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SUMMARY

This thesis presents an experim ental and theoretical study of the punching shear 

strength of unbonded prestressed flat slabs at edge column junction. Six tests were 

conducted under m onotonic loading and two under cyclic loading. T he models were

approxim ately 1000 x  1000 x  130 mm and prestressed in two directions by unbonded

tendons. T he m ain param eters of study were:

a) Prestress level,

b) Colum n aspect ratio,

c) Wind shear m om ent/w ind shear, (M w/Vw).

T he following data were collected:

i) Load— deflection relationship, 

ii) Strain developm ent in reinforcing bars and at the compressive face 

of concrete 

iii) V ariation of force in prestressing bars.

For design of the m odels, the slab elem ent was regarded as consisting of two outer

layers separated by an unreinforced concrete filling. T he slab was analysed as an 

elastic plate subjected to ultim ate design loads. T he m om ents (M x  ̂ M y, Mxy) were 

replaced by two equal and opposite forces acting at the m id— depth of the outer 

layers. These forces were com bined with inplane forces (N x , N y, N xy) divided equally 

between the two layers. Each layer was considered as a m em brane elem ent and 

designed using D irect Design M ethod using N ielsen's yield criterion.

A 3— dim ensional nonlinear finite elem ent program  based on 20 node isoparametric 

brick elem ent was developed. The constitutive laws of concrete proposed by Kotsovos 

and em bedded representation of unstressed steel were adopted. Shear transfer across 

crack was allowed. Forces due to prestressing were included using the concept of



equivalent loads. Steel reinforcem ent including prestressing steel was modelled as 

elastic— perfectly plastic m aterial. 'Sm eared' cracking m odel was used.

Finally, Com parative study was carried out between the experim ental and the 

theoretical results for the models tested by the author and by other investigators. 

Com parison of the experim ental and theoretical failure loads with that predicted by 

the BS8110 and the ACI codes were included. It was concluded that the finite 

elem ent m ethod can predict failure load and behaviour of the junctions satisfactorily.
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Symbols used in the text are defined wherever they appear. But for convenience, 

summary of those symbols is presented below as follows:
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CHAPTER ONE

INTRODUCTION

1.1 G eneral

In the past few decades, reinforced and prestressed concrete flat slabs have been 

widely used for various structural applications such as m ulti— story car parking, apartm ents, 

long— span bridges and industrial buildings. Flat slab floors have many advantages over the 

beam— slab floors. Simple formwork and reduced storey height are some m ajor advantages. 

Windows can extend right up to the underside of the slab, and there are no beam to

obstruct the light and the circulation of air. Figure 1.1 shows a typical plan of flat

slab— colum n structures used in m ulti— story buildings.

For designers of flat slab— column structures, punching shear failure of slab in the 

vicinity of column or concentrated load is an im portant problem . Punching is critical when 

the slab— column connection is subjected to m om ent as well as shear forces. This is

particularly im portant at an edge column connections because of the reduction of critical 

perim eter around the column and the presence of twisting m om ent. U nfortunately, very

few guide lines are available in some Codes of practice for designers of this type of

structures. For instance, in the British Code (BS8110) there is no inform ation about

prestressed flat slabs at all, and designers are referred to appropriate specialist

lite ra tu re s^ ).

T he m ajority of investigations which are reported on punching shear strength of

prestressed flat slabs have been done experim entally considering interior slab— column 

c o n n e c t io n s ^ ,26,27,40) y 0  tb e au thor's  knowledge, no inform ation is available on 

nonlinear theoretical analysis of prestressed concrete slabs using 3 -  dimensional finite 

element m ethod.



1.2 Purpose of This Study

Lack of theoretical investigation on the general behaviour of prestressed flat slabs at 

column connections was the m ain motivation for this work. This study was conducted in 

the following order:

a )— Developing the 3— dimensional nonlinear finite elem ent program m e for the analysis 

and prediction of the overall behaviour of prestressed flat slabs such as deflections, strains, 

stresses and ultim ate strength of the slab— column connections.

b)— Developing the two— dimensional finite elem ent program m e for designing of 

prestressed concrete slabs using plate bending elem ents. This program m e is capable of 

handling both inplane and out— of— plane forces acting on the slab due to prestressing, 

lateral and gravity loads. T he detailed description of this m ethod is presented in Chapter

three.

c)— Experim ental and theoretical study of behaviour of unbonded prestressed flat slab at 

edge colum n junction. In this connection both m onotonic and cyclic loading conditions are 

considered.

d)— Analysis of prestressed flat slab with interior column connection which have been 

tested by o ther investigators and com parison of analytical results with their experim ental 

counterparts.



Figure 1.1 : Typical plan of F lat S lab -C o lu m n  Structure.
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CHAPTER TWO 

LITERATURE REVIEW

2.1 Introduction

In this chapter, a brief review of the analysis and design of flat slab— column 

junctions is presented. T he experim ental and theoretical works reported  in literature 

on the strength and behaviour of prestressed flat slab column connections are also 

critically reviewed. Finally the design recom m endations of BS8110 and ACI 318—83 

are included.

2.2 Flat Slab Analysis

2.2.1 Reinforced Concrete Flat Slab

A flat slab floor is a reinforced concrete slab which is supported directly by 

colum ns without use of supporting beams. T he analysis of a flat slab structure may 

be carried out by one of the following m ethods:

a) Frame Analysis

In this m ethod the structure is idealized into a set of parallel 

two— dim ensional frames in each of two orthogonal directions through the structure. 

E ach fram e consists of a series of columns spanned by equivalent beams. An 

equivalent beam  is an idealization of the slab strip so that the width of the beam on 

each side of the column line equals to half of the distance to the adjacent parallel 

row of columns.
t

T he m om ent in these fram es may be determ ined by either a m ethod of 

fram e analysis or simplified m ethod using shear and m om ent coefficients which are



suggested in some codes of practice (such as BS8110 ).

b) Yield line Analysis

Yield line analysis is a convenient m ethod for calculating the collapse load of 

reinforced concrete slabs. It is a plastic m ethod of analysis of slab with yield lines 

developing in the slab and changing the slab into a mechanism. T he yield lines 

divide the slab into rigid segments. At collapse each segments rotates about an axis 

of rotation and the principle of virtual work is used to determ ine the collapse load 

corresponding to any possible yield line pattern. In cases where there are more than 

one possible yield line patterns, the smallest collapse load is taken as the ultimate 

load capacity of the slab.

2.2.2 Design of Prestressed Flat Slabs

2.2.2.1 Load Balancing

Considering the internal panel of the two— way edge— supported slab shown in 

Figure 2.1, the panel is supported on all sides by walls or beams and contains the 

parabolic tendons in the both X and Y— directions. If the tendons are uniformly 

spaced, the upward load which is exerted by the tendons to the slab will be :

8 Pxex

2.1
8 Pyey 

W p y =  —

where : WpX and Wpy are upward loads exerted by the tendons.

Px and P y are prestressing forces per unit width in the X and Y directions. 

ex and ey are the cable eccentricity in X and Y directions.



If v/fc is assumed to be uniform ly distributed applied load to be balanced by 

prestressing loads, then :

wb =  wpx + wpy

T he slab tendons may be distributed arbitrarily between X and Y— directions provided 

that adequate additional tendons are placed in the column strips to balance the line 

loads WpjjLjr and WpyLy as shown on the column lines in Figure 2.2. The column

line tendons have to be placed within the width of the slab in which the slab

tendons have reverse curvature. T he downward load from  slab tendons should be in 

balance with the upward load exerted by column line tendons (Figure 2.3). These

tendons are frequently spread out over a width of slab as large as one half of the

shorter span of panel as shown in Figure 2.4. For exam ple, in the slab shown in 

F igure 2.4(a) the entire load to be balanced is carried by slab tendons in the

X— direction, WpX =  w^ and Wpy =  0. This entire load is deposited as a line load 

on the colum n lines in the Y— direction and must be balanced by column line 

tendons in this vicinity. This slab is in fact treated as a one— way slab spanning in

the X— direction and being supported by shallow, heavily stressed, slab strips on the 

Y— direction colum n lines.

The tw o -w a y  system shown in Figure 2.4(b) is m ore likely to perform  better 

under unbalanced loads, perticularly when Lx and Ly are similar and the panel is

roughly square. In practice, steel concentration over the supporting columns and 

m inim um  spacing requirem ents make the distribution of tendons on the column lines 

impossible. Figure 2.4(c) shows a m ore practical and generally acceptable layout.

A pproxim ately, 75% of the tendons in each direction are located in the column

strips, the rem ainder being uniform ly spread across the middle strip regions^ ).
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> beams or 

walls underneath

/*■*----------  Lx = short span

Figure 2.1 : Edge— supported slab panel

the hatched strip of 
slab must carry the 
line load vv^L^.

Figure 2.2 : F lat slab panel
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tendon

(a) Post-tensioned flat slab

(b) F ree— body diagram of slab after
 __  La—

removal of tendon

p

tendon
(c) F ree— body diagram of tendon

Figure 2.3 : Force system between tendon and slab
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(c) : Alternative tendon layout

Figure 2 .4



If the tendon layout is such that the upward force on the slab is approximately 

uniform , then at the balance load the slab has zero deflection and is subjected only 

to uniform  com pression caused by axial prestress in each direction. U nder unbalanced 

loads, m om ents and shears are  induced in the slab. To calculate these internal forces 

one of the analysis m ethods (such as Fram e analysis, code recom m endations, finite 

elem ent analysis and so on) may be used.

Aalami(^) has reviewed the application of the load balancing in a broader 

context as a com prehensive solution for analysing post— tensioned structures. He has 

discussed term inology, concepts and curren t procedures used in the load— balancing 

m ethod and illustrated the application of this m ethod in the analysis of 

post— tensioned m em bers with changes in thickness.

2.3 Punching Failure Mechanism

Punching failure of reinforced concrete flat slabs can be classified as either 

’flexural' or 'sh ea r '. If the failure is initiated by the yielding of the reinforcem ent or 

crushing of concrete, it is called 'flexural' punching failure. If it is initiated by 

in ternal diagonal cracking, it is called 'sh ear' punching failure. In this section it is 

in tended to describe the mechanism of these punching failures.

2.3.1 Flexural punching Mechanism

In lightly reinforced slab— colum n specimens, it is m ore likely that the 

reinforcem ents yield prior to punching and the yield pattern  might approach the full 

yield—line pattern  as shown in Figure 2.5a. Conversely, in heavily reinforced slabs, 

yielding becomes m ore localized and the failure mode approaches the compression 

failure of concrete around the column (Figure 2.5c). Thus depending on the ductility,



Full yield line pattern b) Partial yield failure mode

c) Compression failure mode

Figure 2.5



Centre of 
rotation

Conical shell 
under
compression

a) K innunen/N ylander model

loading

Compiossive
membrane
forces

V

t column reaction

b) Load transfer through the slab to the column

column

c) Diagonal shear crack around the column

Figure 2.6
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the 'flexural' punching mechanism is something between the full yield— line and

localized compression failure mechanism as shown in Figure 2.5b.

2 .3 .2  S hear punching m echanism

T he widely accepted theoretical model for punching shear was proposed by 

K innunen and Nylander(5>6) This [s based on the observation of tests on circular

slabs centrally supported by circular columns. In this model, radial segments of the

slab outside the crack are assumed to rotate as rigid bodies as shown in Figure 2.6a. 

T he basic idea is that the transmission of the applied loads to column through the

slab takes place as shown in Figure 2.6b (12,22) j h e  m ain diagonal crack occurs in 

the direction of the path of compression stresses in the slab around the column

(Figure 2.6c). W hen the connection between the two parts of the slab (above and

below the crack) is released due to cracking, then  the lower part will rotate due to 

the applied load as a rigid body at early stage of failure load. T he final failure 

occurs due to crushing of concrete at the compressive zone of the concrete shell.

2 .4  D esign of F la t Slab— colum n Junctions

2.4.1 S hear S trength  with no M om ent T ransfer

In the design of prestressed flat slabs, shear strength usually controls the

thickness of the slab particularly around the colum n or concentrated load. T here are 

two kinds of shear failure th a t may be critical. The first is the beam  type shear

failure which is based on the slab acting as a wide beam  spaning between column 

strips shown in Figure 2 .7(a). The critical section is taken at the distance of (d) 

,w here 'd ' is effective depth of slab , from the column face and extended across the 

entire width of the slab.
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A nother type of shear failure may happen in the vicinity of a column or 

concentrated  load. In this type, the failure surface may be a truncated cone or 

pyramid around the column or loaded area as shown in Figure 2.7(b). This is called 

punching shear failure and it often needs a critical consideration when determ ining 

thickness of the flat slabs.

T he critical section is assumed to be perpendicular to  the plane of slab. The

shape of critical perim eter is taken (in some codes of practice) to be the same as

colum n o r the loaded area while some o ther codes round off the corners of 

perim eters around rectangular columns o r loaded areas (Figure 2.8). In most of the 

curren t codes of practice ( such as Am erican and G erm an Codes ), the critical 

perim eter is considered at a distance (d/2) from the column faces o r loaded area. In

the British Code (BS8110) the critical perim eter is at the distance of (1.5d).

2.4.1.1 Recommendations of ACI— 318— 83f2)

a) Non—prestressed slab

In ACI—318—83, the punching shear stress of a flat slab without shear 

reinforcem ent is given by the following equation:

Vc =  vc x  u x  d 2 . 2

w here vc is the permissible shear strength of concrete which is given by lesser of the 

following equations:

vc =  tp ( 0.166 +  0 .33 /(3C ) J  f£
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vc =  ( 0.33 J  f ’ )

w here: /3C =  the ratio of the long side to the short side of the

colum n or loaded area. 

f£ =  the design compressive cylinder strength of concrete, 

u =  the length of critical perim eter taken at distance of d / 2

from  faces of the column or loaded area, 

d =  effective depth of slab

<p =  0.85 for shear

It is evident th a t in the above expressions, the effect of flexural reinforcem ent on

the punching strength has not been taken into account.

b) Prestressed Flat Slab

For two— way prestressed flat slabs, the punching shear strength of the slab 

without shear reinforcem ent is also given by equation 2.2. But the permissible shear 

stress of concrete ,vc , is given by :

Vc =  <p (0.29 y f£ +  0.3 fcp +  Vp/ud ) 2.3

in which : <p =  0.85 for shear

fcp =  The average value of effective prestress at the critical area.

Vp =  T he vertical com ponent of all effective prestressing forces 

crossing the critical area.

fc should not be taken greater than 35 N /m m 2  and fCp in each direction should not 

be less than 1 N /m m 2  nor greater than 3.5 N /m m 2. Because the tendons at the
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critical section are fairly horizontal and the vertical com ponent of the prestressing 

force ,Vp, is small, it may be taken conservatively as zero.

2.4.1.2 British Code Recommendations (BS8110l(l)

a) Non—prestressed Flat Slab

According to BS8110—1985, punching failure occurs on the inclined faces of a 

truncated cone or pyramid depending on the shape of the loaded area. However, for 

practical purposes it is satisfactory to consider rectangular failure perim eter as shown 

in Figure 2.9. In this Code, the critical perim eter is at 1 .5d from the loaded area 

and punching shear strength of the slab is given by the following equation:

where vc =  0.79(fcu/2 5 ) ' ' 3 (lOOAjj/ud) 3 (400 /d )l/4  / 7m 

*cu =  Cube strength of concrete 

d =  Effective depth of slab

u =  Length of the critical perim eter taken at distance 1.5d from  faces

V =  vc x  u x  d 2.4

of the column or loaded area

Ag =  Area of all the tension reinforcem ent crossing the critical area

(CIRIA 110 , page 19)

The lim itations are;

7 m =  Pa rtial safety factor for concrete in shear

fcu } 40 N/mm^

7 m =  1-25



(lOOAj/ud) > 3 . 0

(400/d) < 1.0

In  all cases with or without shear reinforcem ent, V should not exceed the maximum

shear capacity of slab given by the following equation;

(^ m a x ^ o ^ )  >  0.8 J  fcu or 5 N/mm2 [ whichever is sm aller ]

w here uQ is effective length of the perim eter which touches the loaded area.

If the shear stress exceeds vc , shear reinforcem ent should be provided. Design 

procedure is to check the failure zone adjacent to a loaded area (zone 1 ) first, as

shown in Figure 2.10. If this zone does not require shear reinforcem ent then no

further checks are required. Otherwise the successive zones (Figure 2.10) are checked 

until a zone is reached which does not require shear reinforcem ent.

b) Prestressed Flat Slab

In BSSIIOH) no special recom m endation is given concerning design of

prestressed concrete flat slabs. So the analysis and design of prestressed flat slabs 

have been referred to specialist literature. So far only relevant reference for the 

design o f prestressed flat slabs is the recom m endations of the Concrete Society(7>64)

2.4.1.3 Recommendations of The Concrete S o c i e t y ^  .64)

According to these recom m endations, the following two cases should be

considered to calculate the punching shear resistance of flat slab— column connections.



Case 1 — The shear strength of a section at a perim eter 0.75h from the column 

face based on the tensile strength of concrete is given by equation:

V =  vc x  u x  h 2.5

where vc : is given in Table 2.1 

h : is the slab thickness.

The figures in Table 2.1 is calculated by the following equation:

vc =  0.67 J  ft 2  +  0.8fcpft

where : ft =  Tensile strength of concrete

fcp =  Average prestress of concrete at the critical area

Case 2 — The shear strength of a section at the critical surface is calculated in 

accordance with BS8110 recom m endations for non—prestressed flat slab except that 

the values of permissible shear strength of concrete ,vc  ̂ may be calculated using 

where :

As — Ago ■*" AgpCfpy/fy) 2.6

in which,

AgQ =  cross— section area of ordinary steel crossing the critical 

surface.

A ^  =  cross— section area of prestressing bars crossing the critical 

surface.

fp U =  proof stress of prestressing bars 

fy =  Yield stress of ordinary steel



TA BLE 2.1 : Permissible shear strength of concrete in accordance with 

the Concrete Society Recommendations (Ref. 7).

*

f c p
N /m m 2

Concrete Grade (*cu)

25 30 40

N /m m 2 N /m m 2 N /m m 2

1 0 105 110 1 -25
1-5 115 1 *20 1 -35
2 0 1*25 1-30 1 45
2-5 1-30 1 *40 1 -55
3-0 1-40 1-50 1 65
3-5 1 45 1-55 1 70

* ) fcp =  average compression stress of concrete due to prestressing



20

critical section

1 1 I I I I I J

■a

t
b e a m - type shear (b) Punching shear

F igure 2.7 : Shear failure surface in a slab.

