109



A

B.

B.!

B.

o

o

@

Comparison of theoretical results with test results . . .. ......

Chemical analysis of portland cement and supplementary cementi-
tious materials . . . ...
Physical analysis of portland cement and supplementary cementi-

tlous;maberials & i o v e ¥ o8 8RR § SRR G Y 8 WeTEE &

Comparison of theoretical results with Elstner and Hognestad's test
PSS v e s s hee e e e % 5 s
Comparison of theoretical results with Kinnunen and Nylander’s test
PERUIE % & e 5 ¢ v oo e SRR S ERREG B R B ¥ s
Comparison of theoretical results with Kinnunen, Nylander and Tolf’s

testresults. . oo oo w0 D Y

1

142

144

145



List of Symbols

Futor
K
Prode
Priez
Preat
T

area of steel

area of the steel in the radial direction

area of the steel in the tangential direction
modulus of elasticity of concrete

modulus of elasticity of steel

radial concrete force

tangential concrete force

total concrete forces in a radial direction

radial steel force

tangential steel force

total steel forces in a radial direction

coefficient

ultimate shear capacity

ultimate flexural load capacity as predicted by yield line
ultimate test load

oblique compressive force in the imagenary conical shell assumed
by Kinnunen and Nylander

side dimension between supports of a square slab
perimeter of the loaded area

side dimension of a square column

slab effective depth

limiting bearing strength

compressive cylinder strength of concrete

xiii



feu

fo
fe
fy

cube concrete strength

modulus of rupture

tensile splitting strength of concrete
concrete tensile strength

yield strength of reinforcing steel

slab overall depth

unit moment capacity

positive ultimate moment per unit length
radius of column or loaded area

radius to the loading

radius of punch

radius within which all flexural reinforcement yield
radius of a slab

side dimension of slab specimen

nominal shear capacity

neutral axis depth

lever arm

angle of inclination of the concrete force at the column face

concrete strain

0.85 £2/4700\/72
concrete tangential strain
concrete ultimate strain
steel tangential strain

yield strain of reinforcing steel



or

o
AP

¥r

reinforcement ratio (A, /bd)
ratio of radial reinforcement

ratio of tangential reinforcement

P/ Pies

small sectorial angle of a radial segment

rotation of the slab portion outside the shear crack

rotation at failure

xv



Chapter 1

Introduction

In recent years, considerable attention has been given to the use of silica fume as
a partial replacenient for cement to produce high-strength concrete. High-strength
concrete is used for offshore platforms, marine structures, bridges, tall buildings
and long span bridges. Recently, a gravity based structure utilizing high-stcength

concrete has been recommended for the Hibernia development off the eastern coast

of Newfoundland. High-strength concrete, ining mineral such as
silica fume, is relatively impermeable. Hence, it offers great promise for the dura-
bility problem associated with marine and offshore structures situated in the harsh

North Atlantic waters. Furth the ive strength is the fund:

tal basis for design and quality assessment, and has a major impact on the cost
effectiveness of each platform.

In spite of the wide use of high-strength concrete, very little information is avail-
able on the material and structural behaviour of this material. In the last decade,
some research has been conducted on the structural behaviour of high-strength
beams. However, to the best of the author’s knowledge, no investigation has been

reported on the two way slab structural behaviour and punching characteristics of



high-strength concrete.

The present building code specifications for shear strength of reinforced concrete
slabs are based on the test results of slabs made with relatively low compressive
strengths, varying mostly from 14 to 40 MPa. These design provisions may not
apply to situations irvolving parameters different than those upon which the em-
pirical equations are based. Hence, it is necessary to re-examine the present shear
design methods as they apply to high-strength concrete.

Offshore concrete platforms have proven their worth in the harsh North Sea
environment for the past decade. They now face the additional challenges posed by
the North Atlantic and the Arctic Offshore frontiers. Offshore structures frequently
have a concrete perimeter wall which is normally designed to resist the impact of
ice on the structure. Both flat and curved exterior walls have been used. Thus, the
concrete plate and shell panels represent the most predominant structural element

ed in the walls of concrete offshore platforms.

The present research, triggered by the potential development of offshore oil
exploration for Hibernia, includes a part of a research programme at Memorial

university, in which the use of high-strength concrete, as a structural material for

potential arctic and sub-arctic structures, is being i

1.1 Scope

The main objective of the material investigation is to determine the basic me-

chanical properties of high-strength concrete containing silica fume and fly ash. A

1 " 1

aud

high-strength concrete mix was developed using local

cement. The mix had to be suitable for offshore applications. The effect of cold



ocean water on the mechanical properties of high-strength concrete containing silica
fume and fly ash was also studied.

The present research i igation add: the | behaviour of two

way-slab systems made with high-strength concrete. Fifteen high-strength con-
crete slabs and two normal strength concrete slabs, were tested. The slabs were
symmetrical and they were loaded through a column stub by a hydraulic actuator
in displaccment control. Different measurements (deformations, strains, etc.) were
collected during the course of testing. The behaviour of the slabs were observed
and the test results and observation were analyzed.

Based on the strain measurements and test results, a mechanical model was

Jeveloped to predict the ultimate capacity of high-strength two-way slabs. The

model uses the strain ibility and equilibri of an assumed failure

criteria.
1.2 Objectives

‘The main objectives of this research investigation can be summarized as follows:

1. To develop a high-strength concrete mix, for offshore applications, using con-

Newboandlaad

ventional cement and available in

2. To study the mechanical properties of high-strength concrete containing silica

fume and fly ash.

3. To investigate the effect of cold ocean water, simulated under laboratory
conditions, on the mechanical properties of green high-strength concrete con-

taining silica fume and fly ash.



To examine the structural behaviour of two-way slabs.

b

5. Tod ine the d jon ch istics (deflections, rotations, and strains)

of two way slabs.

. To correlate between flexural strength and punching stress resistance of two-

=3

way slabs.

. To study the effect of the different parameters (concrete strength, flexural

-

reinforcement, loading area/span ratio, etc.) on the punching shear capacity

of two way slabs.

{2

To develop a rational mechanical model for the prediction of punching shear

of high-strength simply supported two-w-y slabs.

1.3 Thesis Outline

Chapter 2 is divided into two parts. The first part reviews the use of concrete struc-

tures in an ocean i and add datioas for a durable mix.
The second part reviews previous research conducted on two-way slabs including
both empirical and rational approaches.

Chapter 3 contains the material investigation phase of che research. It deals with
the development of high-strength concretr mix, suitable for offshore applications.
It also presents the mechanical properties of the high-strength concrete containing
fly ash and silica fume, and the effect of low temperatures on these mechanical
properties.

Chapter 4 describes the two-way slab experimental investigation. Details of

experimental facilities, test

and instr ion are p




Chapter 5 presents the test results and observations obtained from the experi-
mental investigation, the analysis of these results, and comparison of ultimate loads
obtained from the tested slabs with different codes predictions.

Chapter 6 deals with the th ical fc lation and devel of the adopted

mechanical model.
Finally, a summary of the investigation and the conclusions reached are given

in Chapter 7.



Chapter 2

Review of Literature

2.1 Concrete for Marine and Offshore Structures

lly used in marine envi for centuries. It has

Concrete has been
been employed in the construction of piers, bridge foundations, retaining walls and
breakwaters. In 1971, concrete was first introduced on a large scale to oil industry
with the construction of Ekof sk 1, the first concrete Gravity Based Structure (GBS)
installed in the North Sea. It was constructed in 70 m deep water and contained
80000 m® of noiinal strength concrete with a specified 28-day compressive strength
of 45 MPa. Since that time, over twenty other concrete gravity platforms have been
constructed in the North Sea, the Baltic Sea and offshore Brazl [1].

‘The main desirable characteristics of the concrete used for platform construction
are [2]: (a) strength, (b) durability, and (c) constructibilty. Based on these criteria,
high-strength concrete offers great promise for offshore structures. High-strength
concretes (50 to 70 MPa), containing water reducing and mineral admixtures, are

relatively impermeable and offer an excellent solution to the problem of durability

of concrete in a seawater envil Furth the ive strength is

the fundamental basis for design and quality assessment, and has a major impact



on the cost-effectiveness of a platform.

2.1.1 Durability of Concrete in Marine Environment

Several research workers [3, 4, 5, 6] studied the case histories of deteriorated port-
lard cement concretes exposed to sea water, in both mild and cold climates, for
different exposure ages up to 67 years. It was concluded that the permeability of

concrete was the most i its durability. Mehta [4]

showed that, depending on the tidal lines, the individual process of deterioration
tend to limit itself to different parts of a structure. From this standpoint, a marine
structure can be divided into three zones as illustrated in Fig 2.1. The upper most
part (atmospheric zone), which is above the high-tide line, s not directly exposed
to sea water. However, it is exposed to atmospheric air, winds carrying salts and
frost action. Consequently, cracking due to corrosion of the reinforcement and/or
freezing and thawing of concrete are the predominant phenomena causing deteri-
oration in this zone. The concrete in the splash zone, which is between the high
and low-tide marks, is not only vulnerable to cracking and spalling of concrete due
to wetting and drying, frost action, and corrosion of reinforcement, but also to loss
of material due to chemical decomposition of hydration products of cement, and
impact of waves containing ice, sand, and gravel. The lower part of the structure
(submerged zone), which is always submerged in sea water, is vulnerable to strength
retrogression and loss of material as a result of the chemical reaction between sea
water and hydration products of cement.

Generally speaking, for long-time durability of coastal and offshore structures,

the concrete must show resi: to; thermal king, frost action, abrasion/s
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Figure 2.1: Deterioration of a concrete structure in sea water [Mehta 1980]



loss and expansive chemical and electrochemical ph (such as alkali-aggreg
reaction and corrosion of reinforcing steel). The permeability of ~oncrete is the most
important factor in all the three zones because it influences all physical and chemical

phenomena causing concrete deterioration.
2.1.2 Selection of Materials

In the United States and Canada, the ACI Committee 357 (ACI 357 R-84) [7]
report is used for the design and construction of fixed and prestressed concrete

structures for service in a marine environment. In Europe and Asia, for the design

and construction of concrete in sea itis mary to use the

dations of the International Federation of P d Concrete Structures (FIP,
4th edition 1984) [8]. Although both the ACI and FIP recommendations were pub-
lished quite recently (1985), it is not surprising that the recommended practice
lags behind the current (1986-1989) field practice at the North Sea. A sufficient
amount of published data is now available from field experience in the North Sea
where twenty offshore concrete platforms have been constructed during the period

1972-1987 [9, 10).

2.1.2.1 Cement

The ACI 357 R-84 maximum limit of 10 % C3A content is based on the assum-tion
that cements with higher than 10 % CsA are suspectible to sulphate attack. Some
researchers have questioned the validity of such an assumption; Mehta [4] cited
three case studies where no sulplate attack was observed in long time (46 to 67

years) sea water exposure of concrete containing 14 to 17 % CaA and he attributed



10

that to the low-permeability of these rich mixes. Mather [5] confirmed that concrete
prisms 1 ade with a high C;A (12.5 %) ASTM Type III portland cement did not
show any lack of chemical durability after more than 30 years of exposure at Treat
Island, Maine. As for the current field of practice at the North Sea, the heat

the use of

of ion and require that,
ASTM Type III acd Type V portland cements may be discouraged and the use
of portland-pozzolana cements and portland-blast furnace slag cements are to be
given special consideration. In general, Mehta [11] recommended that the use of
any portland cement having 6 - 12 % C3A content for concrete sea structures should
be satisfactory provided that the cement is compatible with the admixtures to be
used.

Both the FIP and ACI dations require a minis cement content

of 360 kg/m? however the former recommends a minimum of 400 kg/m® cement
for the splash zone concrete mixture. The use of high cement content in massive
structures frequently leads to thermal cracking, which has the effect of increasing
the permeability and reducing the durability. In order to avoid this problem, the
Norwegian Offshore concrete practice has developed a high-strength cement with
moderate heat of hydration. In general, adequate measures should be taken to
control the temperature gradients in concrete in order to prevent thermal cracking.

The maximum allowable water cement (w/c) ratio recommended by ACI for
marine structures is 0.45 for the submerged zone, and 0.40 for the splash zone
and the atmospheric zone. FIP requires a maximum w/c cemev. -atio of 0.45 but
prefers the use of 0.40. In the North Sea field practice, a w/c ratio of 0.45 was used
in the Beryl A concrete platform and was reduced to 0.38 in Gullfaks C concrete



platform.

2.1.2.2 Admixtures

The FIP recommendation prot ides that high-quality pozzolanic materials, such as
silica fume may be added to produce improved strength, durability and workability.
However, contrary to the sufficient evidence from both laboratory and field practice,

the ACI 357 R-84 does not appear to take a clearly supportive stand in favour

of the use of pozzolanic and it i in concrete sea structures.
Some recent publications and research undertaken by Canada Centre for Mireral

and Energy Technology (CANMET) provide a wealth of useful information on the

composition and properties of these concrete admi [12]. These publi

reveal the of using lanic admi ther » pozzol
help in improving the workability, reducing the heat of hydration, and increasing
the strength of the transition zone between aggregate and cement paste. The
fine particles of a mineral additive are also able to enhance the homogeneity in
the hardened concrete microstructure, thus improving the ability of concrete to

resist which is i for maintaining the imp:

during
service. The amount of a mineral additive needed for this purpose varies with its
particle size and chemical composition. Several studies 13, 14] recommended a fly
ash replacement of 12 to 25 % by weight of total cementitious materials. Whereas, 5
to 10 % condensed silica fume is adequate due to its exceedingly small particle size.
Similarly, to enhance the homogeneity in the hardened concrete microstructure, it
is essential to use a low water-cement ratio and to obtain a proper dispersion of the

cementitious materials in a fresh concrete mixture. Water-reducing admixtures are
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commonly used for this purpose. In earlier work (Beryl A, 1974), a lignosulfate-

type water reducing agent was employed . It contained certain impurities which
caused considerable air entrainment and excessive retardation in fresh concrete.

bebal lami Ioh

High-purity or type water reducing admixtures

should be used in concrete mixtures when resistance to internal cracking due to
freezing and thawing cycles is desired. Pig n et al. [15] reported from laboratory
tests on concrete containing 9 % condensed silica fume and 0.3 water/cement ratio
(w/c), that enough freezable water is present in these low w/c ratio concrete to
cause damage in freezing and thawing tests, unless air entrainment was used.