)0 -5d

i---------------- 1

 i

 “I

ACI BS8110

Figure 2 .8  : D efinition of shear per im eter .



Perim eter Perim eter

Perim eter

Figure 2.9 : Definition of shear perim eter for typical cases, 

ip =  A m ultiple of 0.75d (d is effective depth of slab)



M,. K ■* '•1 >’ :*• V,

Figure 2.10 : Punching shear zone according to the British Code 

(BS8110 -  1985).
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a re a

Shear s t r e s s  for shaded  
zone checked on th is  perim eter

075 d
0 . 7 5  a - *  j r - L  

0 7 5  d -**
075d _ T  

075 d

NZone 1 
x Zone 2

'Z one 3 
Zone U

Notional failure 
for shaded zone

Notional failure 
for ad jacen t zones

At leas t two se ts  
of reinforcem ent 
should in tersec t 
the notional 
fa ilu re  within 
each zone

T he figures show  th e  location  of successive perim eters and 
failure zones. A typ ical failure zone (zone 3) is show n 
shaded together w ith  th e  no tional failure associated w ith 
the  zone.

Successive



2 .4 .2  Shear Strength with M om ent Transfer

2.4.2.1 M om ent and Shear T ransfer M echanism

Figure 2.11 shows a flat slab at an edge column connection. M oment is 

transferred from  the slab to the column partly by means of bending m om ent at the 

front face of the column, and partly by twisting m om ent a t the side faces of the 

column( 18,19,42,47)

The Calculation of ultim ate stress of the connection can be carried out in two

stages. F irst the proportion of the forces transferred by the front face ( bending

m om ent ) and side faces of column (twisting m om ent ) m ust be known. Then the

ultim ate strength of the connection is calculated summing up the pure shear and

twisting shear resistance.

T he existing knowledge about the strength of slab— column connections 

transferring m om ent has been reviewed by ACI— ASCE C om m ittee 426(8) and by

Hawkins(9). Available m ethods for predicting the ultim ate strength of the connection

m ay be divided into the following four groups:

1) Analysis based on a linear variation of shear stress.

2) Analysis based on thin plate theory.

3) Beam  analogy method.

4) F inite elem ent m ethod.

2 .4 .2 .2  L inear V ariation in Shear Stress

This m ethod was first introduced by D Stasio and V B u re n (^ )  in 1960.
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Figure 2.12 shows the model suggested by them  for internal and edge column 

connections. In this method it is assumed that the distribution of shear stress around 

the connection is sum of two parts. T he first part which is caused by pure shear 

force transferred to the column as a uniform  shear stress field and the second part 

which is caused by twisting m om ent ( a fraction of the m om ent transferred  to the 

colum n ), is a linear shear stress field. T herefore, summing up the two shear stress 

fields as shown in Figure 2.12, the total shear stress will be:

v =  vshear +  vtorsion 

V yM
v(x) =  ----------  +    (x) 2.7

A J

where : A =  Area of critical section.

V =  pure gravity load transferred to the slab

J  =  Polar m om ent of inertia of the critical section given in Figures 

2.13a to 2.13d.

7 M =  A fraction of total m om ent ,M, transferred by torsion, 

x =  A distance from  the centre of ro tation to the point at which 

stress is being calculated.

1

and 7 = 1 “  ---------------------------------------------
1 +  (2/3) J  ( c ^ d V C c ^ d )

According to ACI— 318— 83(2), ^ e  m om ent—shear interaction relationship of equation 

(2.7) for an interior column connection is shown in Figure 2.14. W hich is a linear 

interaction between V/V0  and yM /M 0  w here;

v o =  vc x A



M 0  =  vc x  [2J/CC, ■+■ d) ]

where, A =  2 d (c 1 + c 2 + 2 d )

vc=  permissible shear stress of concrete

c , =  Column side perpendicular to m om ent direction

c 2=  Column side parallel to m om ent direction

The stress diagrams on Figure 2.14 also show idealized shear stress distributions for 

the different points along the line 'a b '. The line 'cd ' represents the possible 

lim itation imposed by the flexural reinforcem ent. T hat is, before 7 M reaches M 0  

there is a possibility for flexural reinforcem ent to yield and consequently the slab fails 

in flexural mode.

Test re su lts^ ) indicated th a t the behaviour of specim ens is not far from  the 

above idealization. Hawkins et. al.(9) have shown that the m easured shear strength of 

specim ens lie along curve such as 'am n 1. For a concrete of 21 N/mm 2 cube strength, 

that curve lies progressively further outside the envelope 'a cd ' as the reinforcem ent 

ratio within lines 1.5h either side of the column increases to above 0.8% . The 

reverse is true as the ratio decreases below 0 .8 % .

T he British Code BS8110, was also based on the approach of 'linear variation 

in shear stress' proposed by Regan(40). T he BS8110 specifies the critical section at a 

distance of 1 .5d from  the column perim eter and it has square corners w hether the 

column is square or circular (Figure 2.8). T he detailed inform ation about the 

recom m endations of ACI—318 83 and BS8110 will be discussed in a later section.

2 .4 .2 .3  T h in  P late M ethod

M ethod of analysis based on elastic thin plate theory has been proposed by



Mast(13). The loading and boundary conditions of the flat plate used by Mast are 

shown in Figure 2.15 . Shear and m om ent distribution predicted for the above plate 

at a section 0.05L (L is the span) are com pared in Figure 2.16 with the distributions 

appropriate for equation 2 .6 .

T he distribution of stresses both transverse and parallel to the direction of the 

applied m om ent in this method are nonlinear. It is evident that the flexural moment 

Mx calculated from  equation 2.7 are much higher than that given by thin plate 

m ethod and the contribution of the torsional m om ent Myx is underestim ated by the 

straight line shear distribution hypothesis.

M ast found that, in contrast to the assumptions m ade in ACI Code 318—71 

form ulation, the relative participation of torsional , flexural and shear stresses to 

m om ent transfer varied with the shape, size of the colum n, dimensions and boundary 

conditions of the plate. He also found that, for square columns the stresses calculated 

from  his theoretical m ethod and that predicted from  the linear— stress method 

(equation 2.7) give similar results. But for columns for which their aspect ratio in 

the direction of unbalanced m om ent is greater than 1 .0 , flexural plate theory gave 

better agreem ent with the experim ents than the linear—stress m ethod.

Long e t al(14,15) developed a theoretical m ethod of analysis for the calculation 

of the punching load of a colum n— flat slab connection with two— way reinforcem ent 

without shear reinforcem ent based on elastic thin— plate theory. They idealized the 

problem  as an axi— symmetric slab— column specim en having a column radius equal to 

0.6 times the side length of square column. An octahedral shear stress criterion of 

failure was used to find the corresponding failure stresses. It was assumed that the 

initial m odulus of elasticity rem ains approxim ately constant up to ultim ate load. 

Distribution of bending stresses in the compressive zone of the slab was linear.
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(a) U n i f o r m  s h e a r  s t r e s s  

due t o  a x i a l  f o r c e , V

(b) s h e a r  s t r e s s  ( t o r s i o n a l )  

t o  a p p l i e d  b e n d i n g  moment

(c) Net  s h e a r  s t r e s s  a r o u n d  t h e  c r i t i c a l  p e r i m e t e r

due 

, M

Figure 2.12 . Theory of linear variation in shear stress
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Concrete area of cr i t i ca l  section

Ac * 2 (a ♦ b)d

Modulus of c r i t i c a l  section:

j
c c 

where
c * c'b * C 2  +  d

(a) For internal column

Concrete area of cr i t i ca l  section:

Ac « (a + b)d

Modulus of c r i t i c a l  section:

£ = fad(a + 4b) + d3 (a + b)/a

* [a2d(a + 4b) + d3(a * b)J /

where
c * a2/  [2(a ♦ b)] 
c « a(a + 2b)/ [2(a ♦ b)]

/6

6 ( a ♦ 2b)|

(b) For corner column

b s C 2 * ^ d / 2

Figure 2.13 :Section properties for shear stress calculations 

(ACI 3 1 8 -8 3 )



loncrete area of c r i t i c a l  section

Ac - (a *  2b)d

Modulus of cr i t ica l  section:

j  .  0
C C

irhere 

c * c'

(c) F or edge column (bending parallel to edge)

a ♦

(d) for edge column (bending perpendicular to edge)

Concrete area of cr i t i c a l  section:

Ac * (2a ♦ b)d

Modulus of cr i t ica l  section:

|  * | 2 a d ( 8 + 2b)  ♦ d3 (2a + b ) / a l / 6  

—r  * J2a2d( a  ♦ 2b) ♦ d3 (2a *  b ) j / ^ 6 (  

wtiere 

c * a2/ ( 2 a  + b) 

c'  » a ( a  ♦ b ) / ( 2 a  ♦ b)

Figure 2 .13 : (continued)
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Figure 2.14 : M o m e n t-sh e a r interaction relationship for interior 

column connections.
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UL

VL

Figure 2.15 : Loading and boundary conditions for flat slab.
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y  - 4 1 . 3  M /L 2

(a) D istribution of shear forces

3 M /L

equation (2 .7 )

1-59 M/L

Mast

1.59 M /Lm

(b) Distribution of moments

Figure 2.16 : Comparison between the linear distribution and the elastic

thin plate theory^13) at a section 0.05L (L is the span) from 

the centre of an interior column.



The values of radial and circum ferential bending m om ents were found from 

th in  plate t h e o r y O ^ ) .  j n order to calculate the column load which would cause 

failure, a criterion of failure for concrete in compression depending on the ratio of 

octahedral shear stress and octahedral norm al stress was used. Their procedure gave 

good predictions of the strength m easured by Moe, K innunen and some other 

investigato rs^3).

Punching shear failure in slabs unreinforced in shear, tends to be brittle and 

the nature of punching failure does not require the yield line to develop throughout 

the slab when punching failure occurs. T herefore, adopting the elastic theory solution 

to predict punching failure load may not be unreasonable.

2.4 .2 .4  Beam Analogy Method

In this m ethod which was introduced by Hawkins^2®), the slab is assumed to 

be connected to the column through a series of stub beam elem ents. T he elem ents at 

the fron t and rear face of the column (FI and F2) are called flexural elem ents and 

side elem ents (T1 and T2) are called torsional elem ents as shown in Figure 2.15. 

This m ethod was developed by H. Akiyama and N M Hawkins(^) for incorporating 

the effects of bond slip and torsional actions into the model and for interconnecting 

the torsion and flexural elements so that com patibility conditions were satisfied at 

their connections to the surrounding slab.

F o r calculation of the ultim ate strength of slab— column connections

transferring unbalanced m om ent, the following assumptions are made:

a )— The shear forces caused by the gravity load are evenly distributed around the

column.

b )— The m om ent caused by lateral load is transfered to the column first through



t h e : flexural elem ent and after the flexural elem ent looses its rigidity through its 

a tta inm ent of its flexural capacity, that m om ent is transfered through the torsional

elem ent.

c)— A  connection can be regarded as having failed when the fron t o r rear side of 

the torsional elem ents reaches its ultim ate strength.

T able 2.3 com pares the experim ental results with those predicted by theoretical 

m ethod.

2 .4 .2 .5  F in ite  E lem ent M ethod

Finite elem ent procedure can be used to calculate and m ore accurately assess

the strength of slab—colum n c o n n e c t io n s ^ ) . E lnounu(28) developed a

th ree— dim ensional finite elem ent m ethod for nonlinear stress analysis of reinforced

concrete structures. This program m e was used by E l n o u n u ( 2 3 )  an£j B ari(24) to  predict 

the ultim ate load of shear w a ll-s la b  connections. As far as the author is aware no 

one has used the th ree -d im en sio n a l finite elem ent to analyse prestressed slabs. This

aspect will be pursued in the later sections of this work.

2 .4 .2 . 6  A m erican Code Recom m endations (ACT 318— 83^

a) N on—prestressed F lat Slab

W hen both shear ,V, and unbalanced m om ent ,M, are transfered from  the

slab to the colum n, ACI 318—83 suggests that the maximum shear stress on the

critical section ,vm ax , may be calculated from  equation 2.7:

V yM

vmax =  ---------  +    C AB 2 - 8

A J



Table 2 .3

No. o f  
t e s t s

Type o f  
s 1 a b - c o 1 umn 
c o n n e c t  i on

S h e a r  
r e I n f o r c e m e n t  

u se d
M pred

■*

1 Mtest

mean s t a n d a r d  
d ev i  a t  i on

7 I n t e r i o r No 1 .00 0 . 0 7

8 1 nt  e r  i o r Yes 1 . 1 2 0 . 0 7

2 E x t e r i o r :  moment 

p a r a l l e l  t o  t h e  edge

No 0 . 9 9 0 . 0 6

3 E x t e r i o r :  moment 

p a r a l l e l  t o  t h e  edge

Yes 1 .07 0 . 0 5

3 E x t e r i o r :  moment 

n o r ma l  t o  t h e  ed g e

No 1 . 00 0 . 0 9

5 E x t e r i o r :  moment 

n o r ma l  t o  t h e  ed g e

Yes 1 . 0 3 0 . 0 7

3 c o r n e r No 0 . 9 9 0 . 0 7

2 c o r n e r Yes 0 . 9 1 0 . 0 0

M pred ~  Predicted m om ent transfer capacity
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sla b

> -  -

general view

f le x u r a l element

slab

connecting elem ent
to r s io n a l e len en t

(b) stiffness model

Figure 2.17 : Stiffness model for interior column connections.



The ACI 318—83 design requirem ent for slabs containing no shear reinforcem ent is 

that the vmax does no t exceed a permissible shear stress vc carried by concrete, as 

m entioned in section 2.4.1.1.

b) Prestressed Flat Slab

T he equation for the calculation of punching shear resistance of

non— prestressed flat slab is used for prestressed flat slab and the concrete permissible 

shear stress ,vc , was given in section 2.4.1.1.

2.4.2.7 British Code Recommendations (BS81101

a) Non—prestressed Flat Slab

T he effective shear strength required of a flat slab at internal column

connections a t the critical section is given as:

1.5M
v eff =  v  +  ---------  2.9

X

w here: X =  T he  side length of the perim eter considered parallel to the axis of

bending as shown in Figure 2.16 and that is equal to the column side 

plus a m ultiple of 1 .5d depending on which zone is being considered 

for calculation of Veff (Figure 2.10).

M =  T he design m om ent transm itted from  the slab to the column.

V =  T he design shear force transfered to the colum n.

In the absence of calculations, for internal columns in braced structures with

approxim ately equal spans, it will be satisfactory to take Veff from  the following



equation:

Veff =  1.15 V

where V is calculated on the assumption that the m aximum design load is applied to 

all panels ad jacent to the column considered.

A t edge and corner column connections where bending about an axis parallel 

to the free edge is being considered, as shown in Figure 2.19, the effective shear 

strength is calculated from :

Veff =  1.25 V 2.10

F or edge colum n connections when bending about an axis perpendicular to the free 

edge is being considered, the effective shear strength should be calculated using the 

following equation:

1.5M
Veff =  1.25V +  -----------  2.11

X

A lternatively, Veff may be taken as 1.4 V for approxim ately equal spans. The 

permissible shear strength of concrete is given in Table 3.9 in BS8110^)*

b) Prestressed Flat Slab(65)

In the case of m om ent transfer, the equation for non— prestressed flat slab shear 

strength calculation is also applicable to predict the shear strength of prestressed flat 

slab— colum n connections. The only difference is that, the permissible shear stress is

dependent on the area of total steel crossing the critical perim eter and account 

should be taken of both prestressing and reinforcing bars as shown in equation 2 . 6  in



Span being considered
Perim eter being

Moment 
t r a n s f e r r e d  
to colum n

(a) Bending m o m e n ts  d iagram  for 
load case being considered

Support
reac tio n

lb) Shear force diagram for load case being considered

Figure 2.18 : Shear and m om ent diagram  at slab— column connection.



C orner
column

kiff =1.251/
see 3.7.6 3)

Edge
column

,Use equation  26 
/ '  or fo r approximately 

equal sp an s  = 1 U V 
(see  3.7.6.3)

’/t „  = 1 .25 l/ 
(see 3.7.6.3)

mrerncl 
. column

Use equation 25 
or, for approximately 
equal spans , ' v  = 1-151/ 
(see 37 6 2)

Figure 2.19 : Effective shear strength of flat s la b -c o lu m n  connections 

at different situations according to BS8110—1985.



section 2 .4 .1 .2 .

2.5 Previous Works on Prestressed Flat Slabs

During the recent decades, a few experim ental investigations have been done 

on prestressed concrete flat slabs at internal column connections. In the following 

sections a brief review of these works is given.

2.5.1 S W Smith and N H Burn^25)

In 1974 Smith and Burns published the test results of th ree post—tensioned flat 

plate specim ens with free edges and a single column stub in the centre. The test 

data was obtained on shear capacity, flexural strength and general behaviour in 

colum n connection area. T he test results were com pared with the previous flat slab 

test results and the ACI Building Code (318—71). In this com parison the observed 

flexural strength  was greater than the strength predicted by ACI 318—71 for all the 

specim ens. T he reason for this difference may be th a t the flexural capacity was 

im proved by bending in two— way action, while the ACI code equation is based on 

beam theory. Shear strength from these tests were slightly above the values predicted 

by ACI— ASCE C om m itee 423 Recom m endations given by:

v u(ASCE) =  °-3 J  fc °-3 fcp ■*" (v p/ud) 2 -13

where, fCp =  Axial prestress in the slab.

Vp =  Sum of the vertical com ponents of all prestressing tendons 

crossing the critical section for shear.

The average value of the ratio [ ^ u ( t e s i ) f ^ u ( A S C E )  ] was 0-98.



2 .5 .2  N  M H a w k in g *))

In 1981 Hawkins published an investigation on six full— scale unbonded 

post— tensioned concrete flat slab— colum n subassemblage and concluded that:

1)— T he m om ent transfer capacity of prestressed concrete slab at interior column 

connections can be evaluated using the  procedures of ACI 318—77. All reinforcem ent 

, bonded or unbonded, within (3d-*- C|) are effective for transferring the portion of 

m om ent which is transfered by bending.

2)— F or all kinds of slab—colum n connections, shear stress on a critical section 

located at (d/2) from the column perim eter is calculated from  the form ulae:

V 7M
V(AB) =    +  ---------  CAB 2.14(a)

A J
or

V  7M

V(CD) =  -------  ~  ---------  CCD 2.14(b)
A J

w here and Cq j)  are  defined in Figure 2.14. For the interior colum n connection

|V(a b )I is always greater than |v ( c j} ) | .  But for the exterior column connection 

transfering m om ent norm al to the discontinuous edge, the centroid of the critical 

section lies fu rth er from  the slab edge than the centroid of the column so that 

lv(C D )l can t>e greater than  when M is large. In this case, the bonded

reinforcem ent detailed so that it can  act as torsional reinforcem ent , should be 

provided a t the  discontinuous edge when the shear stress given by equation 2.14(b) 

exceeds 0.17 J  f^ N/mm2.

3)— Tendons bundled through the column are  an effective m eans of increasing the 

m om ent transfer strength of slab at in terior colum n connections.



2 .5 .3  S O  Franklin and A  E L o n g ^ )

In 1 9 8 2 ,  Franklin and Long presented the results of tests on seven unbonded 

post— tensioned flat slabs with internal columns. T he main param eters in these tests 

were the level of eccentricity and slab boundary conditions. The experim ental failure 

loads were com pared with those predicted by the relevant British and American 

design recom m endations (recom m endations of the C oncrete Society(^) and ACI— ASCE 

4 2 3 < 2 9 ) ) .

T hey found that the average ratio  of (V test / V ^ c i)  is 1 . 4 1  and that of (V test 

/ V q$) is 1 . 3 6  with Standard Deviation of 0 . 1 5  and 0 . 0 7  respectively. Accordingly,

they concluded that the ACI— ASCE 4 2 3  (29) design m ethod and the Concrete 

S o c ie ty ^2 ) approach  significantly underestim ate the failure load of all the models.

They also reported  that the increase in tendon stress at the failure load was normally

within 12% of the initial tendon stress and extra bonded reinforcem ent is required at 

all critical locations to ensure that the structure has sufficient strength and ductility.

L ater on, Franklin , Cleland and L o n g ( 3 0 )  presented a theoretical m ethod for 

predicting the ultim ate punching capacity of post— tensioned slabs at internal

connections subjected to a pure gravity load. This m ethod is based on flexural 

criterion o f failure in which punching is assumed to occur when the slab m om ent at 

the colum n face causes rupture of the concrete com pression zone. From  previous test 

results(22> 3 0 ,  3 1 )  t h e y  came to realize that the flexural strength can be expected to 

have a considerable effect on the punching strength because the slab— column 

connection is a location of both maximum shear and bending m om ent.

T h e y ( 3 0 )  m entioned considerable experim ental evidence to prove that the slab 

m om ent at the colum n face is a critical m om ent for punching failure. Therefore for



pure gravity loading the relationship between the vertical load (Vf) and the slab 

m om ent per unit width a t the critical section (m) was proposed to be:

Vf =  k 1 mu 2.15

where k j is dependent on the slab boundary conditions and the ratio C/L ( column 

dim ension to slab span) and its calculation is described in References (66). For 

norm al range o f column size to slab span ratio  (c/L  =  0.04 to 0.12), k 1 is given by

k 1 =  6 +  32c/L -  (6—16c/L)( pfy/fc) 0 • 5

'm u ' is the resistance m om ent per unit width at the critical section which can be 
taken as:

psf y
m u =  ps f y  d2 ( 1 . 0  -  0 . 6  -----------  ) 2 . 1 6

f*cu

The equivalent equation for post— tensioned slab is given by:

Pe^y
m u =  Pe fy d2 ( 1 -° “  ° -6 -----------  ) 2.17

f*cu

where pe is equivalent reinforcem ent ratio given by:

*pb dps
P e  ~  Ps Pps 2.18

fy d

where : ps =  Ratio of ordinary reinforcem ent at the critical cross— section

to the area of concrete. 

ppS =  Ratio of prestressing steel to the critical cross— section 

area of concrete, 

fpb =  Tensile stress in tendon at slab failure.
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fy =  Yield stress of ordinary bonded reinforcement* 

dpS =  Effective depth of tendon profile, 

d =  Effective depth of ordinary reinforcem ent.

C om bining equation 2.15 and 2.17 the punching capacity can be obtained and a 

com parison of this m ethod with experim ental tests is shown in Figure 2.20.

In o rder to  achieve good agreem ent with all the relevant test results, Franklin 

et. al.(30) took the enhancing effect of compressive m em brane action into account. 

T he relationship between the vertical load ( V f )  and the slab m om ent per unit width 

at the critical section (m u) after incorporating the effect of compressive m em brane 

force is given by:

H
V f  =  ( 1 +  --------  ) k , m u 2 . 1 9

2 T 0

w here H , the  com pressive m em brane force, is given by:

R2 -  (0 .125L)2
H  =  — z    ( ft +  ^ p  ) h

R2 +  (0 .125L)2

where ; ft =  split cylinder tensile strength of concrete.

^cp =  initial stress at centroidal axis due to prestress.

L =  slab span

R =  outer radius of thick cylinder (for m ore details see Ref. 27).

h =  overall slab depth

and T0 , the norm al force in the reinforcem ent can be taken as:

T 0 — Pe fy ^



T he ultim ate flexural punching load predicted by equation 2.19 are com pared with 

test results in Figure 2 .2 1 .

In 1 9 8 7  Rankin and L o n g ( ^ 6 , 6 7 ) > j n  addition to the flexural m ethod for predicting 

the punching capacity of prestressed concrete flat slabs, proposed a m ethod for the 

prediction based on internal diagonal cracking prior to the developm ent of yielding of 

the reinforcem ent or crushing of the concrete. This is called 'shear punching' 

capacity of the internal slab—column junctions ,VS, and given by:

Vs =  1.66 J  f 'c  (c +  d)d(100ps) ° - 2 5  2.20

where : c =  Length of column side

d =  Average effective depth to tensile reinforcem ent 

fc =  Cylinder compressive strength of concrete (taken as 80% of 

cube compressive strength) 

ps =  R einforcem ent ratio

For the prestressed slabs 'p s ' should be replaced by 'p e ' given by:

Pe =  Ps ~t_ P ps^pe^y)

in which : fpe =  Effective prestress in unbonded tendon

fy =  Yield stress reinforcem ent

The enhanced shear punching strength can be found by taking into account the 

increase in the depth  of the concrete com pression zone due to the compressive 

m em brane action. Rankin and Long proposed that, effect of the increase in the 

compression zone is equivalent to considering a higher reinforcem ent index (o> =
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psfy/fc) given by the following expression:

coe =  0.66o)0,6

H ence, by substitution of the equivalent reinforcem ent index in the expression for the 

shear punching strength of the slab, the enhanced shear punching strength of a full 

panel specim en is given by:

Vs =  2.66 J  f£ (c +  d)do ) ° - 1 5 2 2 1

T herefore, in o rder to predict the punching strength of the internal flat slab— column 

junction both the flexural punching strength and shear punching strength are 

calculated and the lesser of these two values is the predicted ultim ate load.

2 .5 .4  P E  Regan(40)

In 1985, Regan reported  fifteen tests on flat slabs post—tensioned in one 

direction intended to represent the regions around in term ediate colum n supports of 

prestressed slab bridge. T he results of tests were used to develop a design equation 

as follows:

a)— For a slab prestressed in one direction

F or a slab prestressed in only the longitudinal direction, the prestress can 

influence only the resistance of the parts of the critical perim eter perpendicular to 

the tendons. T herefore , the predicted punching shear strength of the slab is given by:

Pup — Pur Pol (P url^u r) 2.22
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where PUp is the punching strength of prestressed slab

Pur is the punching strength of geom etrically sim ilar reinforced concrete slab. 

PUrl is equal to Pur only in longitudinal direction.

PQj is the decompression load of the prestressed slab, that is the load

corresponding to zero stress at the extrem e fibre tensioned in longitudinal 

d irection by the external loading.

b)— For a slab prestressed in two directions

Equation 2.21 can be extended to treat slabs prestressed in two directions:

^up =  ^u r "l_ ^ o l^ u r l^ u r )  +  ^ o t(^ u r t^ u r )  2.23

where, Purl =  0.27 (500 /d i)1/ 4 O 00pf c u ) l / 3  [ 2 dl(ct +  3dt) ]

Purt =  0.27 (500/dt) 1/ 4 (100pfcu) l / 3 [ 2dt(cj +  3 d x) ]

p ur =  p url ~t" p urt 

cj, c t =  side dimensions of loaded area in longitudinal and

transverse directions respectively.

dj, d t =  effective depths of slab in longitudinal and transverse

directions respectively.

p =  ratio of reinforcem ent which is given by:

^ r  +  ^ p  
p = -- ------------------

ud

d =  effective depth of slab which is defined by:

A s r f y d r  +  A s p f 0 2 d p

d =     -
Agffy +  ^ p f  Q _ 2



w here f 0 2 is 0.2%  proof stress of prestressed reinforcem ent. T he subscripts r and p

refer to the ordinary and prestressed reinforcem ent respectively. A ^  and are

corresponding steel area.

For slabs with equal reinforcem ent and equal prestressing in both directions

subjected to equal orthogonal bending, equation 2.23 reduces to :

PUp =  Pur +  P0 2.24

w here PQ is the  decompression load of the prestressed slab.

Com parison between the punching strength predicted by this procedure for

slabs prestressed in one direction and the result of the tests and also with those of

tests which were carried out by Nylander e t al are shown in Figure 2.22(a). The

calculated strengths were approxim ately equal to m ean of experim ental strengths. The 

average ratios of P e x p ^ c a l were 0-97 , 1.05 and 0.99 for the bonded slabs, DT

Series and EL  Series(40) respectively.

Punching strength predicted by equation 2.21 for the slabs prestressed in two

directions were com pared with the results of experim ental studies carried out by 

Pralong et al, G row and V anderbilt, Shehata , G erber and Burns. T he agreem ent 

between calculated and experim ental punching strength was generally good even 

though the tendons were unbonded in most of the cases [F igure 2 .2 2 (a )] .

2-5.5 V G  Jo h an n es and C S Alexandei^4^)

In 1983, Johannes and A lexander used a num erical m ethod for the m aterial
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slabs with o n e -w a y  prestress in Ref. (40).



and geom etric nonlinear analysis of reinforced and prestressed concrete slabs including 

the tim e dependent effects due to load history, tem perature history, creep and 

shrinkage. T he procedure was based on two— dim ensional finite elem ent m ethod using 

layer elem ent. A flat triangular shell finite elem ent was used. The elem ent consists of 

the 6  degree o f freedom  for inplane displacem ent com bined with the nine degree of 

freedom  for p late bending elem ent. The reinforced concrete com posite section is 

assumed to be m ade up by a system of concrete layers and 'equivalent sm eared ' steel 

layers. E ach layer is assumed to be in a state of plane stress and the m aterial 

m atrix was obtained by summing the  contribution from  each layer. Stress— strain 

curves for the m aterial are shown in Figure 2.23. A com parison between the test and 

analytical lo a d -  deflection curves of the prestressed slab is shown in Figure 2.24.

2.6 C om parative Study of D ifferent Design Equations

C oncerning the causes for punching shear failure, there are various views and 

wide divergencies between different em pirical form ula. Codes of Practice also use 

em pirical expressions in term s of nom inal shear stresses. Codes of practice differ in 

the definitions of critical perim eters and in the expressions used to define the 

permissible stress of concrete, vc .

In this section, the variation in the prediction of ultim ate shear strength by 

different design equations will be studied. O ne param eter is varied keeping all other 

param eters constan t as shown in Tables 2.2(a) and 2.2(b). Five design equations 

(2.2), (2 .4), (2 .5 ), (2.19 or 2.21) and (2.23) have been considered in this

com parative study for predicting pure shear strength without any m om ent transfer and 

two equations (2.8) and (2.9) for predicting shear strength with m om ent transfer.
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2.6 .1  T he equations for gravity load (w ithout m om ent transfer)

ACI: V =  (0.29 J  f ' +  0.3fcp)ud +  Vp 2.2

w here f<! =  0 .8 fcu

BS8110: V =  0.79(fcu/25 ) 1 / 3  ( l O O A g / u d ) 3 (40 0 /d )1 / 4  ud 2.4

Con. Soc. V vc x  u x  h 2.5

Long: Vf  =  (1 +  H /2T0) k lP e fyd 2 (1.0 -  0 .6pefy/fcu) 2.19

Vs =  2.6 J  f£(c +  d)du> ° - 1 5 2.21

Long's p rocedure for the prediction of the ultim ate punching load is to calculate both 

the 'flexural' punching ( V f )  and the 'shear' punching ( V s ) capacities then whichever 

is lesser is the ultim ate punching load.

Regan: V  =  Pur +  P0 ](Purj/Pur) +  ^ o t^ u r t ^ u r )  2.23

Calculations were done for fcu varying from  25 to 55 N /m m ^. From  figure 2.25 

it is clear that all the equations except that proposed by Long et al (Eq. 2.19 or 

2 .2 1 ), predict approxim ately the sam e rate of increase in ultim ate punching shear 

strength with concrete cube strength ,fcu . 'V ' from  Long's form ula is insignificantly 

affected by variation of fc u .

In Figure 2.26, the average compressive axial stress of concrete due to

prestressing ,fc p , varies from  1 to 8  N /m m ^ keeping all o ther param eters constant. 

'V ' in ACI— 83 (Eq. 2.3) is directly dependent on 'fcp ' but the o ther equations are

dependent on the prestressing steel area 'A ^ ' .  Assuming the prestress in service equals



to 0.55fpU , prestressing force ,Fp, will be

F p  —  O . S S f p y A j p

Assuming uniform distribution of prestress, we have:

^cp — 0*55fpyAgp/AQ =  ®-^^^puPsp 2.13

ultim ate strength of prestressing steel 

the prestressing steel ratio 

1800 N/m m ^ , from equation 2.13 we have:

psp =  0.10%  fcp 2.14

Having got fc p , the corresponding psp was used in equations 2 .4 , 2 .5 , 2 .19, 2.21 and 

2.23 to calculate the punching capacity.

Figure 2.27 shows the variation of punching shear strength of prestressed slab

due to variation of effective depth of slab, d. T he influence of this param eter on all

the equations is nearly the same except for the equation proposed by Long. In this 

equation, the increase ra te  of prediction of punching shear strength is slightly more 

than the o thers.

In shear strength study due to pure gravity loads without m om ent transfer, it is 

assumed th a t ,for simplicity, the column sides are equal (e .g . c ,  =  c 2 =  c). Figure

2.28 shows the variation of punching shear strength predicted due to variation of ,c,

and indicates that the ra te of increase in prediction of punching shear strength is

nearly the sam e for all equations except that proposed by Long. For exam ple, the

where: fpu =

Psp  =  

assuming fpu =



TA B LE 2.2  (aL  Param eters for pure shear equations

Figures Main Param eter 
studied

O th er Param eters 
kept constant

2.25 fcu (N/mm2) fcp
c

=  2.0 N/mm2 , d =  200 mm 
=  300 mm , ps =  0.3%

2.26 fcp (N/mm2) fcu
c

=  40 N/m m 2 , d =  200 mm 
=  300 mm , ps =  0.3%

2.27 d (mm) fcu =  ^0 N/mm2 , c =  300 mm 
fCp =  2.0 N/mm2 , ps =  0.3%

2.28 c (m m ) fcu =  40 N/mm2 , d =  200 mm
fCp =  2.0 N /m m 2 , ps =  0.3%

2.29 Ps fcu =  40 N/m m 2 , c =  300 mm 
fcp =  2.0 N/mm2 » d =  200 mm



1900

& * 1
 BS8110

~ —  Long

T*.efcatv

400

— .ROAM IBL 2 .23

4.----- *838110 (GO. 2.4)

a*••••a CON. 90C. (EQ. 2 .9  

• — ■LONG

9-......♦  ACI-83 GO. 2 .3

200

0 to ao 40 SO
CONCRETE STRENGTH *FOJ, IN H/ttC

FIG. (2 - 2 5 ) ,  CURVES SHOVING THE EFFECT OF T C U '  ON THE 

PUNCHING SHEAR STRENGTH. OTHER PARAMETERS ARE CONSTANT

1500

Long

BS8110

1000

750

C O N . SOC.

500

— .REGAN (EQ. 2 .23
 *838110 (EQ. 2.4)

a....*C 0 N . 30C. (EQ. 2.5) 
• — ■LONG
*.-----   ACI-83 (EG 2 .3

250

0.0 9.07.5t .5

AVERAGE CONCRETE PRESTRESS f FCPf N/MM2

FIG. ( 2 - 2 6 ) ,  CURVES SHOVING THE EFFECT OF T C P "  ON THE 

PUNCHING SHEAR STRENGTH. OTHER PARAMETERS ARE CONSTANT



SHE
AR

 
STR

EN
GT

H 
, 

V 
(KN

) 
SH

EA
R 

ST
RE

NG
TH

60

.........................

A C I- 

-----------^

----------------

83

______

...............  A
. ____

^oc -

i * n °  ^

...* ~ '

—■■■■. I

* -------- H- 1

A........... *  (

(EGAN (EQ. Z  23) 

B8110 (EQ. Z  A) 

3K  SOC. (EQ. Z 5) 

JONG

0 -8 3  (EQ. Z 3 )

■------------ L

*•••——nr /

144 140 176 192 208
EFFECTIVE DEPTH OF SLAB ,D, MH

FIG. ( 2 - 2 7 ) ,  CURVES SHOVING THE EFFECT OF 'D '  ON THE 

PUNCHING SHEAR STRENGTH. OTHER PARAMETERS ARE CONSTANT

1500

Long
1200 —

600

— REGAN (EQ. 2.233 

BS8110 (EQ. 2.4)

>« CON. SOC. (EOL 2.5) 

h i  LONG

h  AC I -83 (EQ. 2.3)

soo

uo 400320

COLUMN SIDE ' C '  IN MM

FIG. ( 2 - 2 8 ) ,  CURVES SHOVING THE EFFECT OF 'C '  ON THE 

PUNCHING SHEAR STRENGTH. OTHER PARAMETERS ARE CONSTANT



SH
EA

R 
ST

RE
NG

TH

61

1200

940
ACI— 83

>
BS8110

720

CON. SOC.

-  REGAN (EQ. 2.23) 
BS8110 (EQ. 2.4)

• a  CON. SOC. (EQ. 2.5) 
-■UQNG
•v ACI-83 (EQ. 2.3)

240

0.2CLO 0.4 0 . 1 1.0
ORDINARY STEEL RATIO

FIG. ( 2 - 2 9 ) ,  CURVES SHOVING THE EFFECT OF ' A S '  ON THE 

PUNCHING SHEAR STRENGTH OTHER PARAMETERS ARE CONSTANT



shear strength predicted by Regan and A C I-  83 with c =  250 mm are the same, but 

with c =  400 mm the Long's prediction is 13% m ore than that predicted by 

A C I-  83.