The desired air content recommended for marine structures is normally in the
range of 4 - 6 %. Recently, the air entrainment is specified as an air-void system
instead of the total air volume. A minimum spacing factor 0.25 mm, a specific
surface area of 25 mm?/mm® and an air void-content of at least 3 % are generally
recommended by the Norwegian Offshore concrete practice [10].

Both ACI and FIP warn that when two or more admixtures are used, their
compatibility with the cement and aggregate types should be examined. Also to
protect reinforcing and prestressing steel from corrosion, no Ca Cl, or admixtures

containing chlorides should L. used.

2.1.2.3 Aggregates

ACI permits the use of any natural sand and gravel or crushed rock that conform

to ASTM C33 ifications for concrete FIP ds that aggre-

gates likely to undergo physical or chemical changes should be avoided. The North

Sea field practice is the only specifications which requires the use of high-quality
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The i size of used in the ion of concrete

structures in the North Sea is limited to 20 mm, while the recommended practice
in both ACI and FIP makes no attempt to suggest a relationship between the max-
imum siz. of aggregate and the permeability of concrete. The aggregate grading
used in the North Sea is achieved by a strictly controlled process. Two different
sizes are used to classify the aggregates; 0-5 mm for the fine aggregates and 5-20 mm
for the coarse aggregates. Both ACI and FIP do not require any special grading
for the concrete used in marine environment.

Theincorporation of a highly reactive pozzolanic material, such as condensed sil-
ica fume improves considerably the aggregate-cement paste bond and consequently,

the abrasion/erosion resistance of the concrete [16].

2.1.2.4 Compressive Strength

Concrete quality is generally described by its compressive strength. In the design
process this property is also the key parameter although other strength properties
must be considered. The minimum specified strength required by ACI is 35 MPa
for all zones and 42 MPa where severe surface degradation is likely. The modern
concrete offshore structures in the North Sea are built with high-strength concrete,
the minimum, being a 60 MPa concrete [10]. For instance, the specified strength (56
MPa) for Gullfaks C (1986-87) concrete is 50 % higher than the strength of Beryl
A (1973-75) concrete (36 MPa). The actual 28-day compressive strength of the
Gullfaks concrete core samples was found to be approximately 70 MPa. This indi-
cates that the compressive strength specified by the North American specifications

is lagging behind the North Sca field of practice by almost 15 years.



14

2.2 Punching Shear Strength of Concrete Slabs
2.2.1 Introduction

Research on punching shear has yielded a number of methods by which the ulti-
mate shearing strength of slabs can be predicted. In general, the various suggested
approaches can be described as either the results of an empirical study, in which
a statistical analysis of the available test results is used to establish a relationship
between the load or stress at failure and parameters of the slab, or the result of a
rational study, in which the strength of the slab materials and the mechanism of

failure are idealized and described mathematically.

2.2.2 Empirical Studies
In an investigation of wall and column footings, Talbot [17) proposed an empirical
equation for design against punching expressed in terms of the nominal shear stress

at a critical perimeter at a distance d from the column face:

or2a;d &

where v is the ultimate shear stress, V is the ultimate shear force, c is the side
dimension of a square column, d is the effective depth of the slab and jd is the lever
arm of the internal resisting moment of the slab. According to Talbot, punching
shear failure is mainly due to diagonal tension and hence the limit for v should be
proportional to f; and consequently proportional to f%. This equation contradicts
the experimental findings since, as the reinforcement ratio increases, the predicted
punching shear decreases.

In 1935 Graf 18] reported the results of his experimental study on slabs sub-



15

jected to concentrated loads and this was followed by the work of Forsell and Holem-
berg [19] in 1946. Their formulation was similar to that of Talbot’s except for the
location of the critical section. According to Graf, the critical section was at the
column periphery, while Forsell and Holemberg located the critical section at a
distance £/2 from the column face. In the latter case, the shear stress distribution

over the slab thickness is assumed to be parabolic;

v

v o (Gr) (2.2)
—Y_ (Forsell and Holemberg) (2.3)
e+ Dp - DR "

Hognestad [20], in 1953, was the first to propose a design equation in which the
influence of flexural strength on the ultimate shearing stress was recognised. After
a re-evaluation of Richart's [21] tests on column footings, Hognestad showed that
the design methods of the time (based on Eq. 2.1) did not give a consistent factor
of safety with respect to shearing failures. He suggested that ultimate strength of

slabs failing in shear is mainly dependent upon the following variables:

1. Properties of the materials used in the slab:
(a) quality of concrete as expressed by the cylinder strength f;;

(b) amount, type, and quality of tension and compression reinforcement.
2. Size and shape of the loaded area as compared to the slab thickness.

3. Span, support condition and edge restraints of the slabs.
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Hognestad found that the ultimate sheariug stress of a variety of slabs can be

d by the empirical equati

v = (0.035 + -';ﬂ)/; +130 psi (2.4)

where @, is the ratio of the ultimate shearing capacity of the slab to the ultimate

flexural capacity of the slab if it had not fai'ed in shear. The ultimate flexural

capacity of the slab was computed using yield line theory and was dependent on

the properties of the slab and the size and position of the loaded area. Hognestad

conceded that Equation 2.4 might not be valid if used for slabs with dimensional
ratios or concrete strengths outside the ranges of those of Richart’s slabs.

In 1953 Elstner and Hognestad [22] reported shear tests of a further 24 slabs.
Equation 2.4 was reviewed in the light of these tests and those reported by Forsell
and Holembeig [19] and Richart and Kluge [23]. Satisfactory agreements bc*ween
observed and predicted shearing failure loads were found to exist.

After carrying out additional tests in order to extend the ranges of the slab
variables of previous test programmes, Elstner and Hognestad [24], in 1956, reported
that Eq. 2.4 gave unsafe estimates of the ultimate shear strength of slabs of high-
strength concrete. The following equation was found to be in better agreement
with the test results.

v= %f; +333  psi (2.5)

It was also reported that neither a ion of tensile rei directly
beneath the loaded area nor the presence of compression reinforcement had any

appreciable effect on the ultimate shearing strengths of the concrete slabs tested.
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Moe [25] d d an experi I investigation isting of five different

series of test slab and studying the effect of:

1. Casting holes in the slab in the column vicinity.

2. Concentrating the tensile rei over the column,
3. Including special types of shear reinforcement.
4. Extreme column size.

5. Eccentric column loads or transfer of moment.

Moe then, based on his experi | program, d a semi-empirical type

equation tc calculate the ultimate shear strength;

_ o018y [or
5(1 - °91) 17 i

Py
W= _1 s.2500/7.
e e

(26)

In conclusion Moe stated that the critical section of a slab, subjected to a
concentrated load, was at the column perimeter and that the shear strength is to
some extent dependent upon the flexural strength.

In the report of ACI-ASCE committee 326 [26] of 1962, the recommendations of
the existing building code were reviewed in the light of all the research carried out
at that time. It was suggested that Moe's equation (Eq. 2.6) was the best equation
to date for the prediction of the failure load of slabs tested under laboratory condi-
tions. For practical design, @, was considered to be an unimportant variable and,
because it should always be equal to unity, it was eliminated from Moe’s equation
by assuming that it was equal to unity. Following Moe’s suggestion that the shear-

ing strength is a function of the square oot of the concrete compressive strength,
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the Committee recommended that the following design equation for the calculation
of the ultimate shear load:

V = vbd (27)
where v < LO\/T; and b is the length of the “pseudo critical section,” taken as the
perimeter at a distance of d/2 from the periphery of the loaded area. The position
of the assumed critical section was chosen so that Eq. 2.7 incorporates allowance

for the ¢/d ratio.
2.2.3 Rational Studies

Based on observations of a number of tests of circular slabs with central columns,
Kinnunen and Nylander [27) conceived an idealised model of a slab at punching
failure. It was assumed that the slab portion outside the shear crack, which is
bounded Dy this crack, by radial cracks, and by the circumference of the slab, can
be regarded as a rigid body which is turned under the action of the load around a
centre of rotation located at the root of the shear crack. The model is illustrated
in Fig 2.2,

The criterion of failure in the mathematical model was the collapse of the conical
shell which occurred when the tangential strain on the surface of the slab in the
vicinity of the root of the shear crack reached an empirical critical value. The
characteristic tangential strain at failure was determined from tests on slabs with
ring reinforcement only. The punching load was calculated by assuming a dimension
of the conical shell and then following a convergent iterative process.

Kinnunen and Nylander found that their theory gave values for the punch-

ing load which were in satisfactory agreement with results of their own tests as



Figure 2.2: Punching model adopted by Kinnunen and Nylander
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ibuted low calculated val-

well as those of Elstner and H d [24]. They

ues, in the case of two way rei to dowel and effects, and
suggested that they should be taken into account by multiplying the calculated ul-
timate load by 1.1.

Kinnunen (28] later published a paper in which he presented a prims ly qual-
itative study of dowel and membrane artion in slabs with two-way reinforcement,
and concluded that the punching load is increased by about 20 per cent by dowel
and membrane effects.

The theory of Kinnunen and Nylauder has been criticized by Long [29] and
Reimann [30]. Their major common objection was that the assumption that the
compressive strength in the conical shell was approximately constant throughout,
was made in negiect of probable shearing stresses on the shell surface. This criticism
implies that the existence of the assumed conical shell should have been proven.
Rather than verifying its existence, Kinnunen and Nylander have justified its use,
along with that of their criterion of failure, by showing consistent satisfactory agree-
ment between calculated and test punching loads.

Based on the test observations of Kinnunen and Nylander [27], Reimann [30]
proposed a simple idealised model of slab at punching failure from which the punch-
ing load can be calculate directly. The theoretical model is made up of a punched
cone of concrete, an outer annular slab and a joint, which was idealised as a hinge
bridged by a spring, between the inner and outer regions at the periphery of the col-
umn. The hinge was assumed to coincide with the centre of rotation of the annular
slab. The model is illustrated in Fig 2.3. Reimann applied his method of analysis

to results of tests by Kinnunen and Nylander and others. He found reasonable




elostic zxe

plastic zoe

Figure 2.3: The mechanical model proposed by Reimann
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agreement between calculated and test failure loads although the average values
of the ratio of the actual failure load to his calculated failure loads were usually
greater than unity. Reimann ignored any dowel and tensile membrane effects and
this could account for his somewhat low calculated values.

In 1967, Long [29] and Long and Bond [31] reported a theoretical method for
the calculation of the punching load of a slab with two-way reinforcement. As-
suming a linear distribution of stress, the stresses in the shear-compression zone
were calculated using thin plate theory. An octahedral shear stress criterion of
failure was used to find the stresses at failure and from that an uncorrected load
was calculated. The uncorrected load was then adjusted to give the punching load
by applying corrections for surrounding slab and support conditions and for dowel
and tensile membrane effects.

Long and Bond showed that their theory gave punching loads in good agree-
ment with test results of, among others, Richart [21], Elstner and Hognestad [22],
Moe [25] and Kinnunen and Nylander [27].

In the discussion which followed this work, the relevance of the equations of
elasticity to slabs near failure and the suggested mechanism of punching failure was
questioned. The assumption of Long and Bond that the load supported by a failed
slab approximates the effect of dowel and tensile membrane action on the failure
load is also questionable.

Masterson and Long [32] later developed this approach and proposed a simpli-
fied finite element model for local slab conditions at ultimate failure. Their idealized

of the slab-col ion was equi to the theory of devel-

opment of local plasticity at the column periphery. By relating the applied load to
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the internal moment at iailure and by making an appropriate allowance for dowel
aid membrane effects, the punching strength was found to be well predicted for

the majority of chosen realistic slab-col i tested by some h

Long [33] later a two-phase design in which the punch-

ing strength was predicted as the: lesser of cither a flexure or shear criterion of
failure. This approach has certain limitations, as it could not handle slabs with
high-strength concrete and slabs with low level of reinforcement.

In 1987, i ong [34] extended his work by using a more rational treatment of the
flexural mode of punching failure. Long used an analytically based linear interpo-
lation moment factor to relate the ultimate flexural capacity to the yield moment.
This factor depended on the slab ductility which was considered to control the de-
gree of yielding in the slab at failure. The ultimate shear capacity was based on
an empirical relationship for vertical shear stress on a critical section close to the
column perimeter.

In 1970, Gesund and Dikshit [35] used yield line theory of Johansen (1962) to
analyze punching failures in slabs. Their work was based on the research carried
out by Gesund and Kaushik [36] who concluded that the ratio Pyiez/Peeu for 106
alleged punching shear failure averaged 1.015 with a standard deviation of 0.248.
They assumed a yield line fan mechanism around the column, as shown in Fig 2.4.