In Figure 2.29, the variations of shear strength due to ordinary steel ratio ,pSp, 

at the failure surface are shown. As is clear, Long's equation (Eq. 2.19) and R egan's 

equation are affected significantly and the equation of BS8110 is slightly affected by 

this param eter.

2 .6 .2  T he equations for m om ent transfer

ACI: V =  V +    Ca b  2.8
(J/A )

1.5M
BS8110: V =  V +    2.9

X

In Figures 2.30 to 2 .35 ,variation of punching shear strength with m om ent 

transfer is shown. In this connection, the design equations of BS8110 (Eq. 2.9) and 

ACI— 83 (E q. 2.9) are com pared. From  Figures 2.30, 2.33 and 2.34 it is clear that, 

the effect of param eters fcu , (M /Vd) and d on the prediction of the ultim ate shear 

strength in the both equations are the sam e, where M is the unbalanced m om ent and 

V is u ltim ate shear strength of the junction . T he difference between the two 

equations (from  the prestressing point of view) comes from the m anner of 

consideration of 'fCp ' and 'P sp ' *n prediction of the punching shear strength. The 

British Code ,BS8110, takes 'p Sp ' into account whereas the ACI—83 considers 'fCp '

for predicting ultim ate shear strength of prestressed flat slabs.

From Figures (2.25) to (2.35), in m ost of the cases the ACI—83 Code equations 

give higher values than th a t of the British Code ,BS8110. ;



T A B L E  2 .2  (b ) : Parameters for shear equations with m om ent transfer

Figures Main Param eter 
studied

O ther Param eters 
kept constant

2.30 fcu (N/mm2) fCp =  2.0 N/mm2 , d =  200 mm 
c 2 =  300 mm , ps =  0.3% 
M /Vd = 1 . 0  , c , /c 2 =  1.0

2.31 fcp (N/mm2) fcu — 40 N/m m 2 , d =  200 mm 
c 2 =  300 mm , ps =  0.3% 
M/Vd =  1.0 , c , / c 2 =  1.0

2.32 c , / c 2 fcu =  ^0 N/m m 2 , c 2 =  300 mm 
fCp =  2.0 N/mm2 , d =  200 mm 
M/Vd =  1.0 , ps =  0.3%

2.33 M/Vd fcu =  40 N/mm2 , d =  200 mm 
fCp =  2.0 N/m m 2 , ps =  0.3%  
c 2 =  300. , c 1 / c 2 =  1.0

2.34 d (mm) fcu =  40 N/m m 2 , c 2 =  300 mm 
fqp =  2.0 N/mm2 * Psp =  0-2% 
M7Vd= 1.0 , c t / c 2 =  1.0

2.35 Ps fcu =  40 N /m m ^ , c 2 =  300 mm 
fCp =  2.0 N /m rn^, d =  200 mm 
M /Vd =  1.0 , c 1 / c 2 =  1.0
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2.6 .3  F u rth e r Investigation on the Codes Equations

Equations 2.8 and 2.9 need m ore com parison between them  about the 

param eters effective on the critical perim eters. If the two equations are written in the 

unique form , we will have:

1.5M
VBS =  V +  -----------  2.9

X

where : X =  C2  +  3d (for the first critical perim eter)

1.5M
and VACI =  V +  ----------- 2.8

X

1.5J
where : X =  -------------

7a c AB

7 = 1 -
1 +  0.67 J  ( c ,+  d ) /(c 2 + d )

A =  2 d (c 1+  c 2+  2d)

J /C a b  =  [ d ( c 1 + d ) ( c 1 + 3 c 2 + 4 d )  +  d 3 ] / 3

c , ,  c 2 and were defined in Figure 2.12 and d is effective depth of slab. Figure

2.36 shows the variation of (X /c2) due to ( c ^ d )  and ( c 2 /d) for both the equations 

keeping d as a constant value.

2.7 C ritical Review  of Previous W orks

From  sections 2.4 and 2.5 it is clear that a few investigations have been carried

out regarding behaviour of prestressed concrete flat slab at column connections and 

m ajority of them  are based on experim ental study ra ther than  theoretical one. Those 

investigators who have developed theoretical procedure to predict the strength of 

prestressed slab— colum n connections have utilized a non— prestressed slab procedure
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as a basis but included the prestressing effect in the definition of nominal shear 

stress of concrete at critical perim eter around the colum n.

British Code (BS8110) does not give any guidelines on this subject and 

designers are advised to refer to specialist literature^1). This lack of information 

specially in theoretical aspects was one of the reasons for carrying out the theoretical 

investigation on prestressed flat slabs based on th ree— dimensional finite elem ent 

procedure in this study. Details of the procedure for design and analysis will be given 

in chapters T hree  and Four respectively.

2.8 B ehaviour o f F la t Slab— Colum n C onnections U nder Cyclic Loading

Islam and P a r k ( 4 ^ )  studied experim entally the behaviour of interior flat 

slab— colum n connections. Four of the eight m odels, were subjected to cyclic loading

conditions (com bination of gravity and seismic type of loading). A num ber of

specimens tested  contained various arrangem ents of shear reinforcem ent. The statically

applied cyclic loading which caused reversals of unbalanced bending m om ent was
o f

achieved by applying an  upward load at o n e^ th e  sides of the slab and a downward 

load at the opposite side. T he colum n was axially loaded while concrete blocks were 

suspended from  the slab to sim ulate a uniform ly distributed gravity load.

They sum m arized the following conclusions from  the tests on slab— column

connections transfering shear and unbalanced m om ent;

a )— T he slab— colum n connections without any shear reinforcm ent had little 

ductility and failure occurred suddenly by diagonal tension cracking and splitting of

the concrete along the bars in the top of the slab on the critical side of the

column



b)— T he use of cranked (bent up) bars in the slab as shear reinforcement

resulted in an  increase in the strength of the connection, but did not cause an 

increase in the ductility.

c)— T he use of a structural shearhead resulted in an increase in the strength of 

the connection, but only a limited increase in the ductility.

d)— T he use of closed stirrups in the slab around those slab bars that pass

through the colum n resulted in an increase in the strength and a substantial increase 

in the ductility of the connection when subjected to cyclic unbalanced moments. The

closed stirrups resulted in m ore ductile behaviour at large deflections than a structural

steel shearhead. T w o -le g g ed  closed stirrups were found to be as effective as 

four— legged closed stirrups at each column face. Such shear reinforcem ent would be 

suitable for slab— colum n connections in earthquake resistant structures when ductile 

behaviour is essential.

Ahm adi and G ilbert^® ) presented an investigation into the behaviour of 

reinforced concrete flat slab at edge colum n connections subjected to a combination 

of cyclic lateral loads and norm al gravity loads. Eight 1/3 scale models were tested to 

study the behaviour of the connections at both the service and the ultim ate load 

stages. T he param eters of study were colum n aspect ratio , percentage of 

reinforcem ent in slab and size of structural shearhead reinforcem ent. T he typical plan 

and boundary conditions for experim ental models are shown in Figure 2.37. They(50) 

adopted a static m ode for lateral load application which com prised a predeterm ined 

sequence of displacem ent intervals. A typical cyclic loading program m e is shown in 

Figure 2.38.

It was concluded that increasing the column aspect ratio in the direction of 

moment transfer proved to be an effective means of enhancing the ultim ate lateral



load capacity. 60% increase in the ultimate load capacity was achieved by changing 

the aspect ratio  from 1.5 to 2.0. However, increasing the dimension of the column 

parallel to the free edge by 50%, resulted in a lateral load capacity of only 13%. 

Variation of the deflection versus the lateral load for models 6 and 7 is shown in 

Figure 2.39.

Some investigators ,e.g. DerbaK51), have utilized analytical methods of 

slab— colum n connections for m onotonic loading to predict the strength of the 

connections under cyclic loading. Derbal reported a review of those analytical 

procedures and used it to calculate m om ent and shear capacity of seven edge 

colum n— slab connections.

Akiyama and H aw kins^) utilized the results of the series of experimental 

investigations on flat slab— column subassemblages subjected to inelastic reversed cyclic 

lateral loads to develop general beam  analogy m odel for the prediction of strength 

and behaviour of flat slab concrete structures subjected to lateral loads.

T he analytical m o d e l^ ) was calibrated through com parisons with experimental 

results of nine interior flat slab— column connections tested a t the University of 

W ashington. In addition , a com parison was m ade between the predicted and 

experim ental results for all the slab— colum n connections tested a t the University of 

W ashington. T hose tests included eight in terior, th irteen exterior and five corner 

column— slab connections. Average ratio of the predicted m om ent transfer capacity to 

the test results is shown in Table 2 .3 .

The predictions are in good agreem ent with experim ental results. The stiffness 

predicted for test specim ens were also com pared with the test results as characterized 

by the ro tation  between the slab edge deform ation and the applied lateral load. The 

stiffness prediction was in com paratively good agreem ent with the test results.
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Table 2 .3

No. o f  
t e s t s

T ype o f  
s 1a b - c o 1umn 
c o n n e c t  io n

S h e a r  
r e  i n fo rc e m e n t 

u se d
M pred

■*-

1 Mtest

m ean s t a n d a r d  
d ev i  a t  i on

7 1n t e r  i o r No 1 .0 0 0 . 0 7

8 1n t e r i o r Yes 1 . 1 2 0 . 0 7

2 E x t e r i o r :  moment 

p a r a l l e l  t o  t h e  edge

No 0 . 9 9 0 . 0 6

3 E x t e r i o r :  moment 

p a r a l l e l  t o  t h e  ed g e

Yes 1 .07 0 . 0 5

3 E x t e r i o r :  moment 

n o r m a l  t o  t h e  ed g e

No 1 . 0 0 0 . 0 9

5 E x t e r i o r :  moment 

n o r m a l  t o  t h e  ed g e

Yes 1 . 0 3 0 . 0 7

3 c o r n e r No 0 . 9 9 0 . 0 7

2 c o r n e r Yes 0 . 9 1 0 . 0 0

^ p re d  P redicted  m om ent transfer capacity



CHAPTER THREE

DESIGN METHOD FOR PRESTRESSED CONCRETE FLAT SLAB

3.1 In troduction

A structure and its com ponents must satisfy a num ber of different limit states or 

design requirem ents such as:

1. U nder the worst loading, the structure should be safe.

2. D uring norm al working conditions deform ation of the structure must not 

be excessive.

The limit state concept involves identification of the various factors that affect the 

suitability of a structure to fulfil the purpose of the design. E ach of these factors is 

called a limit state and if any of them  is not satisfied, then the structure is deemed

to have "failed". The two principal limit states for m ost structures are:

a)— Serviceability Limit States

There are several serviceability limit states, but the two most im portant are:

i) D eflection: T he deflection of the structure under the service load 

m ust not be excessive, 

ii) C racking: Excessive cracking must not take place because the cracks 

may perm it water into the concrete, leading to corrosion of the steel 

re inforcem ent.

b)“  Ultimate Limit State

T he m ost im portant of the ultim ate limit states is 's trength '. The structure 

must be able to withstand with an acceptable factor of safety the collapse load. For



most prestressed concrete structures, design is carried out considering the serviceability 

limit state of cracking or deflection, and then the ultim ate strength limit state is 

checked. R einforced concrete design, by contrast, is usually based on the ultimate 

strength limit state, with later checks on the serviceability limit states. In this study 

because the ultim ate punching strength of experim ental specimens was the main 

concern, the ultim ate strength limit state procedure was used. T he m ethod used to 

design the m odels will be described in section 3.4.

3.2 Analysis of Prestressed Flat Slab

In the analysis of prestressed concrete flat slabs, the prestressing forces are 

replaced by external loads calculated on the bases of 'equivalent load ' concept. Figure

3.1 shows the prestressed concrete m em bers involving different cases of prestressing 

and their equivalent loads.

Having replaced the prestressing loads by equivalent loads, the slab is designed 

for ultim ate load conditions.

3.3 Design F o r U ltim ate Lim it S tate

In the theory  of plasticity any solution to the ultim ate load has to satisfy the 

following conditions of classical plasticity:

1) The Equilibrium  C ondition: The internal stresses must be in equilibrium with the 

externally applied loads.

2) The Yield C ondition: The yield criteria defining the strength of the slab section 

must now here be exceeded.

3) The M echanism  C ondition: U nder the ultim ate load, sufficient plastic regions must 

exist to transform  the structure into a m echanism .
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Figure 3 .1 : Equivalent loads and moments produced by prestressed tendons.



In classical plasticity problem s, the solution for ultim ate load is obtained for a 

given structure. However in the case of reinforced and prestressed concrete structures, 

the very conditions for ultim ate loads solution can be used to design (i.e. determining 

the required reinforcem ent) for a given structure. This can be done as follows;

3 .3.1  The Equilibrium Condition

To satisfy this condition, stresses must be in equilibrium with external loads. A 

set of stress in equilibrium can be obtained using say finite elem ent m ethod. Owing 

to its simplicity, elastic stresses a t ultim ate load can be calculated although any other 

m aterial law can be used. T he object is to obtain a set of stresses in equilibrium not 

the correct one.

3.3.2 The Yield Condition

The yield condition defines the com bination of stresses (N x, Ny, N Xy and M x, 

My, MXy) necessary to cause plastic flow at a point. At present there is no a 

general yield criterion which is usable for a com bination of m om ent and inplane

forces. T h erefo re , in this work the com bination of inplane and flexural forces is 

treated as follows.

3.3.2.1 C om bination o f Bending and inplane stresses

In Figure 3.2 a typical elem ent of slab subjected to a com bination of inplane

and flexural forces is shown. N orm al forces are taken as positive corresponding to 

tension. T he elem ent is regarded as consisting of two outer layers separated by an 

unreinforced concrete filling as shown in Figure 3.3 and from now on this is termed 

as 'Sandwich E lem en t'. In this study, the contribution of the unreinforced concrete



filling in carrying compressive stress is ignored. Consideration of the share of the

filling in the compressive capacity of the section was discussed in reference (55).

T he m om ents Mx , M y and Mxy and the inplane forces N x N y and Nxy,

acting a t the m id -d e p th  of the elem ent (Figure 3.2) are transferred to the

mid—depth  of each layer (Figure 3.5) in the following m anner:

a)— F o r th e  T op Laver

Nx Mx
nxt =

Z

yt
2

Nxy Mxy
*xyt

b)— F o r the  B ottom  Laver

Nx Mx
nxb —

nyb —

2 Z

2

N x y  N I x y

nxyb

where Z  is the distance between the centers of the two layers as shown in Figure 

3.5.

S-3.2.2 The Yield Criterion

The applied inplane forces n x , n y and n xy in the elem ent (Figure 3.9) are to
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^  a fZ

Figure 3.2 : A typical elem ent of slab

Top layer

Unreinforced filling

Bottom layer

Figure 3.3 : Sandwich E lem ent



(a) (b)

nt =  N/2 +  M /Z

►  nb =  N/2 -  M /Z

(c)

Figure 3.4 : C om bination of bending and inplane forces
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Z

X

xyt

nxt

n xyb

nxb

Figure 3.5

X

Figure 3 .6  : T ypical layer elem ent



be resisted by a com bination of concrete and reinforcing steel. The sign convention 

adopted here is positive for tension. The following basic simplifying assumptions are

accepted.

1 )— The reinforcing bars are perfectly plastic and yield at a tensile stress of 'fy' as 

shown in Figure 3.7.

2)— The yield criterion for concrete is as shown in Figure 3.8. Concrete is assumed 

to be perfectly plastic and concrete compressive stress is uniformly distributed in the 

compression zone. T he tensile strength of concrete is neglected.

3)— The re inforcem ent is assumed to be positioned symmetrically with reference to 

the middle surface of the section and to be in two orthogonal directions.

4)— The re inforcem ent is conservatively assumed to carry only uniaxial stress in the 

original bar directions. This m eans kinking and dowel action of the bars in resisting 

shear is neglected.

5)— T he bar spacing is assumed to be small in com parison with the overall structure 

dimension so that reinforcem ent can be considered in terms of area per unit length 

rather than as individual bars.

The total stresses are resisted by concrete and steel as follows;

(a)~  C oncrete

Assuming a ,  and a 2 represent principal stresses in concrete and o '1 >  c 2, 

from Figure 3.10(b) the concrete resistance is given as:
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<7XC =  O', cos 2 6 +  cr2s i n 2 6

a y c  =  <7iSin20 -+■ a 2c o s 2 G 3.1

r XyC _  (o', — cr2)s 'm d c o s 0

where 6 is o rientation  of o', to the x—axis.

( b ) -  Steel

Assuming that the area of reinforcing steel and associated yield stresses in the 

two orthogonal directions (x and y) are represented by (A x , A y) and ( fx , f y) 

respectively, the  steel resistance in the x and y—directions from  Figure 3.10(c) is 

given by:

°xs = Axfx/t

°ys ~ Ayfy/t

x y s  = 0.0

where t is the  thickness of the elem ent.

Equating applied forces and resistant stresses of the elem ent in Figure 3.10 we 

have:

a x  =  °xc +  °xs

°y  =  °yc +  °ys 3.3

Txy =  Txyc +  Txys

or

nx = t a x  = t*o ',cos20 -+- t-o ^ s in 2 # + Ax fx

3 II II t -o ' , s in2  ̂ +  t - o 2cos 2 0 + Ay-fy 3.4

lxy — t - T Xy  = (o', — o'^tsinflcosfl

Considering o', as a tensile stress, and since concrete cannot carry any tension we set 

the value of o', _  q q T hen Equations 3.4 give:
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n x =  t-(72s in 20 ■+■ Axfx 

n y =  t - a 2cos20 +  A y*y 

nXy =  — t-cr2sin0cos0

• «f» 3|»using the notations : nx =  Axfx and ny =  Ayfy , we have

n* -  n x =  — t<72s in 20

n* -  n y =  ter2co s20 3.5

nXy =  — tocsin 0cos0

eliminating 0 from  Equations 3.5, gives:

(n x n x)(ny ny) — n Xy 2 3.6

(nx n x) (n y — ny) =  — f^ 2

This equation is N ielsen 's yield criterion for the elem ent subjected to inplane forces 

nx , ny and n Xy.

3 .3.2.3 C alculation of O ptim um  Steel Required

Having calculated n x , ny and n Xy, the n x* and ny* must be obtained so as 

not to violate the yield condition as given by Nielsen criterion (equation 3.6). In this 

connection, th e re  are four different cases to be considered as follows:

~ se I  • Both nx* and ny* >  0

In this case the sum of ( nx* +  ny*) in the elem ent along the cracked line , 

as shown in F igure 3.10, is m ade a m inim um . Hence from  equation 3.6 :
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ny ny nxy^  ̂ ( nx nx)

(n y* +  n x*) =  nx* +  ny n xy2 1 (nx* -  nx)

For minim izing the expression of (n x* +  n y*), we require:

d(nx* +  n y*) / a (n x*) =  0

i.e. 1 “  nxy2 / ( nx* ~  nx)2 =  0 

or

(n x n X) =  ± lnXyl 3.7

According to the yield criterion, (n x* — n x) >  0 in every point of the element. 

H ence;

nx — n x | n x y | 3.8

In a sim ilar m anner:

ny* =  n y +  | n x y | 3 9

Equation 3.8 and 3.9 are valid when nx* and n y* are positive only. T hat is,

nx ^ l n xyl

n y  ^ | n x y |

From equations 3.8 and 3.9 it is clear that :

nx = 0 .  if n x =  — | n x y |

ny* = 0 .  if nx =  — | nxy |
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substituting the above values into equations 3.4 results in:

t an0 = 1  so d =  45° 

and nxy =  ~  (T2tsin0cos0 =  — cr2t/2

Then the principal compressive force in the concrete ,nc , is equal to:

nc -  ter2 =  — 2 |n xy | 3.10

Case 2 : n x* >  0 and ny* <  0

Equation 3.8 and 3.9 are no longer valid when ny* <  0 , i.e. , when n x <  

-  | n Xy | .  In this case reinforcem ent is only required in the X—direction. Therefore, 

in equation 3.6 considering ny* =  0 then n x* will be:

nx =  nx -  nXy^ / ny 3.11

Also from  equations 3.5 the principal compressive force in concrete is:

nc — t c 7 2 — nx +  nxy^ / nx 3.12

Case 3 : nx* <  0 and ny* >  0

In a sim ilar m anner which was used in Case 2, the following equation can be 

obtained:

f nx* = 0

and

y ny* =  ny — nxy2 / n x 3.13

nc =  ny + n xy2 / ny 3.14
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Case 4 : nx* <  0 and n *  <  0y

If both nx* and ny* are negative and n xn y ^ n xy2 , no reinforcem ent is

required.

* nnx =  °

n y* =  0 3.15

From  equations 3.5 the principle com pressive force of concrete is given by:

nc =  0.5 (n x ■+• ny) — 0.5 J  (n x ■+• ny)2 ■+■ 4nXy2 3.16

These four cases discussed above are sum m arized in Figure 3.8 and the formula 

indicated in each corresponding part of the diagram apply to the case in question.

A fter the calculation of ultim ate design inplane forces for each of the 

above— m entioned cases, the required cross— sectional area of reinforcem ent in the X 

and the Y—direction for each layer of the elem ent of slab is obtained as follows:

For the top  la y e r:

A vt =  n v t*/f,xt ~  “ xt Ms

Ayt =  n yt ^ s  3.17(a)

For the bottom  lav e r:

^ x b  “  nxb ^ s

Ayb — nyb /fs 3.17(b)

where : fs =  Yield stress of reinforcem ent

Therefore, using the equations 3.7 to 3.16 to calculate steel required will satisfy the 

yield condition because the yield criterion is nowhere violated throughout the slab. 

Note that in the above design procedure:
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nc > S-(7C and nxy > 0.5 S*<tc

in order not to  isolate the yield condition for concrete, 

where : S =  thickness of the outer layers

crc  =  permissible compressive stress of concrete 

n c  =  principal compressive force acting on the outer layer. 

n Xy  =  shear force acting on the outer layer

3.3.3 M echanism  C ondition

W hen the equilibrium and yield conditions are satisfied, the necessary 

resistance is m ade equal to the calculated stresses at every point in the slab. So it is 

anticipated th a t all the parts of slab will attain their ultim ate strength under the 

ultimate design load. Consequently, with m inim um  redistribution, every point will yield 

at the ultim ate load, thus converting the slab into a mechanism.

3.3.4 D uctility  D em and

In classical plasticity it is assumed that the material has infinite ductility. 

Unfortunately reinforced concrete is a m aterial with limited ductility. In using a 

method based on a classical plasticity, attention has to be paid to minimizing ductility 

demand. In D irect Design M ethod because of the fact that the minimum 

redistribution is needed to achieve failure of the slab in this m ethod, the demand for 

ductility which depends on the difference between the first and the last yield in the 

slab will decrease. T his has the additional advantage that crackwidth will not create a 

serious problem  at serviceability stage. The steps involved in applying Direct Design 

Method are as follows:



T he prestressing forces are replaced by the equivalent loads and combined with 

external ultim ate design loads.

The elastic distribution of moments (Mx , My , Mxy ) and inplane forces (Nx ,

Ny , Nxy ) are determ ined by tw o - dimensional finite elem ent com puter 

program m e (Figure 3.12).

T he slab elem ent is regarded as consisting of two outer layers separated by an 

unreinforced concrete filling. The bending m om ents (Mx , M y) and twisting 

m om ent (M xy) are  replaced by two equal and opposite forces acting at the 

mid—depth  of ou ter layers as shown in Figure 3.4a. These forces are combined 

with the inplane forces (Nx , Ny, Nxy) divided equally between the two layers 

(Figure 3.4b). E ach layer is considered as a m em brane elem ent subjected to 

inplane forces nx , n y and nxy only.

Having got nx , ny and nxy, the ultim ate design forces n x* and n y* are 

calculated for bo th  top and bottom  layers using N ielsen's criterion fo r m u la ^ )

T he required  am ount of unstressed steel in each layer, corresponding to nx* 

and n y*, is obtained (section 3.4). In this connection, prestressing steel is treated 

as an ordinary  steel with an equivalent yield stress equal to the difference 

between its 0 .2%  proof stress and effective prestress. Additional unstressed steel 

over and above th a t provided by prestressing steel is provided as required.
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Figure 3.7 : yield strength of steel bar in tension 

and compression.
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Figure 3 .8  : Yield criterion for concrete.
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Figure 3 .9  : I n - p la n e  norm al and shear stresses on the layer element.
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Figure 3.11 : Design form ula for any com bination of inplane forces.

Inxy



Form  Stiffness M atrix [ K ]

Form  Design Load Vector [ R ]

Calculate the Nodal D isplacements

Calculate A m ount of Steel Required 
to resist nx* and ny* in each Layer

Read Data , such as: design loads, 
prestressing equivalent loads and 
other specifications

C om pute the Layer Design Inplane Forces (nx*, ny*) 
For Top and Bottom  Layers

Calculate Bending and Twisting M oments ( M x , M y , M x y )  

and Inplane Forces ( N x , N y ,  N x y )

Calculate Layer Inplane Forces ( n x , n y ,  n X y )  for Top 
and Bottom  Layers due to Com bination of M oments (Mx , 
M y ,  M X y )  and E lem ent Inplane Forces ( N x , N y ,  N x y )

Figure 3.12 : F lo w -C h a r t  of the 2—Dimensional 
F inite E lem ent Program



3.4 Design o f Slabs in T he Experim ental Models in this Study

3.4.1 G eneral

It has been m entioned earlier that one of the aims of the present work is to 

study the strength  of unbonded prestressed concrete flat slab at edge column junction. 

The first step was to analyse typical m u lti-s to ry  buildings to obtain the range of 

lateral loads acting on a typical slab—edge column connections. For this purpose it 

was assumed th a t the building would be built in the Glasgow area with the maximum 

basic wind speed of 51 m eter per second (according to the recommendations of 

CP3(56)) F rom  this speed the equivalent static wind loading is calculated. For a 

te n -  story flat slab— colum n building with floor to floor height of 3m and bay width 

of 5 m , the value of m aximum 'w ind ' shear ranges from about 12 to 100 KN 

depending on the height. T herefo re, this range of load was taken into consideration 

in designing the experim ental models.

3 .4.2 P rocedure  A dopted for the Design of T he Experim ental Models

Since the experim ental study is about the ultim ate strength of the slab at edge 

column connection which is a local failure around the column, no attem pt was made 

to duplicate the actual size boundary conditions in the models tested. Therefore an 

isolated p art of an edge colum n connection as shown in Figure 3.14 (the shaded 

part) was selected to  conduct the experim ental study. A typical experim ental model is 

shown in Figure 3.15.

A two— dim ensional finite elem ent com puter program m e for the linear plate 

bending analysis was developed to consider the com bination of bending and prestress 

equivalent loads and was used for the design of the models. For this purpose, use 

was made of sym m etry so that only one— half of the slab needed to be analysed



using 8 - node isoparam etric elem ent and 1 6 - elem ent mesh as shown in Figure 3.16. 

The boundary conditions used were as follows:

At all nodes along the column boundary ,abgf, will be: 

f W =  0

1 3W /ax =  0 

I aw/ay = o

and at all nodes along the line 'b e ' will be:

aw/ay = 0

where W =  displacem ent in z— direction 

a w /3 x  =  rotation  about y— axis

aW /dy =  rotation  about x— axis

Since we are interested in the local behaviour of the slab at edge column connection, 

violation of the boundary conditions of real slab was of minor im portance.

For the design lateral loads, the maximum wind shear was known but its

distribution along the line 'A B ' which produced uniform  displacement was needed. In

the case o f flat slab— shear wall junction , Bari(24) has shown that the linear

distribution shown in Figure 3.17 causes uniform  displacem ent along the line 'AB'. 

Figure 3.18 shows the displacem ent obtained for model M SI. The maximum 

difference was 2 %  of the m axim um  value.

At all the 'G auss’ points of elem ents, the com puter program  calculated the

moment triad ( M x  ,  M y  ,  M X y )  and inplane forces triad ( N x  ,  N y  ,  N X y )  due to

the com bination of prestress and design loads. The values of n x* and ny* were



evaluated at the 'G auss' points of each outer layer elem ent according to the rules 

given in section 3 .5 .2 . T he unstressed steel required to resist these forces at ultimate 

conditions was calculated using the recom m endations of 'BS8110'.

The effective concrete shear stress ,vc , was calculated for each model and 

com pared with the allowable shear stress ,va , given by:

va =  0.67 J ( f t 2  +  0.8 fcp f, )

where ft =  0.24 J  fcu

fCp =  average compressive concrete stress due to prestressing

Because the effective shear stress in the critical area around the column didn't 

exceed the allowable concrete shear stress ,va , therefore, shear reinforcem ent was not 

necessary.

3.4.3 Strain and Rigidity Matrix for Combined Loads

As previously m entioned, a two— dimensional finite elem ent method based on 

elastic analysis of the bending plate was developed to consider inplane loads due to 

prestressing equivalent loads. In this section the combined form of the strain and the 

rigidity m atrix used to  obtain the m om ent triad ( M x  ,  M y  ,  M X y )  and inplane forces 

triad ( N x  ,  N y  ,  N X y )  is presented in the centre of each elem ent of the slab.

3-4.3.1 S train M atrix

For bending elem ent

The strains within the bending elem ents can be expressed in term s of the



Figure 3.14 : Typical Plan of F lat S lab -C o lu m n  Structure

Figure 3.15 : An Isometric View o f Typical Experim ental Model.
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Figure 3 .16 : Typical m esh and column boundary conditions.



A

Figure 3.17 : D istribution of lateral load to simulate uniform 

displacem ent along the line 'AB'
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e lem en t nodal displacem ents as: 

[ e ] =  [ B ] [ 6 ] 3.25

/
where [ B ]  is the strain matrix generally composed of derivatives of shape functions, 

and [ 5  ] is elem ent nodal displacements.

F o r p late bending elem ents in tw o - dimensional linear analysis, the 

s t r a i n - displacem ent relationship from  theory of elasticity may be written as:

M i  -

V̂ x 0 d N j
d x

0

0 0 d N !

d y

l Axy = 0 _ a N i
d y

d N j

a y

7 x z
d N  j 
d x

-  Nj 0

i--
---

---
---

vj N
•

i
d N  j

d y
0 -  N i

where Nj is the shape function a t the i ^ 1 node at which the nodal displacements are 

Wj , and 0 yj.

ii)— F or m em brane e lem ent

ex

M i  = cy =

7 x y
i

dN
dx

0

dNj

o

dN

a y

dNj
d x



jii) C om bination  o f Bending and M em brane S train M atrix

F or the elem ent subjected to com bination of bending and inplane forces, the 

s t r a i n — displacem ent relationship will be as follows:

M i  -

’/ 'x 0 d N  j
d x

0

0 0 d N |

dy

t x y 0 d N j

dy
.  d N i l 

a y  1 0

7 x z -
d N  j 
d x -  N i 0 1

Y y z
d N j 0 -  Nj  [

d N f 0e x d x

A dN,*

ayfcy U U

Y x y
d N i d N f

i ^y d x

W

3.4.3.2 Rigidity Matrix

T he general form  of the stress— strain relationship may be written as follows:

M =  [ d ] M 3.29

where [ D ]  is called 'elasticity m atrix ' or 'rigidity m atrix ' 

Subtituting equation 3.25 into 3.29 results in :

M =  [ D ] [ B ] [ 6 ]

a)~  T he Rigidity M atrix [ D ]  for bending elem ent assuming isotropy is:

3.30
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[D]b-

Et j>Et 3

1 2 ( l - r 2 ) 12 (1  — v2 )

r E t 3  E t 3

1 2 (1  — v2 ) 1 2 ( 1 - ? 2 )

( 1 - Q E t 3

2 4 ( 1 - k2)

Et

2 . 4 ( 1 + 0

Et

2 . 4 ( 1 + 0

b ) -  The R i g i d i t y  M a t r i x  [ » ]  f o r  m em brane e l e m e n t  i s

v Z

l - j > 2  1 - r  2

[D]m '
?E

2 ( 1 + 0

c ) -  The R i g i d i t y  M a t r i x  [ D ]  f o r  a n  e l e m e n t  s u b j e c t e d  t o  b e n d i n g  and 

i n p l a n e  f o r c e s  i s  f o r m e d  by c o m b i n a t i o n  o f  [ D ] ^  a nd  [ D ] m a s  

f o l l o w s :



107

C O
4->

CM

1 C O

CM
2k
1

UJ r H 4-> r H
2* UJ s - /

CM
r H

CM
r H

CO

CM

T CO

/ ^ \
C M

2k
1

•H r H ■*-> r H
U l V UJ

CM 2k CM

\

r H r H

u + i-1

CM

UJ
UJ

W u
CM

r
w

CM

u Mt
C M

C O
4-» CM
U J &
X'-'k 1

2* r H
1 N - /

r H < t
s - / CM



CH A PTER FOUR

FIN ITE ELEM ENT ANALYSIS

1 1  1  Introduction

Developm ents in the  finite elem ent m ethod over the last two decades is one of the 

ost significant achievem ents in the history of engineering. This analysis technique is now 

ed regularly by engineers in the solution of various problem s in the context of structural 

engineering. Using this technique, investigators in many fields of engineering have moved 

to areas such as nonlinear applications and modelling of complex material behaviour. In 

the case of reinforced concrete, all nonlinear aspects such as cracking, tension stiffening, 

nonlinear m ultiaxial m aterial properties, creep, shrinkage and other param eters which 

previously were ignored o r treated in a very approxim ate m anner, can now be considered 

rationally by the finite elem ent m ethod

The application of finite elem ent to nonlinear problem s increases the numerical work 

aslcom pared with linear problem s. However, developm ent of high speed com puters which 

meet this need have insured that adequate capability is now available. In this chapter, the 

three— dim ensional finite elem ent approach for the analysis of reinforced concrete 

slab—column connections is presented. The theoretical results and comparison with their 

experimental coun terpart will be shown in C hapter Eight.

*‘2 F inite E lem en t Form ulation  of Slab

L  Since the finite elem ent analysis is a well known standard procedure, it is not 

nec® a ry  to describe it in detail in this study. But in order to define term s for their 

applications a brief review of the m ethod will be presented.
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In any continuum , the actual num ber of degrees of freedom  is infinite and an exact 

analysis of a structure is impossible using a m ethod of discretisation. For any numerical 

approach it is assumed that the behaviour of the continuum  can be represented by a finite 

number of unknowns. In the finite elem ent m ethod the continuum  is divided into a series 

of elements which are connected together a t a finite num ber of points known as nodal 

points. This process is called 'discretisation '.

For structural applications, the governing equilibrium equations can be obtained by 

(minimizing the to tal potential energy of the system. T he total potential energy can be 

expressed as:

where [cr] and [ e] are the stress and strain vectors respectively, [ 5] the displacement at 

any point, [p] the body force per unit volume, [q]the applied surface tractions, [co] is the 

applied line load and Q j is the concentrated load. Integrations are carried over the volume 

'v' of the structure and loaded surface area 's '.  T he first term  on the right hand side of 

equation 4.1 represents the  internal strain energy and the second to fifth term s are the 

work contributions o f the  external forces [p], [q], [w] and Q j respectively.

In the finite elem ent displacem ent m ethod, the displacem ent is assumed to have 

un&iown values only a t the nodal points so that the variation within any element is 

described in term s of the nodal values by m eans of interpolation functions. Thus

= 0.5 Jv [cr]T[ e]dv -  Jv [ 5]T[p]dv -  Js [6]T[q]ds -

(4.1)

[ 6 ] =  [ N ][ 5e ] 4.2



110

where [ N ] is the set of interpolation functions term ed as shape functions and [ 5 e ] is the 

vector of nodal displacem ents of the elem ent. The strains within the elem ent can be 

expressed in term s of the elem ent nodal displacement as:

[ « ] -  [ B ][ {e ] 4.3

where [ B ] is the strain m atrix generally composed of derivatives of shape functions. 