The ultimate load calculated for that mechanism was dered to be the ultimate

punching load for the case of an interior circular column. This method overestimates
the punching strength unless the flexural mode of failure is the dominant one.
Auother application of plastic theory to estimate the punching resistance of

axisymmetric concrete slabs without shear reinforcement was presented by Nielsen,



Figure 2.4: Yield line mechanism used by Gesund et al. [35,36]
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Braestrup et al. [37] in 1978. This theory is in contrast with Gesund’s method, as
the punching mechanism adopted (Fig 2.5) is totally independent of the flexural
properties of the slab. The mechanism is one of the punching out of a solid of
revolution attached to the column, while the rest of the slab remains rigid. Using
minimization of work together with the modified Coulomb criterion and the normal
flow rule (Fig 2.6), the minimum upper bound solution for the ultimate punching

load was obtained. This theory di i | findings as it neglects the
g 8|

effect of the flexural reinforcement on the ultimate punching capacity of the slab.
In 1982 Andri [38] presented a theoretical model for the punching shear of a
circular slab with ring reinforcement. A finite eiement analysis was used to derive
the proposed model. As in Kinnunen and Nylander, this model considers the rigid
body rotation of radial segments around a center of rotation located at the face of
the column and the neutral axis, as shown in Fig 2.7. Each segment is analyzed

using a truss model (Fig 2.7) beyond the shear crack, with 45° tension and com-

pression elements ing the behaviour of the ked web. Superi d
on this lattice there are additional compressions radiating from the column face
below the crack.

Fig 2.7 shows the failure philosophy assumed by Andri. He describes the failure
of the concrete strut near the column face as being a restricted crushing of concrete,
while, in the part of the strut far from the column face, its character is of an
unrestricted splitting.

Shehata [39], in 1985, followed by Shehata and Regan [40] in 1989, presented
a model which they claimed to be an improvement over that of Kinnunen and

Nylander. In that model, the effect of dowel and membrane was directly calculated
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from the model and the failure criterion was modified. This model will be discussed
in details in chapter 6 together with its drawbacks.
Tn 1987, Alexander and Simmonds [41] presented their truss model. The model

proposed isted of « three di ional space truss d of concrete com-

pression struts and steel tension ties. The rei ing steel and concrete

P
fields were broken down into individual bar-strut units (Fig 2.8).

The truss model included two types of compression struts: (1) those parallet
to the plane of slab (anchoring ties) and, (2) those at some angle a to the plane
of the slab (shear struts). The model predicts only two possible failure modes for
a shear strut; either the steel yields and the angle of shear strut a reaches some
critical value, or the concrete fails in compression prior to yielding of steel. This
implies that the traditional concepts of shear and flexure does not apply, and the
two possible modes of slab failure should be classified as local connection failures
as opposed to overall slab collapse.

In 1

Alexander and Si ds stated that the evaluation of the angle
« needed further investigation, as it was based on an empirical equation obtained
from the test results.

Interestingly, all of the reviewed rational approaches have been shown to provide
satisfactorily accurate estimates of the ultimate punching load, even though in each
case fundamental objections to some of the assumptions of the respective authors

have been raised.



Figure 2.8: The truss model as proposed by Alexander and Simmonds [41]
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Chapter 3

Material Investigation

3.1 Introduction

The materials phase of the current research work will be presented in this chapter.
The development of the high-strength concrete mix design, for offshore applica-
tions, will be described. At the outset, the different materials used in the concrete

production are briefly discussed. The trial batches required to identify the optimum

mixing ions and mixing dure are described. The mechanical properties
of the ded mix were then ined to ensure the bility for offshore
applications. Finally, the effect of low on the hanical

of high-strength concrete is examined.

3.2 Selection of Materials

The production of high-strength concrete that meets the reqirement for worka-
bility and strength development demands more stringent requirements on material
selection than for lower-strength concretes. In this study, local materials are uti-
lized. The selection of these materials was based on the recommendations of earlier

researchers and test results from experiments conducted at the concrete laboratory

31



of Memorial University.
3.2.1 Cementitious Materials

The term iti ials” refers to the combined total weight of portland

cement and pozzolanic materials (fly ash and silica fume) for the production of

high-strength concrete.

3.2.1.1 Cement

Ordinary portland cement (Type 10) CSA3-AS5 with modified C3A content of
about 6 % as produced in Newfoundland was used. As discussed in chapter 2, this
C3A content lies within the acceptable limits of 6-12 % for concrete application in
marine environment. Chemical and physical analysis of the portland cement used

are given in Tables Al and Table A2 of Appendix A, respectively.

3.2.1.2 Fly Ash

Class F lignan fly ash from Nova Scotia was used. Chemical and physical analysis
of the fly ash are given in Tables Al and Table A2 of Appendix A, respectively.
Class F fly ash is normally produced from burning anthracite or bituminous coal

and has lanic p ies but little or no iti ies. G i}
iy ash improves the workability, retards the time of setting of concrete, lowers the
heat of hydration, improves resistance to attack by sulphate soils and may reduce

the cost of cementitious materials.



3.2.1.3 Silica Fume

A typical chemical and physical analysis for the silica fume, which was supplied
from the only Canadian source in Quebec, are given in Table Al and Table A2 of
Appendix A, respectively. Silica fume is a by-product in the manufacture of fer-
rosilicon and silicon metal. Because of its extreme fineness and high glass content,
silica fume is a very efficient pozzolanic material. Therefore, it is able to react very
efficiently with the products of hydration of portland cement to create secondary
cementing materials in hydrating concrete. In a silica fume concrete system, the
calcium hydroxide produced by the hydrating postland cement is largely consumed
in the ensuing pozzolanic reactions. This results in a product with very low perme-

ability and at ion, thus enhancing the resi: to deterioration in agg

environments.

3.2.2 Aggregates
3.2.2.1 Coarse Aggregate

Local aggregates were used; the coarse aggregate was mostly crushed quartzite sand-
stone with a minor percentage of siltstone and shale, and with a maximum nominal
size of 20 mm. The use of crushed aggregates, rather than round aggregates, is
recommended for the production of high strength concrete. Carrasquillo [42] re-
ported that concrete made using round gravel aggregate does not produce as high
compressive strength as concretes using crushed aggregates; this was attributed to

the reduced aggregate-mortar interface bond strength of natural gravel aggregates.
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3.2.2.2 Fine Aggregate

The optimum grading of the fine aggregates for high-strength concrete is determined
inore by its effect on the water requirements than on physical packing [43]. Blick [44]
stated that a sand with a fineness modulus (FM) below 2.5 gave the concrete a
sticky consistency, making it difficult to compact. However, sand with an FM of
about 3.0 provided the best workability and compressive strength. In the present

the fine had identical ition as the coarse

mainly quartzite sandstone, with a FM of 3.1.
Sieve analysis of the aggregates was conducted according to ASTM C 135. Tests

for determination of specific gravity and ion p were done di

to ASTM C 127 and ASTM C 128, respectively. The results of sieve analysis are
plotted together with the curves indicating the limits specified in ASTM C 33 for
fine and coarse aggregates as shown in Fig 3.1. The grading and the physical prop-
erties of both the fine and coarse aggregates are given in Table 3.1 and Table 3.2,

respectively.
3.2.3 Chemical Admixtures

All chemical admixtures met the requirement of ASTM C 494. The compatibility
of the admixtures with the choice of cement is a very important consideration so

that no slump loss or any undesirable effects in the concrete are created.

3.2.3.1 Air Entraining Admixture

The use of air entrai is mandatory to assure the durabili

of high-strength

concrete when it is subjected to freezing and thawing as has been discussed in



Table 3.1: Grading of aggregates

Coarse aggregate

Fine agrregate

Sieve Cumulative Sieve Cumulative
size percentage size percentage
passing passing
19.0 mm 98.23 4.75 mm (No. 4) 99.86
12.7 mm 45.87 2.36 mm (No. 8) 80.67
1.18 mm 17.21 1.18 mm (No. 16) 47.85
4.75 mm 1120 600 pm (No. 30) 29.28
300 pm (No. 50) 14.66
150 pm (No.100) 5.18
80 pm 1.43
Pan 0

Table 3.2: Physical properties of aggregates

Coarse aggregate

Fine agrregate

Bulk specific gravity, SSD

Apparent specific gravity

Absorption, percentage

2.603

2.626

0.56

2.671

2.695

0.52

35
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chapter 1. In this investigation, a neutralized vinsol resin air-entraining agent

conforming to ASTM C 260 was utilized.

3.2.3.2 Retarder

High-strength concrete mix designs incorporate high cement factors which are not
common to normal concrete. A retarder is beneficial in controlling early hydration.
The addition of water to retemper the mixture will result in marked strength re-
duction. In the two-way slah testing program, a noa chloride water ceducing agent

of polyhy ic base, ing to ASTM C 494 Type B and D, was

used.

3.2.3.3 High-range Water Reducers

The use of high range water reducing agents, also known as superplasticizers, in
high-strength concrete may serve the purpose of increasing strength at slump or in-

creasing slump. Th the whole experimental program, a lasticizer of

Ink d nanhthalene fe

Idehyde base, ing to ASTM C 494 Type F,

was employed.
3.3 Mix Design

‘The main objectives of the trial mixtures were
o To achieve a 70 MPa class concrete, using locally available materials in the

province of Newfoundland.

o To find the best mixing proportions together with best mixing procedure in

order to achieve a better properties of fresh concrete, and a higher compressive



strength of hardened concrete.

Previous designs of this high-strength concrete mix conducted by CANMET [13,
14] were used as a preliminary guide. In those studies, the optimum silica fume
content was found to be in the range of 5 % to 10 % on the basis of weight, and a
12.5 % replacement of cement by fly ash was recommended. A total of 12 batches
were conducted in the present investigation. For most of the mixtures portland
cement together with fly ash and silica fume were kept constant at 550 kg/m®, as
was the water-to-cement ratio at 0.27. The loss of workability due to the use of
silica fume was compensated for by the use of superplasticizer.

The following series of trial mixes were conducted:

Using a melamine based superplasticizer. However, after few trial batches the

melamine based superplasticizer did not give a satisfactory results and it was

replaced with a naphthalene based superplasticizer.

Using different replacement ratios of fly ash and silica furne.

Using different fine to coarse aggregate ratios.

Using different water cement ratios.
o Using a retarder instead of the water reducing agent.

The concrete mix proportions are given in Table 3.3. Table 3.4 presents the
properties of fresh concrete; that is slump, air content and density, and the com-
pressive strength of hardened concrete at 7, 14 and 28 days.

Slump loss was the major problem faced during the trial mixes. Even when a

superplasticizer and a water reducing agent were used, the mix lost its workability



Table 3.3: Mix proportions of one cubic meter for the trial batches

cement | fly ash | silica fume | w w fine

no. T |c+S+s|agg
- kg | % |ke| % kg
1 400 60 | 12 | 40 8 0.46 0.36 650
2| 440 [66[12]|44] 8 [036] 029 [650
3 440 {66{1255| 10 037 0.29 650
4 440 55 | 10 | 55 10 0.36 0.29 650
5| 440 |66|12[44( 8 [034| 027 |65
6 440 66 |12 | 44 8 0.34 0.27 750
T 440 [66 12|44 8 0.34 0.27 750
8 440 |66 [12]44 8 0.34 0.27 650
9 440 | 66|12 |44 8 0.32 0.25 650
10 | 440 |66 |12[55] 10 |0.32 0.25 650
11 400 | 6012 |40 8 0.33 0.27 650
12| 400 601240 8 0.33 0.27 650

coarse admixtures

agg. air super- | water | retarder

ent. ag. | plast. | red. ag.

kg ml ml ml ml
1100 350 8500 345 =
1100 350 6600 345 =
1100 350 7500 345 i
1100 350 7500 345 -
1100 350 7500 345 -
1100 350 7500 345 e
1100 350 7500 345 =
1100 350 7500 345 -
1100 350 7500 345 =
1100 350 7500 345 =
1100 350 7500 = 750
1100 350 7500 = 750




Table 3.4: Properties of fresh concrete and compressive strength

for the trial batches

Mix | Prop. of fresh concrete | Comp. strength
No. [Slump | air | density | 7 | 14 | 28

cont. days | days | days

mm % | kg/m® | MPa | MPa | MPa
1 25 3.85 | 2403 36 41 45
2 13 3.75 2407 51 48 54
3 50 4.00 | 2405 41 51 60
4 76 4.00 | 2401 46 51 62
5 25 3.95 | 2407 50 57 68
6 6 3.80 | 2408 40 42 46
7 76 3.80 | 2408 & = 51
3 90 3.85 | 2407 44 54 71
9 13 3.70 2407 40 48 67
10 14 3.70 | 2407 38 45 68
11 * 3.3 2405 51 55 68
12 * 3.3 2411 47 58 70

* Flowing concrete

40
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after 15 - 20 minutes. In the two-way slab testing program, a retarder had to be
employed since more than one batch was required and the concrete had to be flowing
for the casting requirements. It should be noted that different mixing procedures
were employed in order to find out the optimum mix design. The mixing procedure
recommended by CANMET [13] did not give a satisfactory results, when local
materials were used, and the mix was very harsh. A new mixing procedure was

recommended and it is described in the following sections.
3.4 Adopted Mix
3.4.1 Mix Design Proportions

Based on the trial mixes, an air entrained high strength-concrete can be produced

using ional cement and from N dland. The i

of silica fume and high-range water reducers makes it possible to achieve high
strengths at early ages. Compressive strength of 70 MPa at 28 days was achieved
for the concrete containing 12 % class F fly ash, 8 % condensed silica fume and a
high-range water reducing agent of naphthalene formaldehyde base.