Finally, the stress m ay be related to the strains by use of an elasticity m atrix [ D ] as

follows:

[ < , ] =  [ D ] [ f ] =  [ D ] [ B ] [  6 e ]  4.4

The total potential energy of the continuum  will be the sum of the energy contributions 

of the individual elem ents. Thus

7T =  I  7Te 4.5I
I where xe represents the total potential energy of an elem ent 'e ' which, using equation 

j 4.1, can be written as;

*e =  0.5 Jve t «e ]T [B]T [D][ se]dv _  [ 4 e]T[N]T [p]dv _

Ise  [«e ]T [N]T[q]ds -  J £e [ 5e]T [N]T [u]d« -  E[ 6 e ]T[N]T Q . (4.6)

where v e  is the elem ent volume, se is the loaded elem ent surface area and £ e is the 

loaded line on the elem ent face. Perform ance of m inim isation for elem ent 'e ' with respect 

t° the element nodal displacem ent [ Se ] results in;

d7re
T T  =  Jve ([B]T[D ][B])[je]dv -  | ve [N]T[p]dv -  | se [N]T[q]ds -

o 6 e
f , ,e [N]T[u]d« -  I  [N]TQj 

=  [Ke] [se] -  [Fe] (4.7)



where

[Fe] =  Jve [N]T [p]dv +  J se [N]T[q]ds +  J £e [N]T [«]d4 +  I  [N]TQi (4.8)
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are the equivalent nodal forces, and

[Ke] =  Jve [B]T [D][B]dv (4.9)

is termed the 'e lem ent stiffness m atrix '. The sum m ation of the term s in equation 4.7 over 

all the elem ents, when equated to zero, results in a system of equilibrium equations for

the complete continuum . These equations are then solved by any standard technique to

yield the nodal displacem ents. The strains and therefore the stresses within each element 

can be calculated from  the displacements using equations 4.3 and 4.4. In this study the 

'Frontal solution technique ' described in section 4.5.5 was used.

4.2.2 E lem ent T ype

The selection of the elem ent type is always related to the type of problem s to be 

solved. As three— dim ensional nonlinear analysis is the main concern of the analytical part 

of this study, the 20— noded isoparam etric brick e le m e n t^ )  >as illustrated in Figure 4.1, 

is used throughout this work to represent concrete. Reinforcing steel is simulated by bars 

embedded inside the  concrete elem ent at their actual locations in the structure without 

imposing any restrictions on the mesh choice. T he m athem atical derivations of the stiffness 

contribution of these bars can be found in Reference (58,59).

This elem ent was chosen to consider the effect of the six stress com ponents a x , a y ,

; az> t x y, TyZ, r zx as shown in Figure 4.2. Each nodal point has th ree degrees of 

freedom, that is:

movement in x— direction =  u ,

movement in y— direction =  v , and

movement in z— direction =  w .

J



Each elem ent has its own local coordinate system (£ f)(Figure 4 .1), with the origin at 

the centre of elem ent such that each local coordinate ranges from — 1 to + 1  only.

4  2.3 Shane Functions

Shape functions are interpolation functions which describe the variation of the 

displacement within the elem ent in term s of the nodal displacement

“  £  [N<] (4.1C

where Nj is the shape function at the ith  node at which the nodal displacem ent is 6 j.

The efficiency of any particular elem ent type will depend on how well the shape 

functions are capable of representing the true displacem ent field. The isoparametric family 

are a group of elem ents in which the shape functions are used to define the geometry as 

well as the displacem ent field. For th ree dimensional applications, the displacements field 

at a particular local coordinate ( £ , 17, f) are  u( £ , 77, f),  v(£,77,f),  w(£,77, f) and are defined 

using three displacem ents degrees of freedom  Uj, vj, Wj at each of the twenty nodes and a 

quadratic interpolation scheme.

The coordinate values x ( £ , 77, f), y ( £ , r ) , t )  and z ( £ , 77, f) a t any point ( $ , 17, f) within 

the element may be defined by the expressions:

20
x ( £ , T 7 , 0  = I  Nj ($ , 17, T) . Xj

i = l

20
y( £ , ?7,0 = X Nj f) . yj ( 4 . 11 )

i= l

20
Z( S , » ? , 0  = I  Nj ( $ , 7 7 ,0  . Z j

i= l

i) are the  coordinates of node *i*, and Nj (£ , 7j , f)  are three dimensional



Figure ( 4 .1 )  : 20-Noded isoparametric br ick  element

(a )  L o c a l  c o o r d i n a t e s (b )  C a r t e s i a n  c o o r d i n a t e s

F ig u r e  ( 4 . 2 )  : C a r t e s i a n  s t r e s s  components
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q u a d r a t ic  shape functions. In the present work, such shape functions of each of t h e  twenty 

nodes were obtained from  R eference( 5 7 ) as follows:

F o r  c o r n e r  n o d e s  £ j =  ± 1 rj i = ± 1 =  ± 1

=  ( 1+ ^ i )  ( l + W ) ( l + f f j )  ( £ £ j  +  rjrji +  r  r j -  2 )  ( 4 . 1 2 )

F o r  m i d - s i d e  n o d e  £ j =  ± 0  r/j =  ± 1 =  ± 1

Nj ( £ , i ? , f )  = t  ( 1 " £ 2 ) ( I + 1 7 1 7 i )  ( 1 + f f j  ) ( 4 . 1 3 )

F o r  m i d - s i d e  n o d e  £ j  =  ± l  = ± 0  =  ± 1

Ni«,ij,o -  \  ( l+ftiXi-ijZxi+rf,)

For  m i d - s i d e  n o d e  £ |  =  ± 1 rj  ̂ =  ± 1 f .  =  + 0  

Ni ( M , 0  -  i  ( l + £ £ i ) ( l + i ?iJ i ) ( l - r 2 )

( 4 . 1 4 )

( 4 . 1 5 )

Each of the twenty shape functions has a value of unity at the node to which it is 

related and zero at the other nodes.

To calculate the displacements u(£, r ; , f ) ,  v(£,r/,T) and w(£,T7, f) at  any point within 

the element, expressions similar to (4.10) m ay be w ritten as follows:

20
u ( £ , tj, D  -  E N(  ( £ , T j , r )  • Uj

i= l

2 0  (4  16)
V( S , 17, T) =  I  Nj  ( £ , * ? , O  • V i

i -1

20
W( M , 0  -  I  Nj  ( £ , * ? , 0  • Wf

i - 1
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4 2.4  strain  M atrix

In three dim ensional small displacem ent analysis, the s tra in -  displacement relationship 

may be written as:

ex = d u / d x

ey = ^ v /d y

ez = dw /az  

7 xy = ^ u / a y +  ^ v / a x  

7yz = dv/ ^ z  +  *w /d y  

7zx = dw/ dx + ^ u /d z

( 4 . 1 7 )

in which ex , £y, ez are the norm al strain  com ponents and 7 xy, 7 yz, y z x  are the shear 

strain com ponents. Equations 4.17 may be written in m atrix form  as follows:

cx a/ax ' o o

cy o a/ay o

ez o o a/az

?xy a/ay a/ax o

7 y z 0  d/dz a/ay

7 z x a/az  o a/ax

( 4 . 1 8 )

Jising the finite elem ent idealisation we can write

m  - 2£
i - 1

a N j / a x  

o 

o

a N j / a y

o

a N j / a z

o

aNj/dy

0

a N j / a x  

a N j / d z

o

o

o

a N j / a z

o

a N j / a y  

a N j / a x

W;

( 4 . 1 9 )

simply

t « i
20 

= V ( 4 . 2 0 )



where [ B j ]  is the 6 x  3 strain matrix in equation 4.19 which contains the cartesian

derivatives of the shape functions. Since the shape functions Nj are defined in term s of

the local coordinates of the elem ent a transform ation from  local to global

coordinates is required to obtain the [ B ]  matrix in equation 4.19. This is done through

the well known Jacob ian  m atrix which is w ritten as:

ax/d£ dy/a$ az/a£

J ] = ax/drj d y / d r j az/arj ( 4 . 2 1 )

a x /a  r dy /ar a z /a  r

thus

aN,-

S f " x i

a N j

a * • y i
a N j
a $  1

a N i
3 T / X i

a N j
drj • y i

a N j
ar? *Z i

( 4 . 2 2 )

aN,- a N j
a r • y i

a N j
a T 1 ' 2 !

the inverse of the jacobian m atrix will be

- 1

21 ar?

a x a x

a N j a N j

a y a y

a N j a N j

a z a z

ar
dx

ar
ay

ar
d z

( 4 . 2 3 )

therefore the cartesian derivatives are given by



4 2.5 Stress— Strain Relationship

For linear analysis o f uncracked concrete, and in  th e  absence o f initial stresses and 

strains, the stress— strain  relationship m ay be written in  the form  of

where [ D ] is the elasticity m atrix which takes the form

E ( l - 0
^  " ( l + r ) ( l - 2 r )

where 'E ' is the Y oung’s m odulus of elasticity, and V  is Poission’s ratio . The concrete

nonlinearity as considered in  this work is only the m aterial nonlinearity and all changes in

material properties en te r through the changes in elasticity m atrix [ D ] .  This will be

discussed later in section 4 .4 .4 .3 .

4.2.6 Numerical In tegration

The elem ent stiffness m atrix  ,[K e ], to  equation 4.9 is given by:

[Ke] =  J ve [B]t [D][B]

Since it is difficult to  carry  ou t the integration analytically, some form  of

integration should be specified. In this study, 3>6X3 G a u s s - Lengender quadrature rules

( 1 - 0  ( l - o

V

( 1 - 0  
1  0

( 1 - 2 0
2 ( 1 - 0

S y m m e t r y

0

0

0

( 1 - 2 0
2 ( 1 - 0

0

0

0

0

( 1 - 2 0
2 ( 1 - 0

( 4 . 2 6 )
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have been used as shown in Figure 4.3.

4  2.7 Principal Stresses

From equation 4.25 there are six cartesian stress com ponents at each Gauss points 

that can be evaluated, nam ely:

[  O’ ]  —  [  C x , ( T y ,  a z , T X y ,  7 y Z ,  7  Z X  ] (4.27)

Considering uncracked m aterial, there exist three planes on which the shear stresses are 

zero. These planes are  called 'principal p lanes'. T he stresses norm al to these planes are 

called principal stresses. T he value of such principal stresses , c j, may be obtained by 

solving the following cubic e q u a t io n ^ ) .

Ol3  -  Ia CTj2  +  I2  "  I3  =  0 (4.28)

in which I | ,  I2  and I 3  are the stress invariants, which may be expressed as follows:

I] =  a x  +  <Ty +  a z

2̂ ~  [°x°y + ^y^z ~l~ °z°x + T̂ xy 

I3  =  determ inant of the stress tensor

t 2 +  t 2 1 
7  yz 7  zxJ

O'x Txy Tzx

Tyx a y T y z

Tzx 7 z y <?z

(4.29)

(4.30)

(4.31)

Th
e principal directions which determ ine the principal planes can be expressed by their 

resPective directions cosines such that:

1; =i — cos( 0 Xj) , mj =  cos( 0 yj) , nj =  cos( 0 zj) (4.32)



where 0 xi >0yi an<* 0zi a r e  t h e  a n &le s  between the principal direction (i) and x  , y and 

z-axsis  respectively. Thus the  direction cosines of a \  are  l j ,  , n j ; those for 0 2  are 

j2  m2 , n 2  and those for 0 - 3  are I3 , m 3 , n 3 .

The m ethod to  evaluate these direction cosines is explained in details e lsew here(^) 

and is briefly presented here. Denoting

(4.33)A =
°y  ^i Tzy

B =  -
Txy Tzy

C =
Txy °y  ° i

Tyz ° tT  ° i Txz a z ~  ° i Txz 7 y z

it can be shown that the th ree direction cosines can be expressed as:

li m* n{
=  R (4.34)

A B C
where R is a non—zero constant to be determ ined. T he subsidiary trigonom etric condition:

lj2 •+- m + n^ = 1

gives R as :

1

R =
J  A 2-+- B 2-+- C 2 

then lj =  a .R  , mj =  B .R  and nj =  C .R

(4.35)

(4.36) 

(4.37)

4.3 Steel M odelling

4.3.1 Modelling Methods

. 1 for a reinforced concrete m em ber, a t least t eIn developing a  finite elem ent mo 

following three alternative representations o f the reinforcem ent have been used.

a)— distributed (o r sm eared )

b)— discrete

c)— embedded

a a ctppl is assumed to beFor a distributed representa tion  as shown in Figure . a ,

— a  „  w .  c—  w »  » '  “ “ “ > • * “  “■
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only in the direction of the original bars. The equivalent thickness of the steel layers in 

any direction is proportional to the corresponding ratio of steel in that particular direction 

in the elem ent. Perfect bond is assumed between the concrete and steel.

A discrete representation of the reinforcem ent, using one dimensional element 

(Figure 4.4b), has been widely used. Axial force m em bers are assumed to be 

pin- connected with three degrees of freedom  at the nodal points. The one dimensional 

reinforcement elem ent is superim posed on a three— dimensional finite elem ent mesh 

representing concrete a t nodal points. A serious disadvantage of this representation, 

however, is that the location of reinforcem ent often dictates the size of concrete mesh. 

This may result in slender elem ents where the reinforcing bars are too close together or 

increases the num ber of elem ents which consequently increases the cost of computer 

analysis.

An em bedded representation is shown in Figure 4.4c. In this m ethod the reinforcing 

bar is considered as an  axial m em ber em bedded into the isoparam etric elem ent such that 

its strains are consistent with those of the elem ent. In o ther words, perfect bond is 

assumed between concrete and steel. T he concept of em bedded representation of 

reinforcing bars was first presented for plane stress, strain and axisymmetric a n a l y s i s ^ ) ,  it 

allows an isoparam etric elem ent to include as m any bars as possible and the bars can be 

placed in positions corresponding to those in the real structure without imposing any 

restrictions on m esh size.

In this study, reinforcing bars are em bedded in the 2 0 — noded isoparam etric brick 

dement used for concrete. T h e  basic two— dimensional theoretical form ulation presented by 

P h il l ip s  and Z i e n k i e w i c z ( 6 3 ) ,  was extended for th ree -d im en sio n a l e l e m e n t ^ )  in a similar 

banner. The derivation requires that bars are restricted to lie along the local coordinate 

axes the basic elem ent as shown in Figure 4 . 5 .  The details of the theoretical derivation 

of bar element stiffness can be found in References ( 2 3 , 6 5 ) .



Figure ( 4 . 3 )  : Location  o f  Gauss p o in t s  for the 3x3x3

i n t e g r a t i o n  ru le ;  those  for  the 2x2x2 and 

4x4x4 r u le s  fo l l o w  the same order

^  ^  ^  ^  ^

Reinforcem ent 

-*»X

Figure  ( 4 . 4 - a )  : D i s t r ib u te d  r e p r e s e n ta t io n  o f  s t e e l
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V r

Axi a l  Elements  

Fl e xur a l  Elements

Fi gur e  ( 4 . 4 - b )  : D i s c r e t e  r e p r e s e n t a t i o n  o f  s t e e l

Reinforcement

X

Figure ( 4 . 4 - c )  : Embedded re p r e se n ta t io n  o f  s t e e l

Figure ( 4 . 5 )  : Embedded bars w i th in  the 20-noded  

isoparametr ic  br ick  element



4  3 . 2  C haracteristic P roperties of Unstressed Steel

A typical stress—strain curve for reinforcing steel is shown in Figure 4.5. For 

simplicity in design and analysis calculations, it is often necessary to idealize the steel 

stress- strain curve. These different id e a liz a tio n s^ )  which are shown in Figure 4.6, can 

be used depending on the accuracy required. For each idealization, it is necessary to 

determine experim entally the values of stresses and strains at the onset of yield, strain 

hardening and the ultim ate tensile strength. In the present study, the 'elastic—perfectly 

plastic' approxim ation is adopted (Figure 4.6a).

4.4 Concrete M odelling

4.4.1 Introduction

To achieve an adequate mathem atical modelling of non— linear reinforced concrete 

behaviour by finite elem ents, there should be enough knowledge about the following

aspects:

a )- Elastic and inelastic behaviour of concrete.

b )- Behaviour of steel reinforcem ent

c)~ Bond— slip phenom enon between concrete and reinforcem ent.

Now- a— days m ore and m ore experim ental knowledge of reinforced concrete regarding the 

deformational behaviour and strength is becoming available and consequently the

above- mentioned subjects are becoming clear. Having obtained such experim ental data, it 

must t>e transform ed into sets of m athem atical form ulae, adequately describing the basic 

characteristics of reinforced concrete to be used in the analysis. These mathematical

formulae are norm ally called 'constitutive laws of concrete '. In recent years a lot of work

^ave keen carried out on this m atter resulting in d ifferent models being offered for the 

escr'Pti°n of the behaviour of concrete under different stress states such as nonlinear

ast*c’ elastic— plastic, endochronic, etc. These achievem ents were summarized and

icaI1Y evaluated by Chen and Ting(69).
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f,y

an 9

(a) E lastic-perfectly  plastic approxim ation

f,y

tan 9

(b) T rilinear approxim ation

f,y

tan 9

(c) C om plete curve

Figure 4.6 : Idealizations for the s tre ss -s tra in  curve 
for steel in tension or compression.



In this study, concrete properties were modelled based on 'Kotsovos(70,71) 

constitutive law of concrete ' whose feature will be discussed later. As cracking of concrete 

is the m ajor cause of nonlinearity in most reinforced concrete structures, a separate three 

dimensional 'sm eared cracking' model is developed and incorporated in the finite element 

programme. This will be discussed in section 4.4.4. Forces due to prestressing were 

in c lu d e d  using the concept of equivalent loads. Steel reinforcem ent including prestressing 

steel was modelled as elastic— perfectly plastic m aterial and shear transfer on cracked 

concrete faces was allowed.

4.4.2 Kotsovos' Constitutive Laws of C oncrete

In recent decades, a com prehensive p r o g r a m m e ^ ® * 7 2 , 7 3 )  0f investigation into the 

behaviour of concrete under complex states of stress was carried out at Im perial College 

of London. The testing techniques used to obtain this data, have been validated by 

comparing them  with those obtained in an international co— operative program m e of 

research into the effect of testing techniques and apparatus upon the behaviour of 

concrete. After analysing the results, Kotsovos et a l ( 7 0 , 7 1 )  provided the m athem atical 

expressions for deform ational as well as strength properties of concrete suitable for 

nonlinear com puter based m ethods to analyse concrete structures. These expressions were 

successfully im plem ented in the com puter program m e by E l n o u n u ^ ) ,  then were utilized

by B ari(24) ancj subsequently used in the present work. A brief description of the model 

will be given in the following sections. References (23,70,71,72,73) give detailed description 

with verification of the model against experim ental results.