3.4.2 Mixing Procedure

Tre following mixing procedure was developed for the production of a workable

high-strength mix using local Newfoundland materials:
o Charge 100 % of coarse aggregate;
e Batch 100 % of cement;

© Batch 100 % of fly ash;
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o Batch 100 % of sand;

o Mix for 3-5 minutes after adding 50 % of estimated water with water reducing
agent;

o Prepare a slurry of silica fume, together with 25 % of gross superplasticizer

dose and 20 % of water;
o Mix for 5 minutes;
e Add 30 % of mix water together with air entraining admixture;
 Retemper with the rest of superplasticizer dose to target slump.

3.4.3 Properties of Fresh Concrete

TFresh unit weight of the concrete mix was almost constant with an average value
of 2400 kg/m3. The air content in the majority of the mixtures lie within a 0.5 %
tolerance of the target 4.0 % value. Slump values were generally at or below the
100 mm tasget for those mixes incorporating a superplasticizer and low-range water
reducing agent, while for those mixtures including a superplasticizer and a retarder,

fNowing concrete was attained.
3.4.4 Properties of Hardened Concrete

Properties of concrete such as stress-strain relationship, modulus of elasticity and
tensile strength are frequently expressed in terms of uniaxial compressive strength
of 150x300 mm cylinders. In the past, the expressions available in literature were
based on experimental data less than 41 MPa. Recently, new expressions have

been proposed for high-strength concrete. One of the objectives of this research
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is to select one of the available expressions for high-strength concrete and check it
against the experimental values. This expression is to be adopted for the material
modelling throughout the study.

Three batches were cast, each batch had eighteen 150 x 300 cylinders and nine
75 x 75 x 300 prisms. Test specimens were cast in three layers and compacted by
means of a standard rod. After casting, the moulded specimens were covered with
water saturated burlap and left in the casting room at 20° for 24 hrs. They were

then demoulded and transferred to the water tank until required for testing.

3.4.4.1 Compressi gth and Modulus of Elastici

The compressive strength and modulus of elasticity were obtained from testing
150 x 300 mm cylinders using :+ 2670 kN (600 kips) Soiltest compression testing
machine. The test cylinders were capped with a high-strength sulphur compound
on both ends and tested in accordance with ASTM C 39 for compressive strength
and C 496 for modulus of elasticity at 7, 28 and 91 days. The strains were measured

using an LVDT mounted on the piston of the testing machine and by means of a

The load deformation curves were plotted automatically by means

of a HP plotter.
Failure of the test specimens occurred suddenly in an inclined, nearly flat plane
passing through the aggregate and the mortar without bias as shown in Fig 3.2.

The failure mode of high-strength concrete in ion was typical of that of a

homogeneous material.
The modulus of elasticity was calculated at a stress level which corresponds

to about 0.45 f,. The descending part of the curve was not recorded accurately



Figure 3.2: Failure surface of a high-strength concrete cylinder



because of the specimen-testing system i ion, since there is no closed-loop
testing machine for axial compression testing at M.U.N. However, the descending
part of the curve was monitored for some of the test specimens. The maximum
recorded strain was found to be 0.0036 for the 150 x 300 mm cylinders. The stress
strain curve was steeper and more linear to a higher applied stress to strength ratio
than for lower strength concrete.

The strength properties of the adopted mix are given in Table 3.5. A comparison

of the experimentally determined values of the modulus of elasticity with those

predicted by the i ded by ACI Committee 363 (Eq. 3.1) is
given in Fig 3.3.
E.=3320,/7. + 6900 MPa (3.1)
where:
E. = Modulus of elasticity of concrete
fi. = Compressive strength of concrete

3.4.4.2 Tensile Strength

The tensile strefigth of concrete can be experimentally determined in three different
methods. These three methods are: (1) uniaxial tensile test, (2) split cylinder test,
and (3) beam test in flexure. The first method of obtaining the tensile strength
may be referred to as “direct”, and the second and third methods may be referred
to as indirect. In the direct test for tensile strength, the specimen is gripped at
its ends and pulled apart in tension. In the splitting tension test, a cylinder is
loaded in compression on two diametrically opposite sides, and the specimen fails

in tension on the plan between the loaded sides. In the beam flexure test (modulus



46

of rupture test), a rectangular beam is loaded at the centre or third points and
the beam fails in bending; the computed tensile stress at failure load is called the
modulus of rupture.

In the present study, the flexure strength was obtained experimentally, carrying
out tests on two different sets of specimens. The first set, used to obtain the
modulus of rupture, was conducted on 30 x 30 x 355 mm beams loaded at midpoint
on a 300 mm span. The tests were carried out using a closed loop MTS testing
machine. The tests were conforming to the procedure outlined in ASTM. The
second set, used to obtain the tensile splitting strength, was conducted on 150 x
300 mm cylinders loaded through a 2670 kN (600 kips) Soiltest compression testing
machine according to ASTM procedure.

A comparison of the experimentzlly determined values of the splitting tensile
strength and modulus of rupture, with those predicted by the expressions recom-
mended by ACI Committee 363 (Egs. 3.2 and 3.3) are given in Fig 3.4 and Fig 3.5,
respectively. The e:.perimentally obtained results were found to be in good agree-
ment with the empirical expression adopted by ACI Committee 363 for determining

the modulus of rupture and tensile splitting strength.

fp =059\fi MPa (32)
£ =094f MPa (33)
where:
fp = Tensile splitting strength of concrete

£, = Modulus of rupture




Table 3.5: Strength properties of the adopted mix

Batch || Compressive Strength || Modulus of Elasticity | Splitting Tensile Strength || Modulus of Rupture
Code MPa GPa MPa MPa
7d [28d| 91d 7-d [ 28-d [ 91-d [ 7-d [28d 91-d 7-d d [ 91-d_|
552 | 69.5 3.5 28.81 | 30.78 | 31.46 | 3.41 [ 5.36 5.71 532 (771 7.34
Bl (518|684 .2 26.26 | 28.96 | 29.52 || 4.15 | 4.89 5.01 5421698 | 6.89
50.0 | 65.5 3.8 29.69 | 33.92 | 35.29 |1 4.28 | 4.75 5.18 6.98 | 6.06 | 8.26
56.9 | €1.8 6.7 21.52 | 29.96 | 33.13 [ 4.38 [ 4.75 5.98 7.53 [ 7.27| 855
B2 576|714 8.2 29.15 | 32.82 | 33.36 || 3.93 | 5.22 6.07 7.34 | 7.05 | 8.46
574 | 70.2 79.1 35.38 | 36.67 | 38.07 || 4.21 | 4.89 5.41 6.79 8.20
564 685 | 712 | 20.79 3262 | 34.60 || 4.02 475 | 481 5.60 | 8.63
B3 | 54.369.8 724 31.59 | 35.79 | 36.39 || 4.22 ) 4.93 4.97 532|845 | 17.57
554 | 64.0 70.5 38.5 | 40.07 | 40.24 | 3.95 | 4.66 5.18 4.96 8.58

Lr
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3.5 Effect of Low Temperature on the Proper-
ties of High-Strength Concrete

In this section, the effect of cold ocean water on the strength, elasticity and stress-

strain ionship of high-strength concrete ining silica fume and fly ash was

examined.

3.5.1 Test Specimens

Due to the limitation of the cold storage tanks, the tests were conducted on 75 x
150 mm concrete cylinders. Ordinary portland cement (Type 10) CSA3-AS5 with
modified C3A content of about 6 % as produced in Newfoundland, was used. A
12 % replacement of cement by Type F fly ash and 8 % replacement by silica fume
were used on basis of weight, as discussed in section 3.4.

After casting, the moulded specimens were covered with water-saturated burlap
anc left in the casting room at 20°C for 24 hours. Then they were stripped and

transferred to five ocean water tanks at 20, 10, 0, -5 and —10°C, as shown in Fig 3.6

3.5.2 Compressive Strength

The ratios of compressive strength at various temperatures to that at 20°C and 3
days are presented in Table 3.6. At 20°C, the gain in strength at 91 days was found
to be 54 % higher than that at 3 days. At —10°C, the strength at 91 days was found

to be 8 % less than that at 56. In general, the strength at lower temperatures was

found to be less than that at 20°C for all ding ages. Fig 3.7

the same observation in graphical form. To investigate the influence of exposure
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TABLE 3.6: Ratio of compressive strength at various temperatures
and exposures to the one at 20°C after 3 days

E C i Ratio of ive strength at i fl
timein | strength (MPa) | temperature to that at 20°C and 3 days

days at 20°C 2°C [10°C [0°C [ -5°C =10°C

3 47.90 1.00 | 093 [0.89] 0.81 0.80

7 5843 1.22 | 1.08 [ 1.01| 0.99 0.39

14 65.14 1.36 | 1.24 | 1.03| 0.97 0.95

28 67.06 140 | 1.27 | 1.07 | 1.09 0.97

56 69.93 1.46 | 1.30 | 1.10 | 1.06 0.99

91 73.76 154 | 134 | 113 | 1.04 0.91

TABLE 3.7: Ratio of modaulus of elasticity at various temperatures
and exposures to the one at 20°C after 3 days

Exposure | Modulus of | Ratio of E‘ at indicated temperatures to
time in elasticity hat at 20°C and 3 days
days E. (MPa)x10®
at20°C 20°C | 1W°C | 0°C | -5°C | -10°C

3 29.00 1.00 | 0.98 | 0.95 | 0.93 0.90

T 30.03 1.04 | 1.02 | 099 | 0.96 0.93

14 32.51 112 | 1.03 | 1.00 [ 0.98 0.95

23 34.95 120 | 113 (105 1.03 0.98

36 35.01 121 | 113 [ 1.06 [ 1.04 1.02

91 35.80 124 | 114 [1.06| 1.03 1.00
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time on the strength under various temperatures, the observed data were analyzed

using the least square technique. A logarithmic function in the form of

S=a+blogt (3.4)
where, § = Compressive strength in MPa
t = Timein days
a,b = constants

was found to give good agreement with the fitted experimental results. Typical
plots of the recorded data versus the fitted functions, regression constants, and co-
efficients of correlation at temperatures of 20 and 10°C are shown in Fig 3.8. Fig3.9
shows the fitted semi-log relations between compressive strength and exposure time

at temperatures of 20, 10, 0, —5, and —10°C.
3.5.3 Elasticity

The modulus of elasticity was calculated at a stress level which corresponds to
about 0.45 f,. Table 3.7 presents the ratios of modulus of elasticity E, at different
temperatures, to that at 20°C and 3 days of exposure.

The values of E, increased with exposure time. At 20°C, the values of E. at 28
and 91 days were found to be higher by 20 % and 24 %, respectively, of the reference
values at 3 days. The value of E. exposed to —10°C at 91 days was decreased by
2 % of that at 56 days. The variation of the modulus of elasticity of concrete with
temperature is shown in Fig 3.10.

The values of the modulus of elasticity gave a good agreement with the proposed
formula introduced by Carrasquillo et al. [45] and recommended by ACI Committee

363 [43], High-Strength Concrete, as given in Eq. 3.1.
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3.5.4 Stress-Strain Relationship

The recorded shape of the stress-strain curve for high-strength silica fume concrete
has a steeper slope and is more linear over a greater range if it is compared with
normal strength concrete. The measured ultimate strain was found to be slightly
higher for the specimens at room temperatures than for those exposed to 0, -5, and
—10°C. The ultimate recorded strain at room temperature was 0.0036, while for
those exposed ta —10°C it was 0.00205 at the same exposure age of 91 days.

Fig 3.11 shows the stress-strain relation at different exposure temperatures.
The characteristic profile of the high-strength concrete stress-strain curves at all
temperatures were found to be in good agreement with an earlier research investi-
gation [45, 46].

3.5.5 Effect of Low Temperatures on the Cement Hy-
drates of High-Strength Concrete

The hydration products of ordinary portland cement concrete at normal tempera-

tures consist mainly of calcium silicate hydrate (C-S-H), hydrates of calcium alu-

minates and calcium aluminate ferrites, and calcium hydroxide. Also, the hydrated

products contain some quantities of unhydrated cement and water in both evap-

orable and non evaporable forms [47].

Calcium hydroxide (hydrated lime), which is a by-product of the hydration
process, reacts at room temperature with the silica fume and fly ash to form to-
bermorite gel, which has a very stable and strong cementing quality. This is called
the secondary hydration process.

The decrease in temperature slowed down the main hydration process. There-
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fore, the rate of evolution of calcium hydroxide was d d and, 1

the secondary hydration process was ceased. This phenomenon can explain the re-
duction in the rate of maturity due to decrease of temperature, as shown in Fig 3.9.
The rate of maturity at 20°C is obviously higher than that at other exposure tem-
peratures; the increase in compressive strength at 91 days was about 54 % of that
at 3 days. At 10°C the gain in compressive strength at 91 days was about 44 % of
that at 3 days. For the temperature range of —5°C, the rate of maturity was lower
than that at room temperature, since the gain in strength was 28 % between 3 and
91 days. The rate was further reduced at ~10°C and the gain in strength between
56 and 3 days was only 23.8 %, while there was an 8 % loss of strength between 91
and 56 days.

It is important to note that the test specimens were cured for only one day

before exposure to low The specimens gained

strength
after one day of curing due to the richness of the mix used and the low water-cement
ratio (w/c). Normally, at this low w/c, the amount of free water is relatively small
in the gel pores.