State of Stress a t a Poin t

For the construction of constitutive equations for concrete, the geometrical

presentation of the stress state at a point is very useful. Since the stress tensor ay  has

independent com ponents, it is possible to consider these com ponents as positional 

°rdinates in a six—dim ensional space. However, it is too difficult to deal with in this



study. The simplest alternative is to take the three principal stresses (72, a 3 suc  ̂ that 

a\ > a2 >  a3 as co_ ordinates and represents the stress state at a point in the 

three dimensional stress space. This orthogonal co-ordinate system a \ ,  (72 , (73 can be

transformed into a cylindrical co— ordinate system q, r, 0 such that 'q' coincides with the 

space diagonal (ct\ =  (72 =  <13) of the original system, V  and '0' are the radius and

rotational variables respectively on the plane perpendicular to the axis 'q' as shown in 

Figure 4.7. The two systems are related by the following equations:

q =  ( c r \  +  (72 ■+■ (73) I J  3

r = [((71 _  (72)2 +  ((72 “  (73)2 +  ((73 -  (7i)2] 0-5/ J  3 (4.38)

cos 6 =  (a i +  (72 — 2 (73) / (rJ  6 )

and
The variables *q' and 'r' define the hydrostaticTdeviatoric components of stress state

respectively, whereas the variable ' 0 ' defines the direction of the deviatoric component on

the octahedral plane as shown in Figure 4.7 and varies from:

0 =  0 ° for c i = (72 >  (73

0 =  60° for (7i  >  (72 =  (73

The hydrostatic and deviatoric components can also be expressed in terms of the normal 

(°oct) an£* shear (r oct) octahedral stresses which are defined as follows:

(71 "+■ (72 -*■ 03
°bct = ---------------------  = q/y 3 (4.39)

3

Toct =  l/[3 7  (o-j- ^ ) 2 +  {°2~ a3)2 +  (a3~ °T)2] =  X,J 3 

Similarly, the normal ( eoct) and shear (Yoct) octahedral strains are defined as follows:

ci + e2 + e3
eoct = ------------------

3

4.40

'oct — [ ( e i _  62) 2 ■+■ ( ( 2 — e3) 2 ( t 3~  el ^ 2 ] ° ’ 5  ̂ 3
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<T.

(a)

d e v ia t o r i c

plane

(*)

Figure (4 .7 ) : Cylindrical coordinate system



where q ,  e2> e3 are the principal strains.

The m athem atical formulae reported here for the deform ational and strength 

properties are applicable to a range of concretes with uniaxial cylinder compressive 

strength (f^) varying from  about 15 to 65 N/mrn^.

For the deform ational properties, use has been m ade of the secant bulk (Ks) and 

secant shear (G s) m oduli expressed as follows:

Gs =

°o c t 

3 eoct
(4.41)

Toct

2  Toct

ft
4.4.2.2 D eform ational P roperties

The deform ational behaviour of concrete under increasing stress can be completely

described^®) by the relationships between:

(a)— hydrostatic stress ,(roct, and volumetric strain , e0 h,

(b)— deviatoric stress , r o c t, and deviatoric strain , 7 oct,

(c)— deviatoric stress , r o c t, and volumetric strain ,e ocj, (under deviatoric stress)

(Note that for m etals, eocj is not affected by r o c t but this may not be so for other

materials)

^oct ~  eoh anc* Toct — Toct relationships can be described by the mechanical 

properties of the modeK^O) as follows:

4 s-  -   1______________  Tor < 2 . 0
K0  b - i  r c

1 +  a  ( 2 a c l )

C ( 4 . 4 2 )

f o r  2 ^  ^ 2 . 0
*  t

1 + 2 ^ b _ 1   ̂b A -2b ( b - l ) A  ( ^ f 1 )* r

.   1_________ ( 4 . 4 3 )
V i .  — — — — — —  -

d -1
1 + C ( ^ £ i )

I  r*



where K0  and G 0  (in KN/mm2) are the initial values of the moduli Ks and G s, and A, 

b C. d are param eters which depend on the m aterial properties such that 

K0  = 1 1 .0  + 0 .0 0 3 2  f<L2

G0  = 9 .2 2 4  + 0 .1 3 6  f<L + 3 .2 9 6  x 1 0 " 1 5  ( 8 .2 7 3 )

A = 0 . 5 1 6  f o r  f '  ^ 3 1 . 7  N/mm2  , o r

0 .5 1 6
f o r  f4  > 3 1 .7  N/mm2

1 .0  + 0 .0 0 2 7 ( f ^  -  3 1 .7 ) 2 - 397 

b = 2 .0  + 1 .8 1  x lO " 8  f^  ( 4 -4 8 l )

( 4 . 4 4 )
C = 3 . 5 7 3  f o r  f l  ^ 3 1 . 7  N/mm2  , o r

3 .5 7 3
f o r  f l  > 3 1 .7  N/mm2

1 .0  + 0 .0 1 3 4  ( f 'c  - 3 1 . 7 ) 1 -414 

d = 2 .1 2  + 0 .0 1 8 3  f^  f o r  f ^  > 3 1 . 7  N/mm2

= 2 .7  f o r  f ^  ^ 3 1 . 7  N/mm2

In order to evaluate the effect of internal stresses on deform ation, use is made of

(the artificial concept that the volumetric strain ( eocj) under deviatoric stress is due to the 

hydrostatic com ponent of such stresses so that

°m t =  8  eocj 4.45

tile 7oct ~  ^od relationship was e x p re s s e d ^ )  in a non—dim ensionalised form as follows:

a \ n t / ^ c  “  M ( r o c t  /  f ' ) d l

whe re M -

1 + d 2 ( ^ o c t  /  ^ c ) d3

( 4 . 4 6 )

( 4 . 4 7 )

and k 4 . 0

1 . 0  + 1 . 0 8 7  ( f ^  - 1 5 . 0 ) 0 • 22 

d l = 1 - 0  f o r  f ^  ^ 3 1 . 7  N/mm2  , o r

« 0 . 3 1 2 4  + 0 . 0 2 1 7  f^  f o r  f^  > 3 1 . 7  N/mm2

( 4 . 4 7 )
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d 2  = 0 . 2 2 2  + 0 .0 1 0 8 6  f ' -  0 . 0 0 0 1 2 2 f ' 2  /ox
c c ( 4 . 4 8 )

d 3  = -  2 .4 1 5  f o r  f^  ^ 3 1 .7  N/mm2  , o r

= -  3 .5 3 0 8  + 0 .0 3 5 2  f^, f o r  f^  > 3 1 . 7  N/mm2

The hydrostatic com ponent ( q nt) is equivalent to th ree principal stresses, o \  =

= (j^ =  <jin t , and its effect on deform ation will be the deform ational response of the 

model under these principal stresses.

Equations 4.42 and 4.43 when used with equation 4.41, the total octahedral normal 

strain will be

eoct =  eoh eod 4 - 4 9

4.4.2.3 Strength P ro p erties  of C oncrete

The strength of concrete under multiaxial stresses is a function of the state of stress 

consisting of six com ponents. Based on an analysis of strength data, Kotsovos^71) derived 

mathematical expressions to describe the strength properties of concrete under biaxial or 

triaxial stress states which can be presented as follows:

.
■ ;oe 1S the value of r oct at the ultim ate strength level for 6 =  0  degree;

I "  Toc is the value of r oct at the ultim ate strength level for 6 =  60 degree;

lhe value of r 0f a t the ultim ate strength level for any values 6 such that 

 ̂ ^   ̂ <  60 degrees, may be given by the following expression:

^   ̂ 27o c ( Toc~ To e ) c o s g ~t~To c ( 2To e ~ To c)  t4 ( Toc 7o e ) cos  e+^Toe oc _° e |  ^

I M ^ o c  -  7 o e )  c o s 2 0 +  ( r oc  -  2 r o e ) 2

[ L



This expression describes in the deviatoric plane a smooth convex curve with tangents 

perpendicular to the directions of To e and r oc at 0 =  0 and 0 =  60 degrees respectively

(see Figure 4.8). If isotropic m aterial behaviour is assumed, equation 4.50 may be used to

define a six—fold symmetric ultim ate strength surface, provided the variations of r oe and 

Tqc with croct are established.

Figure 4.9 shows the norm alized com binations of octahedral stresses (with respect to 

the uniaxial cylinder compressive strength (f^.)) at the ultim ate strength level obtained from 

triaxial tests(7*). T he envelopes in this Figure are considered to describe adequately the 

strength of most concretes likely to be encountered in p r a c t ic e d ) ,  a  mathematical

description of the above strength envelopes was o b ta in e d ^ )  as follows:

r o c ff'c  =  0.944 [(<r0/ f y  +  0.05]0 .7  24

7 o e / f £  =  0.633 [ ( < y f y  +  0 . 0 5 ]  0-85 7  4.51

Equation 4.51 represents two open ended convex envelopes whose slope tends to

become equal to th a t of the space diagonal as n oct tends to infinity. These expressions

together with equation 4.SO are used in this work to define an ultim ate strength surface 

which conforms with the generally a c c e p te d ^ )  shape requirem ents such as six— fold

symmetry, convexity with respect to the space diagonal, and open ended shape which 

tends to become cylindrical as c 0  tends to infinity.

r '^ -3  Failure C riteria o f C oncrete 

|4.4.3.1 Introduction

Criteria such as yielding, initiation of cracking, load carrying capacity and extent of 

formation are generally used to  define failure. But failure is defined in this study as the 

mate load—carrying capacity of a test specim en. In general, concrete failures can be 

e into two types: tensile type and compressive type. Tensile and compressive type of
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failures are generally characterised by brittleness and ductility, respectively. With respect to 

the present definition of failure, tensile type of failure is defined by the formation of 

major cracks and the loss of the tensile strength norm al to the crack direction. In the 

case of com pression type of failure many small cracks develop and the concrete elem ent 

loses its strength com pletely.

4 .4 .3 . 2  C oncrete Com pressive Failure C riteria

In this work, it is assumed that concrete suffers a crushing type of failure if:

(a )- the failure surface presented in section 4.4.2.3 is violated, or

(b )- the m aximum principal compressive strain is greater than a specified value (which is

taken as 0.0035 according to BS8110)

Condition (a) holds for isotropic (uncracked) concrete m aterial, and it is found that 

condition (b) will never be satisfied prior to condition (a) as long as the m aterial is

isotropic. But when a crack exists, condition (a) is not applicable thus only condition (b)

is valid.

After crushing, the curren t stresses drop sharply to zero and the concrete is assumed 

j to lose its resistance com pletely to further deform ation. T herefore the rigidity matrix [ D ] 

will be zero.

p-4.3.3 C oncrete T ensile Failure C riteria

In this study, it is assumed that concrete will suffer a cracking type of failure if:

(a)~ the failure surface presented in section 4.4.2.3 is violated, or

|b) the maximum tensile principal stress exceeds a specified value. A value equals f^2  is 

Pproximately the value on the failure surface for uniaxial tensile stress state (f t is ultimate 

tensile strength of concrete).

Condition (a) holds for isotropic (uncracked) concrete m aterial. U nder multiaxial

Stress
state, condition (b) will never be satisfied prior to condition (a) as long as the



material is uncracked. W hen at least one crack exists at any point due to condition (a), 

only condition (b) is applicable to check against a second or a third crack.

Once a crack has form ed, the tensile stress across the crack drops sharply to zero

and the resistance o f the m aterial against further deform ation norm al to the crack 

direction is reduced to  zero. However, m aterial parallel to the crack is assumed to carry 

stress according to the uniaxial or biaxial conditions prevailing parallel to the crack. 

F urther details of cracks handling will be discussed later in this chapter.

4.4.4 M odelling of C oncrete  Cracking

4.4.4.1 Introduction

Cracking of concrete is a m ajor factor contributing to nonlinear behaviour of

reinforced concrete structures. Early studies on modelling of reinforced concrete nonlinear 

behaviour resulted in two m ethods of representing the cracking of concrete. The first 

approach , term ed discrete crack r e p r e s e n t a t i o n ^ ) ,  uses a predefined discrete crack 

[system. The m ajor disadvantage of this m ethod .however,is that the topology of the

structure has to be continuously altered as cracking progresses and previous knowledge of 

the crack pattern  m ight be necessary. T here is also a lack of generality in the possible 

crack directions as these are dictated by elem ent boundaries ra ther than the resulting 

principal stresses or strains.

The second approach, known as the sm eared crack m o d eK ^ ), assumes that the 

cracked concrete rem ains a continuum . This implies that an infinite num ber of parallel 

racks occur at a specific point if a certain cracking criterion is satisfied. By using the

eared cracking approach  the problem  of changing the topology of the structure with 

■rack nmpropagation is overcom e. M oreover the initiation, orientation and propagation of

at the sampling points are independent of the mesh adopted. Figure 4.10 illustrates 

T lh backing models as applied to the two dim ensional analysis.



The selection of which cracking m odel to use depends largely upon the purpose of 

the finite elem ent study undertaken and the nature of the output desired(24) Generally, if 

the overall load— displacem ent behaviour, without regarding to local stresses and realistic 

crack patterns is desired, the sm eared crack representation is probably the best choice. If, 

on the o ther hand, detailed local behaviour is of prim e im portance, adoption of the 

discrete cracking m odel is useful. The elem ent type, size and grid pattern  have significant 

effects on both the models. T he sm eared crack approach is the most commonly used 

because it is easy to  im plem ent. Further details on this aspect can be found in References 

(63,69).

In this study, the overall structural behaviour is of particular importance. 

Furthermore, the efficient 20—noded isoparam etric brick elem ent is used to represent 

concrete with em bedded bars to  simulate the reinforcing steel at its exact locations in the 

structure. T herefore, the  sm eared crack simulation is adopted.

4.4.4.2 Sm eared C racking M odel

The m ain feature of the present cracking m odel may be sum m arized as follows:

a ) -  cracking in one, two and three direction is allowed

b)— cracks are allowed to open or close during the load increm ent

c)~ no tension stiffening but shear reten tion  is allowed.

d)— variable crack direction is perm itted .

In the three dim ensional stress space defined by cr2  and a  3  } cracks might occur

normal to any of the th ree principal stresses (Figure 4.11). It is possible for any point to 

cracked in m ore than  one direction. Up to three cracks at a point are allowed in this 

na'ysis provided that they are orthogonal to one another. O nce a crack occurs, its 

rection in the cartesian xyz space is fixed and retained as such in all subsequent loading, 

this method , m atrix  [ D ]  is modified such that the modulus of elasticity 'E ' of the 

Cfete *s reduced to zero in the direction norm al to the crack. F urther, a reduced shear 

u Ûs 'G ' is assum ed on the cracked plane to account for aggregate interlocking.
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Because of the fact that shear stress is allowed to act a t the cracked surfaces, this 

procedure allows tensile stress to build up on surface o ther than the crack direction.

Because of the fact th a t shear stress is allowed on the cracked planes, for later

stages of loading, the principal stress direction changes from  the previous one. Gupta and 

Akbar(33) reported  in the analysis of reinforced concrete, that the direction of initial and 

final cracks do not coincide. In this analysis, instead of fixing the direction of the first 

crack once it develops , the crack direction is m onitored for every iteration in every

increment. If the crack rotates by m ore than ± 10% from  its previous direction, that 

direction is changed and the new correct direction is fixed, until the direction again

changes by ± 1 0 % in further iterations.

In order to im prove the realism of the present cracking model, the possibility of
I
I  crack closing is considered. This behaviour may take place due to the redistribution of

stresses during an iteration  or upon further loading. In the present work, the possibility of 

| cracking of any sam pling point is re— exam ined within each iteration until the numerical

solution converges within the permissible limits of convergence. After convergence, the 

direction of any cracking is fixed. The fictitious principal strain norm al to the crack

^direction is m onitored to assess the state of the cracks in the cracked concrete. If this

train h&s a negative value, then the crack is assumed to close and the modulus of
I
elasticity normal to the crack is restored back to initial value 'E \

^  Algidity M atrix  fo r C rack Analysis

ft has been reported  earlier in this work that the triaxial rigidity matrix for
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° 2 ( a )  C ra ck  i n  d i r e c t i o n  1

cy crack .in c .  i¥
(o n ly  normal s t r e s s  
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(b) Crack in d ir e c t io n  2

(c )  crack in d ir e c t io n  3

Figure (4.11) : Types o f  cracks in concrete



uncracked isotropic concrete is
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In principal stress space,and with reference to the adopted cracking criterion, if the 

concrete is cracked in direction 1 (Figure 4.11a) the rigidity matrix will be:

0  0 0 0 0 0

d 2 2 d 23 0 0 0

d 33 0 0 0

0 C 0 0

Symmet ry
d 55 0

0  G

corresponding values in the [ D ] m atrix and (3

( 4 . 5 3 )

fact
or’ 0 < @ ^  1 . Shear retention factor will be dealt with in section 4.4.5. 'G ' is the

shear
modulus of the m aterial, its value will be the value obtained from  the constitutive

laws Prior to cracking.

ft the concrete is cracked in direction 2 (Figure 4.11b), the rigidity m atrix will be

L
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[ Dc 1 2

D ll

Sym m etry

d 13 0 0 0

0 0 0 0

d 33 0 0 0

p c 0 0

PC 0

d 6 6

( 4 . 5 4 )

and ifif it is said to  be cracked in direction 3 (Figure 4.11c) the rigidity m atrix will be

I Dc ] 3

D n  Di 2 0 0 0 0

d 2 2
0 0 0 0

0 0 0 0

Symmet ry
d44 0 0

PC 0

PC

( 4 . 5 5 )

Depending on the stress situation, cracks m ay occur in m ore than  one direction at 

single Gauss point. In th is case com binations between [ D c ] j ,  [ D c ] 2  ancl [ ^ c B  m S' 

necessary as follows:

[ Dc 31 , 2

0  0  

0

Sym m etry

then D m atrix is given by

0 0 0 0

0 0 0 0

d 33 0 0 0

PC 0 0

p c 0

PC

( 4 . 5 6 )



b) If crack occurred in direction 2 and 3, then D matrix is given by

Dc ] 2 , 3 =

I Dc 1 3 , 1  =

Dn  0 0 0 0 0

0 0 0 0 0

0 0 0 0

Symmet ry
f i c 0 0

0 C 0

(3G

in direction 3 and 1 , then D matrix is given

0  0 0 0 0 0

d 2 2 0 0 0 0

0 0 0 0

Symmet ry
0 C 0 0

(3G 0

(3G

occurred in all three principal directions it

( 4 . 5 7 )

( 4 . 5 8 )

cracked point is incapable of resisting any stress. T herefore,

[ D c 1 , 2 , 3  =  [ ° ] 4.59

Spending on the num ber of cracks which occur at a Gauss point a t a particular level of 

fading, the appropriate rigidity m atrix will be evaluated at that Gauss point and for 

SlmPlifying the discussion it will be m erely term ed hereafter as [ D c ] and used in the 

Valuation of the stiffness m atrix.