At room temperature, the sulph. te attack did not affect the strength of concrete
during the duration of the test period. The concrete specimens stored in ocean
water and exposed to temperature of 20°C and 10°C did not show any surface
deterioration, as shown in Fig 3.12. The pozzolanic reaction at room temperature
helped to remove the free calcium hydroxide and render the alumina-bearing phase
inactive. However, the specimens at —10°C showed severe surface deterioration in
the structural properties after 28 days, while those at —5°C showed a moderate

surface deterioration after 91 days, as shown in Fig 3.13. This surface deterioration
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may be attributed to the sulphate attack of concrete for specimens at -5°C and a
possible combination of ice damage and sulphate attack for those at -10°C. Since
the secondary hydration reaction was ceased at -10°C, calcium hydroxide was free
to react with the sulphate. Normally, sulphate reacts with calcium hydroxide and
calciumsilicate hydrate to form gypsum and calcium sulphoaluminate. These newly
formed compounds are structurally much weaker and have greater volume which

of concret.

may lead to the ion and d



Figiure 3. Concrete specimens after 91 days of exposure to ocean water at

temperatures of 20°C and 10°C

Figure 3.13: Surface deterioration of concrete specimens after 91 days of exposure

to ocean water at temperatures of —5°C and —10°C.



Chapter 4

Experimental Program

4.1 Introduction

The main objective of this research work, as discussed in the preceding chapters
is to study the structural behaviour and strength characteristics of two-way slabs
made with high-strength concrete and subjected to punching shear.

The test program consisted of testing and evaluation of the structural perfor-
mance of fifteen high-strength concrete slabs and two reference slabs made with
normal strength concrete. Test set up and different equipments used to measure
the deformations and strains throughout the testing program are described in this

chapter.

4.2 Test Slabs

The test specimens were simply supported along all four edges with the corners
free to lift, and were loaded axially through a stub-column. Dimensions and rein-
forcement details of a typical test specimen are shown in Fig4.1. Full details of
the tested slabs are given in Table 4.1. The slab-column connections tested in this

study are one-to-one full scale model of a typical prototype flat plate structure.

64
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Table 4.1 Details of the test slabs

66

Series | Slab | Comp. | Bar Bar < Slab | Average | Steel
No. No. | strength size spacing thickness [ depth | ratio
MPa mm mm mm mm P

NS1 42 M 10 71.4 150.0 120.0 95.0 1.473

HS1 67 M 10 2143 150.0 120.0 95.0 | 0.491

1 [H52 70 M10 | 1250 | 1500 120.0 0342
HST 74 M10_| 852 | 1500 120.0 1.193

AS3 ) M10 | 711 | 1500 120.0 73

HS4 66 M15 | 937 | I50. 120.0 245

—

NS2 30 M10 | 1250 | 150, 150.0 941

HS5 68 M 10 | 1250 [ 150 150.0 640
1 [HS6 70 M 10 | 1250 | 150, 150.0 0.944 |
HS8 69 M15 [ 1500 | 1500 | 150.0 1.067

HS9 T4 M15 [ 100.0 1500 | 50.0 1.547
AS10| 80 M15 | 714 | 150 150.0 [2.240 |

ASIT| T M10 | 1500 | 1500 90.0 0.889

m [#S12]_ 7 M10 | 938 | 1500 90.0 T.422
HSI3| 68 M10 | 714 | 1500 0.0 T.367

IV [HS14[ 72 M10 | 714 | 2200 120.0 1473
[HSI5 [ 71 M 10 714 300.0 120.0 1473
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The specimen can also represent the region of negative bending moment around an
interior column and the simply supported edges simulate the lines of contraflexure.

Principal variables were slab thickness (Series I, IT and III), column stub di-
mension (Series IV) and concrete strength (slabs NS1 and NS2). The within-series
variable was the reinforcement ratio for the slab. For Series I, the six slabs had a
thickness of 120 mm and the reinforcement ratio p varied from 0.491 % to 2.245 %.
Slab NS1 was made with normal strength concrete (42 MPa) and had the same
reinforcement ratio, 1.473 %, as slab HS3 (69 MPa). As for Series II, the six slabs
had a thickness of 150 mm with a tension reinforcement varying from 0.64 % to
2.24 %. Slab NS2 was made with normal strength concrete (30 MPa) and had the
same reinforcement ratio, 0.94 %, as slab HS3 (70 MPa). The three slabs in Series
111 had a thickness of 90 mm and a reinforcement ratio changing from 0.90 % to
1.86 %. The two slabs tested in Series IV had a column stub of 220 mm and 300 mm
respectively. Except for the increased size of column stub and the slight difference

in concrete strength, the two slabs were identical to slab IIS3.

4.3 Slab Test Set-up

Fig 4.2 shows a photograph of the test set-up. The loading frame provided external
loads applied to the test slabs. The frame was bolted to the floor using a 38 mm
base plate and 40 mm anchor bolts spaced at 600 mm apart. The structural floor at
M.U.N tructural laboratory is a meter thick reinforced concrete floor. The loading
frame consisted of two vertical W-shape columns connected by two horizontal cross
channels braced by box shaped construction, and two inclined S-shape columns

acting as a brace to the frame.



Figure 4.2: Test set up
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The supporting reinforced concrete frame, shown in Fig 4.3, v-as placed on eight
reinforced concrete columns so arranged as to give enough space for a person to
enter under the slab, observe the cracking pattern, and record different sets of
readings.

The slab was supported along the edge on a round steel bar welded to a stecl
plate fixed to the upper face of the supporting frame in order to simulate a roller
support. Rubber packing picces were provided immediately under the slab surface
to insure uniform contact along the supports. A steel protective grid was used under

the plates to provide protection for the person observing the cracking pattern.

4.4 Instrumentation and Measurements
4.4.1 Loading System

The load was applied to the test specimen through a hydraulic actuator using an
MTS system, as shown in Fig 4.2. The actuator had a piston area of 324 cm? (50.2
in?) with a full stroke of 150 mm (6 in) and a maximum capacity of 670 kN (150
kips).

A closed loop system operating in the displacement control was used for testing
the slabs. This system was controlled by means of an MTS controller. The com-
mand signal was applied manually by adjusting the set point, while the feedback
signal was provided by means of an internal LVDT which was fed to the AC con-

ditioner.
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4.4.2 Deflections

The deflection of the slabs during loading was measured by a DC linear variable
differential transformer (LVDT) which had a linearity of 0.3 % at 10 volts and
sensitivity of 16.92 mv/v.mm. Deflections were measured at two locations, namely
at the center of the slab and midway from the support line to the center of the slab.
The readings were obtained using a multimeter connected to the LVDT. Thereafter,
the voltage readings were converted to displacements using the LVDT calibration

factor. Furl the load-deflection curves were ically plotted, using a

x-y Hewlett Packard plotter connected to the MTS machine.
The vertical displacements at the plate corners and at the mid-side of the top
surface at the support lines were also monitored, using dial gauges with a one-

hundredth of a millimetre precision, Fig 4.4.
4.4.3 Steel Strains

The steel strains were measured in each connection at different locations by means
of electrical strain gauges. Fig 4.5 shows a typical arrangement of the steel strain
gauges. The strain gauges were 10 mm long, with a resistance of 120 Q, and a gauge
factor of 2.04 + .5 %. For protection against any possible water damage during
casting, the strain gauges were coated with a protective sealant and then covered

with a shrink tube waxed at the ends.

4.4.4 Concrete Strains

The concrete strains were measured at different locations on the tension and com-

pression faces of the concrete slabs by means of electrical strain gauges. Fig 4.6



Figure 4.4: Dial gauge locations.
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Figure 4.5: Steel strain gauge locations.

All dimensions in mm
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shows a typical arrangement of the concrete strain gauges attached to compression
face of the slabs. The concrete strain gauges were 50 mm long, with a resistance of
120 Q and a gauge factor of 2.07 = .5 %.

A very thin layer of epoxy bonding agent was used to prepare a flat smooth
surface on the concrete, to which the strain gauges were glued. The gauges were
connected to BLH Electronic (Model 1125) switching and balancing units (wheat-
stone bridge circuit). The readings, in microstrains, were recorded from four BLH
Electrenic 1200 Portable Digital indicators; two channel were set for steel gauges
and the other two for the concrete gauges. The portable digital indicator is shown

in Fig 4.7.
4.5 Preparation of Test Slabs
4.5.1 Fabrication of the Model
4.5.1.1 Concrete

The concrete mix proportions are given in Table 4.2. A 12 % replacement of cement
by Type F fly ash and 8 % replacement by silica fume were used on basis of weight
for all the test slabs. A lasticizer of naphthals bases, a

neutralized vinsol air-entraining agent, and a retarder of non chloride base were
employed in all the mixes. The target strength was 70 MPa after 28 days. A total

of five batches, 0.1 m® each, were used in casting each slab.

4.5.1.2 Reinforcing Steel

The reinforcing bars were cold-worked ribbed bars, CSA Grade 400, with a mini-

mum characteristic strength of 400 N/mm?. The actual characteristic strength was
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Table 4.2: Mix proportions of one cubic meter of concrete used in the two-way slab

investigation

Cement 140 kg
Fly ast 66 kg
Silica Fume 14 kg
Cement, Fly ash & silica fume 550 kg
Fine aggregate 656 kg
Coarse aggregate 1100 kg
1 Air entraining agent 345 ml
Retarder 750 ml
Superplasticizer 7500 ml
w/(c+fa+sf) = 0.27
Properties of Fresh Concrete
Slump fowing concreie
| Air content 3.80%
Density 2410 kg/m®
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490 N/mm?, with an average ultimate tensile strength of 690 N/mm?. A typical
stress-strain curve for a reinforcing bar, obtained from a tension test, is shown in

Fig 4.8.

4.5.1.3 Formwork

The formwork which was used for casting all the slabs is shown in Fig 4.9. It
consisted of a 2000 x 2000 mm deck made with 20 mm plywood, and supported on
50 x 150 mm pine spaced at 400 mm, while the sides of the form were made with
20 mm plywood. The formwork was constructed such that it can be dismantled
and re-used. Care was taken in order to keep the slab a..d the column mutually
perpendicular while the model concrete was being poured. The steel was tied
together into a sturdy mat and lifted into the form. The reinforcing mat rested
upon 20 mm wooden chairs. The chairs were placed far away from the punching zone
in order to eliminate their effect on the observed shear strength. However, during

concreting great care was taken to insure that the cover provided was uniform.

4.5.2 Casting and Curing

The mixing procedure described in chapter 3 was employed in casting all the test
specimens. Each concrete batch was poured into the mould and then vibrated using
an electrical rod vibrator. When all the batches were cast, the vibrator was applied
to the whole slab to insure its consistency. When full compaction was attained,
the top face of the slab was then levelled and finished with a steel trowel. For
determining the concrete compressive strength, three 150 x 300 mm (6 x 12 in)

cylinders were taken from each batch in conjunction with casting of the principal
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test specimens.

After casting, the slab and its control specimens were covered with polythene
sheeting. The formwork for the slab and the stub column was stripped 48 “iours
after casting; at the same time the cylinders were demoulded and transferred to a
water tank for curing, The slabs were cuied for one week by pouring water to its

surface every 12 hours.

4.6 Test Procedure

As mentioned before, the tests were carried out using a 670 kN capacity hydraulic
actuator provided with displacement control. The load was applied in 8.9 kN (2
kips) increments. During the testing, the slabs were carefully inspected and the
cracks were observed at each load increment. Also, the vertical deflection at the
center of the slab, corner uplift, concrete strain gauge readings and steel strain

gauge readings were recorded at each load increment.
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Chapter 5

Test Results and Discussion

5.1 Introduction

The results and observations obtained from testing the seventeen concrete slabs are
given in this chapter. In particular, measurements obtained from various systems
(as described in chapter 4) are presented in the following sections. In addition, the
crack patterns at failure are depicted by means of photographs.

Due to the large amount of experimental data, only a few representative results

are used in the presentation of the variation of deflections, strains, etc.

5.2 Load-deflection Characteristics

The applied load versus the deflection at the centre of the slab, for the different
test series are shown in Figs. 5.1 and 5.2. The first yielding of the bottom rein-
forcement is indicated on each curve by a circle, while punching failure is indicated
by a downward arrow. The load deflection curves were obtaiuned using the LVDT
readings at each load step, while the whole curves were monitored by means of the
x-y plotter connected to the MTS machine, as described in section 4.3.1. Table 5.1

shows the measured deflections at the first crack, first yield of tension steel, and

82
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ultimate load for all slabs.

The load deflection curves can be used in classifying the type of failure. Failure
modes can be classified into three categories; pure flexural failure, pure punching
failure and ductile shear failure, Pure flexural fuilure takes place in slabs where
most of the reinforcement yields before punching occurs and consequently the slab
exhibits large deflections prior to failure. Pure shear failure occurs when the slab
shows small deflections, with yielding of the tension steel being very localized at the
column head. The third type of failure, ductile- shear failure, is a transition between
the cases of pure punching and pure flexure failures. The load deficction curves of
slabs HS1 and HS11 indicate that they failed by flexure. Nevertheless, none of these
slabs reached the state of steadily increasing deflections at constant load, which

is characteristic of a normally rei d concrete flexure

failure. Slabs HS3, HS4, HS9, HS10 and HS13 failed in pure shear as indicated by
their load deflection curves.

In general, the load deflection curve for the slabs failing in punching can be
represented by two straight lines with different slopes. The first line, has a slope
corresponding to the stiffness of the uncracked slab and applies up to the initial
cracking load. The second line extends up to the load which caused first yielding
in the tension reinforcement. The slope of this line represents the stiffness of the
cracked slab (z).

Within a given series, the stiffness increased as the reinforcement ratio was
increased. The effect of the slab depth on the stiffness can be demonstrated by
comparing corresponding test slabs in Series IT with those of Series I and having

the same reinforcement ratio. Series II specimens has stiffness 1.8 times that of
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Table 5.1: Deflection characteristics of test slabs

Slab | Concrete | Steel | First First [ Yield [ Yield | Ultimate | Ultimate
No. | strength | ratio | crack | crack load load load load
Toad fecti defl deflecti
4 I P, A, P A,
MPa % kN mm kN mm kN mm
NS1 42 1473 | 45 147 265.1 10.93 320 14.60
HS1 67 0.491 | 45 2.23 132.5 178 25.45
HS2 70 0.842 | 54 1.58 185.6 | 10.47 249 17.56
HS7 4 1193 | 54 145 216.9 8.09 356 17.00
HS3 69 1473 | 63 138 2727 8.84 356 13.10
HS4 66 2.245 = - 286.6 8.99 418 14.74
NS2 30 0944 | 54 120 266.9 720 396 13.07
HS5 68 0640 | - = 260.5 8.04 365 16.90
HS6 0 0.944 [ 63 110 355.8 8.40 489 14.90
HS8 69 1.067 [ 63 1.03 279.3 6.69 436 13.10
HS9 4 1.547 [ 63 1.09 402.7 7.88 543 10.80
HS10 80 2240 | 80 1.06 606.4 9.40 645 9.86
HS11 70 0889 | - = 110.9 8.57 196 27.00
HS12 % 1422 36 222 1442 9.65 258 26.30
HS13 68 1.867 [ 45 221 2514 | 14.82 267 16.15
HS14 2 1473 | 72 1.53 2924 8.27 498 17.80
HS15 71 1473 | - = 359.6 8.69 560 20.80
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Series I slab. That effect is proportional to the square of the slab effective depth.

Slabs NS1 and HS3 (Series I), NS2 and HS6 (Series II) were made with different
concrete strength, and had the same 1einforcement ratio. Fig. 5.1 indicates that for
any given load, the deflection of the normal strength concrete slabs were slightly
greater than those made with high-strength concrete. This shows that the slab
stiffness increased with the concrete strength but at a rate less than the ratio of
the square roots of fl. As expected, the slab stiffness increased as the column size
was increased as seen in Series IV test results, presented in Table 5.2.

In these tests the slab corners were free to lift,as would occur in an actual flat
plate system (once cracking started the points of contraflexure no longer remains
constant). In general, the slab corner lift-off for test slabs was about 20 % of the

downward maximum deflection and occurred at about 40 % of the ultimate load.

5.3 Ductility and Energy Absorption

Ductility is quantified in terms of the ratio of the deflection at the ultimate load to

the deflection at the first yielding of flexural rei The energy at

is defined as the area under the load deflection curve. The ductility at failure and

the energy absorption capacity of all the slabs are shown in Table 5.2.

Within a given series, the ductility d d as the rei was i
For example, increasing the reinforcement ratio, in Series I slabs, form 1.193 %
to 2.245 % decreased the ductility by 22 %. While for Series II, the ductility
decreased by 46 % when the reinforcement ratio was increased from 1.067 % to
2,240 %. Ductility was less for Series II than for Series L. That result demonstrates

a decrease in ductility with increasing shear effect as the slab depth is increased.



Table 5.2: Observed ductility and stiffness

Slab [ Concrete [ Steel [ Ductility | Stifness Energy
No. | strength | ratio absorption
A ’ % ® Capacity
MPa % kN/mm | kN.mm * 10°
NSI 2 |1413| 138 | 2149 26
HS1 67 0.491 - - 36
HS2 70 |0842| 168 | 1195 27
HST 74 (1193 210 | 2390 -
HS3 69 |1473| 148 | 28.08 26
HS4 66 |2245| 164 | 3140 13
NS2 30 0.944 1.56 28.52 4.0
HS5 68 (0640 210 | 1926 41
HS6 70 (0844 179 | 37.60 43
HS8 69 [1067| 19 | 3770 34
HS9 74 |1547| 137 | 49.42 34
HS10| 80 |2240| 105 | 66.28 36
HS11 (L] 0.889 315 7.3¢ 36,
HS12 5 1422 213 13.08 34
HS13 68 1.867 1.09 17.20 26
HSI4| 7@ [1473| 215 | 377 51
HS15| 71 [1473] 239 | 3249 72
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Ductility is slightly increased with the increase in concrete strength. Increasing
the column size, increased the ductility as scen from Series IV slabs, presented in
Table 5.2.

The energy absorption of the slabs is d d as the reinfc in d

Slabs failing in flexure showed a higher energy absorption capacity than those failing
in shear. Also, as the slab depth is decreased, energy absorption increased. The
effect of concrete strength on the energy absorption capacity was not a significant
factor, as an increase in the concrete strength resulted in a slight increase in the

energy absorption capacity of the test slab.

5.4 Slab Rotation

Observed angles of rotation a: failure $ are given in Table 5.3. The relation between
the observed values of the angle of rotation of the slab portion outside the shear
crack and the load P is presented in Figs. 5.3 and 5.4. The slab rotation decreased

with increasing the reinforcement ratio and the concrete strength.

5.5 Concrete Strains

The concrete strains were measured at different locations as mentioned in sec 4.3.4.
For all the test slabs, measurements were made to determine the distribution of the
concrete strain along a radius of the slab.

Fig. 5.5 presents the strain distribution along a radius of the slab. The radial
strains were high at the column face but they decreased rapidly as the radius
increased as shown in Fig. 5.5. In some cases, prior to failure, the radial strains

at the column face started to decrease. As seen from Fig. 5.5, the strains in the



Table 5.3: Deformation characteristics of test slabs

Slab | Concrete | Steel | Ultimate Ultimate concrete strain Ultimate | Radius
No. | strenght sucel Radial Tangential rotation | of yield
strain mid corner | mid' | corner?

B i P | €u*10® | e 10° [ €, #10% | e % 10° | e #10° | ¢+ 10° mm
NS1 42 |1473| 313 - = 2.24 - 1.8 304
HS1 67 | 0491 | 13.90 - - - - - -
HS2 70 |0842| 3.10 117 - - - 184 512
HS? 74 (1103 379 - - 2.09 - 155 381
HS3 69 1473 292 L70 - - - 124 252
HS4 66 (2245( 3.09 2.90 - - - 124 213
NS2 30 0944 - - - - - 111 -
HS5 68 [0.640| 3.56 1.29 - - - 13.6 -
186 70 |0944 | 3.22 - - 240 | 295 12.2 -
HS8 69 [1.067| 415 - - 236 | 292 123 1452
HS9 7 1547 | 2.96 - - 2.04 2.82 9.7 344
HS10| 80 [2240! 254 - - 1.97 149 111 -
HS11| 70 |0889| 684 - - 1.63 1.70 - 658
HS12| 75 |1422| 3.66 - - 183 | 236 21.2 31
HS13| 68 |1867| 3.70 - - 233 | 278 139 362
HS14| 72 |1473| 3.35 - - 172 | 289 18.6 -
HS15| 71 1473 | 4.69 - - 171 2.02 21.6 -

t Gauge Gl, Fig. 5.6
t Gauge G2, Fig. 5.6

06
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tangential direction have smaller gradients de.,/dr than those i the radial direction
and with good approximation these tangential strains can be assumed inversely
proportional to the radius as proposed by Kinnunen and Nylander [27].

The strains on the radii through the corners of the column stub (gauge G2.
Fig. 5.6) were higher than those at the middle of the column face (gauge G1 in
Fig. 5.6), and in some cases they reached a value of 0.003 in the loading step prior
to failure. This indi~ates a concentration of stress at the corners of the column stub.
Fig. 5.6 presents the lcad versus strain measured at these two different positions.
Neither the concrete strains in the tangential nor the radial direction reached a
limiting value of 0.0035 for any of the tested slabs.

Unfortunately, in the normal strength concrete reference slabs, some of the
strain gauges around the column were damaged during testing and hence it was not
possible to compare the strains for the normal strength and high-strength concrete
slabs.

It is worth mentioning here that while the concrete strain gauges readings gave
some indication of the crack formation in the slab, these gauges were damaged after

the cracks started forming.

5.6 Steel Strains

In order to obtain information on the state of stress in the flexural reinforcement of
the test slabs, the strain in the this reinforcement was measured at points of special
interest, as mentioned in sec 4.4.3. For all the tested slabs, measurements were made
to determine thestrain distribution along a radius. According to the experimentally

obtained stress-strain curve of the .-:inforcement, the yield strain of a steel bar
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HS4 and HS8 at various values of the load P (kN)
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reached 2500 microstrains. The highest strains and consequently initial yielding
occurred below the stub-column. In all the tested slabs, the tension reinforcement
yielded before punching took place. The degree to which yielding spread in the
reinforcement varied with the reinforcement ratio. At high reinforcement levels,
the yield of tension reinforcement occurred at high loads and was localized at the
colunin stub. For lightly reinforced slabs, yielding initiated at tle column stub and
gradually progressed throughout the whole tension reinforcement. The observed
values of the radius of yield r,, which normally determine the extend of yielding of
reinforcement in the slab, are given in Table 5.3.

Fig. 5.7 presents the strain distribution along a radius of the slab. As seen from
these graphs, the strain in the flexural reinforcement can with good approximation
be assumed inversely proportional to the slab radius.

Typical curves representing the relation between the observed values of strain
in the flexural reinforcement at the column, and the applied load are shown in

Figs. 5.8 and 5.9.
5.7 Cracking Characteristics

Cracking patterns at failure are shown in Figs. 5.10 through 5.14. For slab HS1, the
crack pattern observed prior to punching consisted of one tangential crack roughly
at the column outline followed by radial cracking extending from the column. Yet,
befo ¢ the flexure yield lines were well developed, punching failure occurred. This
failure can be classified as flexure-punching or secondary shear failure.

The initial flexural cracks recorded for all the test slabs were first formed tan-

gentially under the edge of the column stub, followed by 1adial cracking extending
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Figure 5.10: Failure patterns of test slabs NS1, HS1, 1S2 and 1S7




Figure 5.11: Failure patterns of test slabs HS3, 1S4, NS2, and HS6
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Figure 5.12: Failure patterns of test slabs IS8, 1189, 1510, and HS11
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Figure 5.13: Failure patterns of test slabs HS12, 1S13, 1IS14, and HS15
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from the column. The first radial cracks were much more pronounced along lines
parallel to the reinforcement crossing through the column stub. As the load was
increased, the tangential cracks were then extended outside the circumference of

the stub column. It is worth ioning here that those ial cracks were

limited to the column vicinity. The slabs failed with the final shear crack coin-
ciding with, or located outside this cracks. Final failure developed by the column
punching through the slab.

It was not possible to determine a reliable value for the shear cracking load, i.e.
the load at which the shear cracks began to open up. The estimation of such load
from the crack pattern was vncertain because there was no fundamental difference
between the shear cracks and flexural cracks running in a tangential direction.
Moreover, because the slabs were provided with two-way reinforcement, the initial
shear crack might have remained above the level of reinforcement, in which case it
would not become visible on the tensile face of the slab. However, as proposed by
Kinnunen and Nylander (1960), utilizing the decrease of the strains in the flexure
reinforcement as a guide for determining the shear cracking loads, the observed

loads were always greater than 70 - 80 % of the ultimate load.

5.8 Post Punching Behaviour

Post punching behaviour was monitored in some of the tests. When punching
occurred the load fell suddenly to a value of 20 % of the ultimate load and was
released completely in some cases. With further application of the load, a flat
plateau of resistance was reached. The final failure progressed with the bottom

bars being pulled out of the concrete.
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5.9 Modes of Failure

All the test specimens, except HS1 and HS11, failed in shear. Slabs HS2, HS7, HSS6,
HS8 and HS12 showed a ductile punching failure with the slabs failing before the
flexure strength was exceeded. The test slab HS5 had a low reinforcement ratio (p
= 0.64 %) and was designed to fail in flexure, but both the load deflection curve and

the strain distribution of this slab indi d that the slab exhibited a gradual and

ductile punching failure. The rest of the slabs, namely; HS3, 1S4, HS9, HS10 and
HS13 clearly failed in pure punching long before their flexure strength was reached.

The punching shear surface on the tension face occurred at a distance of (1.2 -
1.6) times the slab depth (d) from the column face for most of the test slabs. The
failure surface of few of the test specimens were carefully removed and examined.
The observed angles of failure surface varied considerably. For normal strength
concrete slabs, NS1 and NS2, this angle was found to be between 26 and 30 deg,
in agreement with other test data [39], while for high-strength concrete slabs the
observed angle of failure surface varied between 32 - 38 deg.

As expected, the ultimate punching shear load increased as the reinforcement

ratio was i d. Also, i ing the compressive strength increased the ul-
timate punching load but at a rate less than squre root of ...e slab compressive

strength.

5.10 Test Results versus Codes Predictions

The shear and flexural b i of the slab-col ion region are known

to be very strongly interrelated. The ratio of the observed strength prior to punch-
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ing to that computed by the yield line, &,, has often been used to divide punching
failures into shear failure (®, < 1) and flexural failure (@, > 1).

The flexural ultimate load capacity of two-way slabs can be calculated from
yield-line theory. The vield-line pattern giving the minimum load for conventional
slab-column specimens is shown in Fig. 5.15. The flexural punching load required
for this mechanism is

Ppiee = KM, (5.1)

From consideration of the virtual work done by the actions on the yield lines,

the solution for this mechanism is
s
K =8(—— ~0172) (5.2)

M, is calculated from the widely accepted equation proposed by the American
Concrete Institute (ACI)
My = pfyd*(1 — 0.59(pfy/ f) (33)
The ACI 318 (1983) (48] and CSA (CAN3-A23.3-M84) [49] codes are based
mainly on Moe’s work [25], while the BS 8110 (1985) [50] codes is based on Re-
gan’s work [51]. Thesc present building codes specifications for shear strength of
reinforced concrete slabs are based on the test results of slabs made with relatively
low compressive strengths, varying mostly from 14 to 40 MPa. Hence, it is neces-
saxy to re-examine the present shear design methods when applied to high-strength
concrete.
The current ACI318 (1983) code provisions, when expressed at the column face

and with a capacity reduction factor of unity, become

P e =
==+ E)‘/f—* (5.4)
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Figure 5.14: Yield line mechanism
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These code provisions are derived mainly from the following expression proposed

by Moe [25]

Provided that ®, <1

The square root expression was adopted by Moe [25] who concluded that the
shear failure is controlled primarily by the tensile splitting strength which is as-
sumed proportional to /J.

The ultimate recorded test loads are given in Table 5.4 together with the details
of the specimens and the results of comparisons with the values estimated by dif-
ferent codes. The limit of 40 MPa of the maximum useful cube strength has been
ignored while applying CP 110 (1972) and BS 8110 (1985). ACI 318 (1983) code
was applied with capacity reduction value ¢ omitted.

1t is clear from Table 5.4 that Moe's equation (Eq. 5.5) overestimates the
punching shear capacity of high-strength concrete, and in the case of HS2 it overes-
timated the punching load by 44 %. Different codes equations seems to be slightly
conservative in predicting the punching loads.

The use of the square root of the concrete strength as given in the ACI 318 code
(1983) Eq. 5.4, also appears to over-estimate the influence of this parameter. Both
the American ACI 318 (1983) and Canadian CAN3-A23.3-M84 (1984) codes neglect

the contribution of rei as an influential for the two way shear

capacity of the slabs. This produces a difference in the ratios of the calculated and
experimental ultimate loads for the slabs made with different steel ratios and same

concrete strength. The British standards gives a better estimate for the punching



Table 5.4: Comparison of code predictions with test results

Peote [Py

Sib | £ | » | P |BS]cP| Act [Moe F‘Z“—
No. |MPa| % | kN [8110] 110 | 31883

NSI | 420 | 1474 | 320, [ 0.85 | 0.80| 0.63 | 0.05 | 063
HSI | 670 | 0.491 | 178. | 1.24 | 117 142 | 178 | 0.96
HS2 | 702, 842|249, | 1.08 | 102| 104 | 144 080
HS7 | 738 | 1,103 | 356. | 0.86 [ 0.81| 0.75 | 102 | 081
HS3 | 691 | 1.474 | 356. | 0.90 | 085 | 0.72 | 1.07 | 0.67
HS4 | 658 | 2.370 | 418 [ 082 [0.79 | 0.56 | 036 | 063
NS2 | 300 | 0.944 | 400. | 0.73 | 0.6¢ | 0.59 | 0.79 | 0.76
HS5 | 68.1 | 0.640 | 365. | 098 | 08¢ | 103 | 127 | 088
“HS6 | 700 | 0.944 | 489. | 0.80 | 0.69 | 0.74 | 0.92 | 0.88
HS | 69.0 | 1.111 | 436. [ 094 |082 | 082 | 1.10| 0.74
HS9 | 740 | 1.611 | 543. | 087 {076 | 0.68 | 0.97 | 065
Hs10 | 800 | 2:333 | 645. | 0.85 [0.74 | 0.60 | 0.89 | 0.54
HS11 | 700 | 0.952 | 196. | 0.94 | 0.87 | 0.87 | 1.07 | 1.03
HS12 | 750 | 1524 | 258. | 0.85 [0.79 | 0.69 | 0.9¢ | 0.86
HS13 | 680 | 2.000 | 267. | 0.87 081 | 0.63 | 0.96 | 0.70
HS14 | 72.0 | 1.474 |498. | 0.76 [0.72 | 0.68 | 0.92 | 0.88
HS15 | 71.0 | 1,474 | 560. | 0.78 | 074 | 075 | 0.94 | 0.92

109
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load. The BS 8110 (1985) and CP110 (1972) ion that punching
is proportional to the cubic root of the concrete compressive strength can be seen

to be more reasonable.



Chapter 6

PROPOSED MECHANICAL
MODEL

6.1 Introduction

The experimental program carried out on the seventeen concrete slabs has provided
the basis for the proposed model. Test results revealed that the Kinnunen and
Nylander rational model still provides the best account of the punching behaviour
of concrete slabs. In the present chapter, a modification and adaptation for the use

of this model for high-strength concrete slabs is presented.

6.2 Punching Failure Mechanism

The slab is divided into rigid radial segments, each bounded by two radial crack
lines, a part of the initial circumferential crack and the slab boundary, as illustrated
in Fig 6.1. The radial segment rotates around a centre of rotation (C.R.) located
at the face of the column and on the level of the neutral axis, as proposed by
Shehata and Regan [40]. This idealized model allows the deformation of the part
of the slab which is on the top of the column and bounded by the shear crack.
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Thus, the dowel forces can be directly calculated from the model equilibrium. In
Kinnunen and Nylander’s model, this portion of the slab was considered to remain
undeformed in contradiction to test results and the dowel forces had an established
value of 30 % of the ultimate load.

The angle of the shear crack is hard to determine experimentally. However, the
angle of inclination of the failure surface can be measured. The observed angle of
the failure surface of high-strength concrete slabs varied between 32 and 38 deg
while the angle ranged between 26 and 30 deg for normal strength concrete, as
mentioned in sec 5.8. The assumed relation between the average angle of failure
surface and the inclination of the shear crack is illustrated in Fig 6.2.

The part of the slab between two radial cracks is assumed to rotate as a rigid
body between the slab edge and the column perimeter. On the basis of this assump-
tion, the concrete and steel strains can be calculated as a function of the tangential
curvature of the slab as shown in Fig 6.3. Hence, the tangential steel strain ¢, and
the steel strain €, at a distance r from the centre of the slab can be calculated from
the following expressions

€t = ¢§, (6.1)
and

(62)




g

l SECTOR ELEMENT

INCLINED SHEAR CRACK/

~

=M

Figure 6.1: Modified Kinnunen and Nylander punching model.

—

T

13



d Cot. 30
SHEAR CRACK

d-x

(4
__f /./FAILURE CRACK
\ &
o
:'\ ,\ﬂso.
a

Figure 6.2: Failure crack and assumed shear crack.

Figure 6.3: Relation between deformations and strains.
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6.3 Stress-Strain Relationships

The st train curve for the rei is assumed to be ideally elasto-plastic

with the yield strain €,y, as shown in Fig 6.4
b
€= E” (6.3)
The concrete stress strain curves are also assumed to be elasto-plastic, with the
yield strain e and ultimate strain €., as shown in Fig 6.4. The concrete’s modulus

of elasticity E is equal to

o = 4700,/71  (MPa)

6.4 Forces Acting on a Radial Segment
The forces on a radial segrent (Fig 6.5) can be summarized as follows:

1. The external load or (reaction) PA®/2r,

~

. Tangential forces in the steel crossing the radial cracks, dFy.

[ad

Radial forces in the steel crossing the inclined crack, dF,,.

~

Forces in the concrete normal to the radial crack, dFu.

2

. Forces in the concrete at the face of the column, dF,.

=3

. Dowel forces in the steel crossing the inclined crack, dD.
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Figure 6.4: Idealized stress-strain curves for steel and concrete.
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Figure 6.5: Punching failure model and forces.



6.4.1 Steel Forces

The idealized stress-strain curve for the reinforcing steel is shown in Fig 6.4. For
an orthogonal mesh type of reinforcement, with e bars equally spaced in both
directions, the effective radial and tangential steel ratios are assumed equal.
From the rigid body rotation, the radius within which all the flexural reinforce-
ment yields () is
n=bia-d)

while the punching radius (r,), as illustrated in Fig 6.2, is equal to
Fu = 1o+ dcot 25°
The total tangential steel force acting on a radial segment can be calculated using
the following expressions:
If the radius of yield is smaller than the punching radius, i.e. r, < ry, then

Fo= [Totdd

pfydry ln:—3 N (6.4)
w

[

and if the radius of yield is greater than the punching radius, i.e. r, > ry, then
- "
Fy = ddr+ ddr
w= [Cnsdas o
2
= pfydfny=ra+ nn, (6.5)
v

Similarly, the radial forces in the flexural reinforcement acting on the radial segment

are given by
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Forry, <ry

dFy = pr fydr, OO, (65)

and for 1, >y

dFy = pr fyd Ty AD . 67
The total radial steel forces acting on the segment is equal to

Fator = For -

AD (6.8)
6.4.2 Concrete Forces

Each radial segment is supported by an inclined compressive force, as shown in
Fig 6.5. The magnitude of this force can be calculated from the maximum concrete
bearing stress (Fig 6.6), and hence the ultimate concrete forces at the column face

dF., can be calculated from the following expression
dFy = o L Ae (6.9)

where 04, the ultimate bearing strength of concrete, is given by

Tot+d

<14f! (6.10)

and the bearing area at the column head, A, is

sin(90 — )
25in(90 +

zsin(90 — )
(90+0—a)

The tangential concrete force acting on a radial element at radius r and thickness

Ac=A%ro — (6.11)

dris

Fu=K, flzdr (6.12)
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Figure 6.6: Bearing stress failure at the column face.
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where K. is a function that define the stress block according to the idealized stress-

strain curve for concrete shown in Fig 6.4

oo {05 fore. < eq
fe= 1 o5l ™ s L) fore.> e

Integrating Eq 6.12 from r = r, to 7 = r3, gives the value of the tangential forces

acting on a radial segment

Fu=| UK, fozdet /. " K.fzdr (6.13)
From the rigid body rotation
=, (6.14)
=
Eq 6.13 now becomes;
For 1o < Temeeu
Fu = 0425 f ot L1 Y2
€1 T3€a
+ 085 foatro— )1 - (a4 22)) (6.15)
a
Forro > n“:.e..
Fu=0425 f, oL m22 (6.16)
€et To

6.4.3 Dowel Forces

The dowel forces are calculated from the equilibrium of the wedge element shown

in Fig 6.5

AD(ru =12) = e d (Guter = O + ([ oSy d driae (617)



Hence the dowel forces can be calculated using the following expressions
Forr, <y,

—z

d ru
D= fydry 2 AR,

and forr, >7,

dD=0.
6.5 Calculation of the Ultimate Load
The three equilibrium equations in a radial plane are
dFy cos a+ Fy = dFy + FuA®
PAE ik, sna 4D
27

P A2 (1, 1) = (4P, 4+ dFy AG): +dD(r. 1)

where z is the lever arm and is equal to (d — 0.45z).

o]
Q&

(6.18)

(6.19)

(6.20)
(6.21)

(6.22)

By solving these three non linear equations, the angle of rotation 1, the neutral

axis depth = and the inclination of the compressive forces at the column face a,

can be determined.

6.6 Failure Criteria

Failure is assumed to occur when one of these criteria are satisfied:

1. if the yielding of tension reinforcement is reached in the whole slab.

2. If the tangential strain at the column periphery reaches a characteristic value

of 0.0035;
== < 0.0035
.

(6.23)
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6.7 Numerical Procedure

0,%y=0

This algorithm is designed to solve the basic equilibrium equations (Ez
and EM = 0) of a typical radial segment. These three nonlinear equations are given
by Equations 6.20, 6.21 and 6.22 as mentioned earlier. The unknowns in these
equations are P, z, @, and %. The numerical procedure starts by assuming an
angle of rotation 3. Once the angle of rotation % is assumed, the three equilibrium

equations will provide a solution for the three unknowns values P, z, and « as

follows:

1. Assume an angle of inclination (a) for the compressive force at the column
face.

2. Determine the location of the neutral axis (z) by satisfying the condition
that the total steel forces are equ:' to the total concrete forces as expressed
in Eq. 6.20.

3. Using Eq. 6.22, find the value of P.

4, Determine a second valus for the sagle (¢) from Eq. 6.21,

5. Compare the assumed (a) from step (1) with the calculu’ed alpha from

step (4). If they are equal, it means that this is the correct angle of in-
clination for the compressive force at the column face. If the two angles are
not equal, repeat the iteration cycle from step (1) to (3) till conversion is

accomplished.

After the correct values of P, z, and « are determined for the assumed rotation

angle ¥, the failure criteria must be checked. At failure, the tangential strain at the
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column head will reach a limiting value of 0.0035 as expressed in Eq. 6.23. Several
angles of rotation ¥ are assumed and the entire numerical cycle will be repeated
until the failure criteria is satisfied. A computer program was developed based on

the above procedure to determine the values of P, %, z, and « at failure.

6.8 Comparison of Test Results with the As-
sumed Theoretical Model

A comparison of test results to the proposed model is shown in Table 6.1. The
proposed model provides better results, when compared with Kinnunen and Ny-
lander’s model [27] and Shehata and Regan’s model (40]. The model was also
used to predict the punching capacity of normal strength slabs tested by Elstener
and Hognestad [24], Kinnunen and Nylander [27], and Kinnunen, Nylander and
Tolf [53]. The results are shown in Tables Bl through B3 of Appendix B.

The proposed model yields a more accurate prediction of the punching capacity
of concrete slabs in general and high-strength concrete in particular. Although
the proposed model utilizes Shehata and Regan’s [40] improvement of the original
Kinnunen and Nylander’s model by allowing the deformation of the portion of
the slab which is on the top of the column and bounded by the shear crack, the
proposed model does not recognize the stress gradient at the failure zone nor the
lateral splitting of concrete as assumed by Shehata and Regan. Rather, it assumes
that the bearing capacity reaches a limiting value at the column face.

The experimental evidence indicated that the failure is localized at the column
face and does not occur over the whole front panel at the column face. Therefore,

the restricted crushing nature of the concrete at the column face indicates a direct



Table 6.1: Comparison of theoretical results with test results

Column i .

Stab |, | sze, | ra | o | £ | £ | Bl | Ble | Pl

Peest | Prest | Preut
o. |mm| mm | mm| % |MPa|MPa il
NST |95 | 130 | 1500|147 | 420 | 490 | 0.9 [ 104 | 0.5%
BSL |95 | ° » » | 089 |09 | 092
Hs2 |95 | » lose|700| » [o092 105|104
HS7 |95 | » |rio|7e0| » |o79 |09 | 092
HS3 [95 | » |1ar|690| * [085|1.04 103
HS¢ |90 | » |2a7|660 | " |o078 |09 | 092
HS5 [120 | " |o.6e|68.0 [ 420 | 1.05 | 1.02 | 0.99
HSS |120 | » |11 69.0 | 490 | 111 | 115 | 104
HS9 [120 | » | 161|740 | 420 | 115 | 123 | 106
Hs10 (120 | » l233)s00| » | 121|133 110
BSu [0 | v » lo9s| 00| " |oes |00 |07
gsiz 0 | - » |1s2| 50| " |o6s |00 |08
HS13 ({70 | * » |200(|680| " [o071|076 | 08t
BSi4 (95 | 220 | » [1a7|720| » |o085| 085|097
Hsi5[95 | a00 | » [147|70] » | 096|087 | 099

! Kinnunen and Nylander (1960)

2 Shehata and Regan (1989)
3 Proposed model
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bearing failure. Test results also showed that the concrete strain measurements
in the radial direction never reached the values recommended by Shehata and Re-
gan. Although the radial strains sometimes exceed the tangential strains a. the
column face, this occurs at locations very close to the column face and extends
over a short distance. Near failure, the .adial strains tends to decrease as observed
experimentally.

The proposed model did not assume any limiting value of the angle of inclina-
tion of the compressive force at the column face (a), as in Shehata and Regan’s

model. Nevertheless, the angle a must be d from the model

as explained carlier. According to the finite element analysis carried out by She-
hata [39], the limiting value of @ = 20°, may only be true for the elastic analysis.
However, near failure, the concrete adjacent to the column head is far from elastic.
Thus the assumption of a limiting value of a = 20° and consequently the occurence

of maximum stresses would not be valid close to failure.



Chapter 7

Conclusions

The present research investigation was crried out in three stages, viz., material
investigation, experimental tests on slab and a rational model to predict the ulti-
mate capacity of the test slabs. The material part involved the development of a
high-strength concrete mix, suitable for offshore applications. The basic mechan-
ical properties were examined. In addition, an experimental program was carried
out to study the effect of cold ocean water, simulated under laboratory conditions,
on the mechanical properties of green high-strength concrete containing silica fume
and fly ash. The experimental test carried out on two way slabs included the study
of the structural behaviour and strength characteristics of seventeen two-way slabs
made with high-strength and norr:al strength concrete subject to punching shear.
In addition, a mechanical model based on the test results, strain compatibility and
equilibrium equations was proposed. The following conclusions can be drawn from

the present research:
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7.1 Material Investigation

The following conclusions may be reached from the present investigation concerning

the effect of cold ocean water on high strength concrete specimens cured for 24 hours

at room temperature and exposed for 91 days.

o

.

»

o

. It was possible to produce high strength concrete with the use of rich mix,

12% fly ash, 8% silica fume replacement of cement, and low water cement
ratio using local aggregates and cement. The average compressive strength

after 28 days was about 70 MPa.

The compressive strength was affect 'd by the low temperature exposure more
than the modulus of elasticity. The rate of maturity was reduced with the

decrease of However, the ive strength increased with

the increase in exposure time.

The empirical formula d by ACI C i 363, for evaluating the
modulus of elasticity, gave good agreements with the test results, when it
was applied to low temperature exposures as well us to room temperature

exposure.

The modulus of elasticity was slightly affected by the increase of exposure

time and it decreased with the decrease of exposure temperature.

The characteristic shape of the stress-strain curve for high strength concrete
containing silica fume and fly ash was found to be similar to other high
strength portland cement concrete. The recorded ultimate strain ranged be-

tween 0.0036 at the room temperature to a value of 0.00295 at a temperature
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of —10°C.

. Severe surface deterioration was evident in all specimens exposed to cold

o

ocean temperature of —10°C after 24 hours of room temperature curing. The
deterioration was observed after 28 days of exposure and it can be explained

to a combination of sulphate attack and ice damage.

7.2 Structural Investigation on the Two-way Slabs

Tests on seventeen concrete slabs were conducted and the results obtained have

been p d and di: d in detail. i were carried out

o determine the slabs deformations, strains, cracking characteristics and modes of

failure. From the present investigation the following conclusions were reached:

The two main modes of punching failure of high-strength concrete slabs may
be classified as flexure-punching and shear punching. However, high-strength
concrete slabs exhibit a gradual and ductile punching failure at relatively low

reinforcement ratios (p = 0.64).

~

. As the reinforcement increased the stiffness increased. On the other hand the

ductility d d as the reil i d.

©

The slab ductility slightly increased with increase in concrete strength.

b

The slab stiffness increased with the increase of the concrete strength but at

a rate less than the ratio of the square root of f.

&=

The concrete strains recorded at the compressed face did not develop an

entirely consistent value at failure. Nevertheless, these strains reached the



=

©

©

5

=
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highest values adjacent to the column. The strains in the radial direction

decreases very rapidly with increasing distance from the column.

The strains at the corner of the column were higher than those at the middle

of the column indicating a higher stress jon at the column corner.

When punching occurred, the load fell suddenly to 20 - 25% of the ultimate

load and a flat plateau of resistance was reached

The observed angle of failure surface of high-strength concrete slabs varied

between 32 - 38 deg compared with 26 - 30 deg for normal strength concrete.

The use of the square root of the concrete strength as given in the present
North American Codes, over-estimates the influence of this parameter on the

punching shear capacity of two-way slabs.

. Moe's (1961) equation can’t be applied to predict the punching shear capacity

of high-strength concrete. P

. The British codes (CP110 and BS8110) assumption that punching resistance

is proportional to the cubic root of the concrete compressive strength gives

a better prediction of the punching shear of high-strength concrete slabs. It

provided a results when d with the i 1 results.

. Based on the strain measurements and test results, a mechanical model was

developed to predict the ultimate capacity of high-strength two-way slabs.

The model uses the strain ibility and equilibri of an as-

sumed failure criteria. A new formulations for the concrete and steel forces

were developed. In addition, a new assumed failure criteria is proposed; failure
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is assumed to occur if the strains at the column preiphety reached a charac-
teristic value of 0.0035. The ultimate bearing strength at the column head
does not recognize the lateral splitting of concrete as assumed by Shehata and
Regan. Rather, it assumes a local bearing type of failure at the coulmn head.
The proposed model provided good agreement with test results. Also, it gave
a better prediction of the ultimate loads than Kinnunen and Nylander, and

Shehata and Regan’s proposed models.

i
|
%
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Table A.1: Chemical analysis of portland cement and supplementary cementitious
materials

CSA
Description of Test Type 10 | Fly | Silica
“Cement | Ash | Fume

Chemical Analysis, %

$i0, 20.20 | 44.93 | 95.41
Al O3 5.90 | 27.79 | 1.09
Fea0a 2.20 [ 19.06 | 0.00
CaO 62.80 [ 0.92| 032
MgO 140 | 144 | 0.73
Na,0 0.10 | 0.82 2
5,0 1.26 | 0.54 | 0.61
803 40| 043 | 024
Mny0; -| 067 -

Loss of Ignition 2.10| 2.88| 1.80

Total 100.0 | 99.48 | 99.20
8i0; + Al03 + Fey03 - 91.80

Potential Compound Composition, %

CiAF 8.70
CiA 6.90
CaS 49.00
(&%) 22.70
CaS +CaS 71.70

*As manufactured in Newfoundland



142

Table A.2: Physical analysis of portland cement and supplementary cementitious
materials

CSA
Description of Test Type 10 | Fly Silica
“Cement | Ash Fume

Physical Tests - General
Time of set (Vicat Needle, min.)

Initial 115.0
Final 220.0
Fineness: -45 um 81.7
Blaine Surface Area m?/kg 376.0
% retained on 45 pm by wet 145
sieving
Fineness 20,000m? /kg
Water Requirement, % 92.0 139
Pozzolanic Activity Index with :
Portland Cement at 28-d, % 99.0 119.1
Lime, MPa 6.7 12.5

Physical Tests - Mortar Compressive
strength, MPa

3-d 28.0
7-d 322
28-d 37.3

As manufactured in Newfoundland
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Table B.1: Comparison of theoretical results with Elstner and Hognestad’s test

results
Column
1 2 3
Stb | d | s | o | o | s | o || B B
Prest | Prest | Prext
Authors | no. |mm| mm |mm | % |MPa|MPa |
Elstner A-la | 117 254 1780 | 1.15 | 14.1 | 332 | 1.05 | 0.90 | 0.96
and Alb| " 2 = " | 252 2 1.00 | 0.92 | 0.97
Hognestad | A-lc | " » » » N0 1.06 | 0.98 | 1.01
Ald| " » ” i 36.8 » 113 | 1.03 | 1.03
Ale| " » ® " lw2] " 0.98 | 0.89 | 0.94
A-2a | 114 i " |247(13.7 | 321 | 117 | 1.07 | 115
A2b | " " i 2 19.5 % 110 | 1.05 | L.11
A-2c | 114 e & il 37.5 o 1.20 | 1.19 | 1.25
ATb | " i % " |20 " 0.98 | 0.96 | 1.03
Ada | " % i 3.7 | 12.8 »: 120 | 113 | 1.21
A3b| 7 * ». » | 226 2 1.18 | 1.23 | 1.19
Adc | " ® » » 26.6 ® 1.05 | 1.10 | 1.14
A-3d | 114 » o | 346 b 114 | 1.20 | 1.24
A4 | 117 356 » 115 | 26.2 % 1.13 | 0.94 | 0.94
A5 | 114 = " 247|278 i 1.27 | 1.07 | 1.22
B9 | 114 254 " 1200|439 | 341 | 1.09 | 1.06 | 1.11
B-11 | 114 o " |3.00| 135 | 408 | 1.25 | 1.25 | 1.23
B-14 | 114 ® " 13.00|50.5 | 325 | 1.17 | 1.20 | 1.14
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Table B.2: Comparison of theoretical results with Kinnunen and Nylander’s test

results
Column } .

; ) Pae | Pl | Plate
Slab | d, | size, T3, | fa | fu Pow | Powt | Pon

Authors | no. |mm | mm mm % | MPa | MPa
Kinnunen | 5 117 | 150 | 41710 [0.80 [ 27.8 | 441 | 1.00 | 0.97 | 0.75
and 6 118 | 4150 |4 1710 (0.79 [ 27.2 | 454 | 0.95 | 0.92 | 0.70
Nylander |24 128 | 4300 | ¢ 1710 | 1.01 | 27.4 | 455 | 0.93 | 0.99 | 0.99
25 124 | ¢300 |4 1710 [ 1.04 [ 26.0 | 451 | 0.92 | 0.96 | 0.99
32 123 | $300 (¢ 1710 | 0.49 | 27.3 | 448 | 0.96 | 0.89 | 0.90
33 125 | 4300 | ¢ 1710 [ 0.48 | 27.6 | 462 | 0.99 | 0.93 | 0.93

test results

Table B.3: Comparison of theoretical results with Kinnunen, Nylander and Tolf’s

Column N .
\
Stab| d | size, | v | o | S | for | e | Bt | Pate
Frow | Pt | P
Authors | no. | mm | mm mm % | MPa | MPa

Kinnunen, [ b-1 [ 100 [ $125 | 41200 [0.80 | 29.6 | 706 | 1.13 | 1.29 | 1.07
Nylander | b-3 99 $125 | $1200 {081 | 23.7 [ 701 | 1.15 | 1.32 | 1.10
and b-5 (200 | 4250 | ¢ 2400 | 0.80 | 25.2 | 657 | 1.47 | 1.49 | 1.28
Tolf b-6 [ 199 | 4250 | ¢ 2400 |0.80 | 23.7 | 670 | 1.43 | 1.47 | 1.27
b-13 | 98 $125 | 41200 [0.35 | 27.6 | 720 | 1.06 | 1.04 | 0.90

b-14| 99 ¢ 125 | ¢ 1200 [0.34 | 26.1 | 712 | 1.03 | 1.00 | 0.89

b-17 | 200 | $250 | ¢ 2400 | 0.34 | 26.7 | 668 | 1.18 | 1.04 | 1.00

b-18 | 197 | 4250 | ¢ 2400 | 0.35 | 25.1 | 664 | 1.27 | 1.13 | 1.02

= 0.83 feube

! Kinnunen and Nylander (1960)
? Shehata and Regan (1989)

3 Proposed model (1990)
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