The rigidity m atrix [ D c ] is defined with respect to the directions of principal 

eSSes at Gauss point under consideration. To enable its use in global x, y, z space, 

Process of transform ation must follow using the procedure described in Reference (34) as



follows:

[ Dc Ix .y .z =  I T f ]T [ D c ] [ T f ] (4.60)

where [T e] is the transform ation m atrix for strain tensor which takes the following 

form:

« 1 2 m i2 nl 2 * im i m in i ni « i

C
M

C
M m2  ̂ r>2̂ ^2m2 m2n2 n2^2

* 3 2 m3 2 n32 * 3 m3 m3n 3 n3*3

2 2m3m2 2n2n2 (^ 1m2+^2ml ) (m in2+m 2ni) ( n 1^2+n2 ^ l)

2^1^3 2m2m3 2n2n 3 (£ 2m3+Ĵ 3m2 ) (m2n3+m3n 2 ) ( n 2 ^3+n3£ 2 )

2 £ 3£ i 2m3m2 2n3n l (•C3m2+^2m3) (m3n i+ m in 3 ) ( n 3 ^ i + n i ^ 3 )

where m j , n ^ , are the direction cosines of the first principal stress, ^  m 2 « n 2  are 

those for the second principal stress, and £3 , m 3 , 0 3  are for the third principal stress.

The three principal directions are orthogonal to each o ther. This may be assured by 

satisfying the following set of equation^® );

+ mi m2 + n l n2 = ®

*2*3 + m2m3 + n2n3 = 0 ( 4 . 6 2 )

*3*1 + m3ml + n 3n i  = 0

The three principal directions at a point can vary during loading before cracking is 

'mtiated, but they are fixed if at least two cracks exist at the point. O ne crack fixes only 

0ne P ^ c ip a l direction but constrains the o ther two to be perpendicular to the crack.

The process described earlier in section 4.2.7 for the calculation of the principal 

lresses in three dim ensional analysis applies to the case when the direction of one or 

0re principal stress is not constrained. Once a crack occurs due to principal stress , say 

1 this stress will be set to zero and the crack plane m ust be perpendicular to the 

ection of this principal stress. In subsequent load cycles, the direction of crack will be



fixed and a two— dimensional analysis on the crack plane will be followed to evaluate the 

values and directions of the other two principal stresses. Section 4 .5 .6  explains the 

procedure followed for this purpose.

If the m aterial cracks in two directions, all the principal directions will be fixed , 

and values of the 'offending' principal stresses will be set to zero.

4 .4 . 5  M odelling o f Shear T ransfer Across Cracks

After cracking of concrete two main m echanism  develop through which shear is 

transferred from the  weak cracked section to the surrounding sound concrete, namely:

a ) -  aggregate interlocking on the two adjacent surfaces,

b)— dowel action of any reinforcing bars crossing these cracks.

The two m echanism  are interrelated and several factors govern their relative contribution 

towards the total shear transferred. The main known factors are (1)—crack spacing, 

(2)- presence of reinforcem ent crossing the cracks, (3)— bar size, (4)— total num ber of bars 

crossing, (5)— bar orientation relative to the crack direction, (6 )— aggregate size and 

roughness, (7)— concrete strength, (8 )— crack width and (9)— m ode of failure.

The mechanisms of shear transfer have been investigated experim entally and several 

analytical expressions have been suggested. In the finite elem ent m odelling, however, these 

expressions cannot be used directly. In the sm eared cracking approach the shear transfer is 

modelled through the s o -c a l le d  'shear retention fa c to r ',(3 , which varies between 1 and 0  

and is defined as :

(3 =  G '/G  4.63

^here G ' is the reduced shear modulus for cracked concrete and G is the shear modulus 

0r the uncracked concrete. M any in v e s tig a to rs^  ,63,35) have used a constant value for ,/3, 

value of which was norm ally determ ined by trying several reduction factors and finally 

lo sing  the value that gave predictions closes to the experim ental results of the problem



in question. Others(36,37) useci a gradually decreasing value for 0, following either linear 

or nonlinear curves. For example, Al— M a h a d i ( 3 6 )  proposed the following equations for 

tw o-dim ensional analysis:

(3 = 1  for q  <  *to ( f° r uncracked concrete)

(3 =  0.4 et0 / e m for q  > cto 4.64

where: e \ is the m aximum principal tensile strain ,

eto is the  cracking tensile strain which was taken as 0 .0 0 0 2 , 

em is th e  average of the th ree  principal strains a t a cracked point.

In both cases it seems that the shear retention factor has been used more as a numerical 

device to obtain good results to match experim ental data than  as a real physical 

phenomenon. This seems inevitable because of the following reasons:

1)- The actual contribution of the shear transfer mechanisms , i .e .,  aggregate interlocking 

and dowel action is not precisely known yet.

2)- More experim ental data and also a unification of the existing data is needed.

3)- Even if all that is done ,the treatm ent of shear transfer with all its com ponents is 

still uncertain to  produce a single finite elem ent m odel to suit all stress states at one 

stroke.

4)~ Because of the variation of the reinforced concrete behaviour under different loading 

conditions, the shear transfer is interrelated to o ther aspects of reinforced concrete 

behaviour such as tension stiffening and bond— slip behaviour.

In nonlinear finite elem ent analysis, num erical factors such as convergence tolerance, 

maximum num ber of ite ra tio n s, num ber of increm ents, e tc ., also affect results obtained 

us'ng whatever shear retention model is u s e d ^ ^ -

In the present work, irrespective of the num ber of cracks at the single Gauss point 

c°nstant shear retention factor of 0.30 is used for all the cracks a t that point.



4.5 e l u t i o n  o f  Nonlinear Problems

4 .5 . 1  Introduction

A nonlinear structural problem  must obey the basic laws of continuum mechanics. 

Equilibrium, com patibility and boundary conditions are autom atically satisfied in the 

displacement finite elem ent technique. Com mon nodes and appropriate interpolation 

functions ensure continuity and com patibility of displacem ents along elem ent boundaries, and 

polynominal shape functions ensure continuity and single valued displacements internally. 

Therefore it becomes necessary only to enforce that nonlinear constitutive relations are 

correctly satisfied whilst a t the same time preserving the equilibrium of the structure.

There can be several causes of nonlinear behaviour in the structure, which can be 

divided into th ree  categories:

a) M aterial nonlinearity

b) G eom etric nonlinearity

c) Mixed m aterial and geometric nonlinearity

Stress— strain relations are the m ajor source of nonlinearity. These can vary from 

short— term nonlinear relationships between stress and strain such as plasticity, cracking, 

nonlinear elasticity, etc. to tim e dependent effects such as creep and shrinkage.

Only nonlinearity caused by short— term  nonlinear behaviour of concrete and steel is 

considered in this study. A nonlinear solution is obtained by solving a series of linear 

problem such th a t the appropriate nonlinear conditions are satisfied at any stage to a 

specified degree of accuracy. This technique is required because contrary to linear 

epuations there is no general m ethod which uniquely solves nonlinear equations. In fact it 

ls usually impossible to obtain explicit form of these equations in the first place. One way 

achieving this goal is to ensure that at any loading stage, the solution results in stresses 

COnsistent which the displacem ent field and satisfying the given constitutive equations, 

hese stresses will be statically equivalent to the set of internal nodal forces which should



be in equilibrium  with the externally applied loads. In general, these equivalent nodal 

forces are not equal to the applied forces and the difference between the external and 

internal forces are  term ed "residual forces". These residuals must removed by repeatedly 

applying them  on the structure until an acceptable tolerance on the remaining residual 

forces is achieved.

4.5.2 Num erical T echniques for N onlinear Analysis

T he solution of nonlinear problems by the finite elem ent method are usually 

attempted by one of the following basic techniques:

a) Increm ental m ethod

b) Iterative m ethod

c) Increm ental— Iterative (mixed procedure)

where the nonlinearity  occurs in the stiffness m atrix [ K ]  which, in the case of 

short- term  behaviour of reinforced concrete, is a function of nonlinear material 

properties.

The general m ethod of each procedure is similar. For cases where only the material 

behaviour is nonlinear, the relationship between stress and strain is assumed to be as

follows:

f(<r, e) =  0 4.66

The element stiffness m atrix is a function of the m aterial properties and can be written as: 

[ K ]  =  K(cr, e) 4.47

Th
e external nodal forces [ R ] are related to the nodal displacem ent [ 5 ] through the 

"lernent stiffness and can be expressed by:

[ R ]  =  [ K ][ 6  ] 4.68



which on inversion becomes:

[ 5 ]  =  [ K J - 1  [ R ]  4.69

or [ s ]  = [K (< r ,e )] -1  [ R ]  4.70

This derivation illustrates the basic nonlinear relationship between [ 6  ] and [ R ] , due to 

the influence of the m aterial laws on [ K ].

Equation 4.70 is solved by successive linear approxim ations, the three methods 

mentioned above are now briefly discussed. F urther details are given in References (36,57).

4.5.2.1 Increm ental M ethod

The basis of the increm ental m ethod is the subdivision of the total applied load 

vector into sm aller increm ents, which do not usually need to be equal. D uring each load 

increment, equation 4.69 is assumed to be linear ,i.e ., a fixed value of [ K ]  is assumed 

using m aterial data existing at the end of the previous increm ent. Nodal displacement can 

be obtained from  each increm ent and these are added to the previous accumulated 

displacement. T he process is repeated until the total load is reached. No account is taken 

of the force redistribution during the application of the increm ental load ( i.e ., no iteration 

processes exist to restore equilibrium).

*•5.2.2 Iterative M ethod

In this m ethod, the full load is applied in one increm ent. Stresses are evaluated at 

that load according to the m aterial law. T hen the equivalent nodal force are computed 

These may not be in equilibrium with the externally applied loads. The unbalanced nodal 

forces [ F u ] ,i.e ., the difference between the external and internal forces, is calculated. 

These unbalanced forces are then used to com pute an additional increm ent of

'sPlacement, and hence new stresses, which give a new set of equivalent nodal forces.

Thi
ls process is repeated until equilibrium is approxim ated to some acceptable degree.



When this stage is reached the total displacement is taken as the sum of the accumulated 

displacements from  each iteration.

4  5 .2.3 M ixed M ethod (Increm ental—Iterative')

The m ixed m ethod utilizes a com bination of the increm ental and iterative schemes. 

In this case the load is applied in increm ents but after each increm ent successive iterations 

are perform ed until equilibrium is achieved to the acceptable level of accuracy. Because 

the mixed m ethod combines the advantage of both the increm ental and iterative procedures 

and tends to m inim ize the disadvantages of each, the m ethod is widely used. The 

additional com putational effort is justified by the fact that the iterative part of the 

procedure perm its one to assess the quality of the approxim ate equilibrium at each stage. 

Further discussions on the m erits and dem erits of each technique can be found in 

Reference (34,57).

4.5.2.4 M ethod U sed in This W ork

A modified version of mixed procedure is used in the present work. T he modified 

'Newton— R aphson ' approach is used to evaluate the stiffnesses. The stiffnesses are 

evaluated using a secant rigidity m atrix and it was found that varying the stiffness at the 

second iteration in each increm ent results in the 'cheapest' solution. For the calculation of 

the unbalanced nodal forces, a modification of the initial stress m ethod is used, term ed 

the method of 'residual forces'(35,38) basic technique is that, at any stage, a load

system equivalent to the total stress level is evaluated and checked against the applied 

fading system. T he difference between the two will result in a set of residuals that are a 

moasure of lack of equilibrium. These residuals are then applied to the structure to restore 

epuilibrium. T he process is then continued to dissipate the out— of— balance forces (or the 

residuals) to a sufficiently small value. Thus for equilibrium it is required that:



[Fu] =  Jv  [B]T [<r]dv -  [R] =  0  (4.71)

where [ cr ] are the actual stresses depending on the constitutive law being used, [ R ]  is 

external load vector, [ F u ] is the residual forces.

4 5  3  Convergence C riterion

In this study, the convergence process is based on a force convergence criterion 

because it is a d irect m easure of equilibrium between the internal and external forces. The 

convergence is m onitored using the following expression:

where: N is the total num ber of nodal points in the system,

r is the iteration num ber,

Fui is the residual force at node i, and 

R is the total external applied load at node i.

^ • 4  Analysis T erm ination  C riterion

The program m e m ust have some m eans of detecting the collapse of the structure.

Tk
ne failure of the structure takes place when no further loading can be sustained. An

dllowable maximum deflection can be used as a criterion to stop the analysis at failure.

An empirical expression can be used to detect maximum deflection, but obviously this

eec*s great care and no one expression can fit all situations.

The m aximum iterations can be used for this purpose. When a specified num ber of

aiions has been perform ed without achieving convergence, the structure is deemed to

have f a j i - j
le<a and the failure load can then be estim ated. It must be m entioned here that

2
0 .5

N 2

x 1 0 0  ^  Toler( 1 0 % ) 
0 .5

(4.72)

i= l
I  ( R j)



this criterion is not always sufficient to indicate the failure of the structure but it can be 

satisfied when severe discontinuity due to extensive cracking occurs or in the event of 

large displacem ent. It m ay also occur when large load increm ents are used or very tight 

convergence tolerances are  specified. However, if realistic maxim um  num ber of iterations is

used and the solution does not converge then this can be realistic indication of failure.

4 .5.5 The Frontal Solution Technique

In the nonlinear stress analysis using finite elem ents, using elem ents with large 

number of degrees of freedom  improves accuracy. However, this inevitably results in a 

large set of sim ultaneous equations to be solved repeatedly, thus creating high dem and for 

computer storage. In this work, a version of the frontal solution modified by Hinton and 

Owen(53), is used. T he m ain feature of the frontal solution technique is that, it assembles 

the equations and elim inates the variables at the same tim e. This means that the total 

stiffness m atrix of the structure is never form ed as such, since the reduced equations 

corresponding to the elim inated variables are stored in core in a tem porary  array  called a 

buffer area(38). soon as thjs a rray is fuii^ the inform ation is then  transferred to disc. 

This process results in a considerable efficiency in the way core storage is handled.

4-5.6 C om putational Procedure

Consider the analysis at a particular iteration i, the displacem ents are calculated 

according to equation 4.70 using the appropriate rigidity m atrix [ D ] x>y,z-

(1) For every stress sampling point, evaluate the increm ental values of strains [Ae j ]  and

stresses [ Acrj ] using the appropriate rigidity m atrix [D]x,y , z -

(2) Check w hether the sampling point under consideration has suffered from a compressive 

rushing situation in any o f the previous load cycle, if so step (8 ) will be executed.



(3) Check w hether this sampling point has suffered from  a tensile cracking situation in any 

of the previous load cycles, if so step (7) will be executed.

(4 ) Using the s tre ss- strain relationships describing the concrete m aterial law, evaluate the 

total actual stresses in concrete [ C[ ] which correspond to the calculated total strains.

[ e i ] = [ ^ i - i  ] + [ Aej  ]

[ * { ] - [  < M - l  ] +  [ D x , y , z  1 [ ]

(5) Check for concrete compressive failure criteria violation. If violated, all the stress

components at this Gauss point will be set to zero in this iteration and in all the

subsequent load cycles: [ o j ]  =  0. The com ponents of the rigidity matrix will also be set

to zero for stiffness calculations in all the subsequent load cycles.

[ D k .y .z  =  0.0

(6 ) Check for concrete tensile failure criteria. If violated a crack will occur, thus a new 

rigidity matrix will be form ulated according to the num ber and directions of the 

cracks.

(7) If a crack previously occured in one direction it is necessary to check for further

cracking as follows:

For the previous load cycle, the principal stresses o j ,  0 2 , ^ 3  had the direction 

cosines (4 ^  m i  ̂ ^  ^  and ^  respectively. These directions are

med here as x ',  y ',  z ' as shown in Figure 4.12.

lb)- t
n the present load cycle, these direction cosines which were obtained from the 

Us load cycle were used in stiffness calculation to evaluate the new stress vector [ a  ]
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with regard to the appropriate rigidity m atrix [ D c ].

c)_  Now for principal stress calculation in cracked m aterial, the new stress vector [ a ]  

w ill be transform ed from  x, y, z space to [o ’1] in x \  y \  z ' space by:

[ * • ] =  [ T < r ] M 4.73

where [ T ^ ]  is the transform ation matrix for stress vector (34) which takes the following 

form :

e i 2 mi 2 n l 2 « im i ml n l n l ^ l

n 2 2 m2 2 1 1 3  2 Q. 2 m 2 m2 r» 2 n 2 ^ 2

^ 3 2 m3 2 n 3 2 ^ 3 m3 0 1 3 1 1 3 n 3^3

[TffJ -
^ 1 ^ 2 m^m2 n l n 2 (£  2 m2 + ^ 2 ml ) (m2 n 2 +m2 n l ) ( n ^ ^ 2 +n 2 ^ l )

« 1 « 3 m2m3 n 2 n 3 (^ 2 m3+^ 3 m2^ ( 1 1 1 2 1 1 3 + 0 1 3 0 2 ) ( 0 2 ^ 3 +0 3 ^ 2 )

m3ml n 3n l (£ 3 1 1 1 2+ ^ ^ 1113) ( 0 1 3 0 1 + 1 0 3 0 3 ) ( n 3^1+n 1^3)

new transform ed stress tensor,will be (see figure 4.11 )

W ']  = [ tr'x a ’y  a ' z 7 xy 7
' T * lT  yz 7  zx 1

(4.75)

and if for instance a crack is caused by <r\, the value of cr 'x will be set to zero { f f \  -  

17 x). and to evaluate the new values of cr'2 , and a ' 3  we are dealing with a two 

dimensional problem  of which the active stress com ponents are a 'y , a ' z  and r 'y Z, thus

a ' 2  . <r' 3  =

tan 2q =

(Jy +  CTZ

2

2ryz

+ ( 7  yZ > 2 ( 4 . 7 6 )

( 4 . 77)



153

*  J

Figure (4.12) : P r i n c i p a l  s t r e s s e s  i n  g l o b a l  a x e s

3

y ’

Figure (4.13) . The a n g l e  o f  the new p r i n c i p a l  s t r e s s  d i r e c t i o n
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where a  is the angle by which the directions of a ' 2 , v ' 3  deviated from y ', z ' axes in the 

event of the crack caused by a \  (Figure 4.13).

d )-  Having got the angle a ,  and knowing the direction cosines of x \  y ', z ' axes with 

respect to the global x, y, z space , we need to calculate the direction cosines of a '2 , 

0 - '3  which are ( £ '2 , m '2 > n ' 2)  and ( £ '3 , m ^ ,  n ^ ) ,  such that their plane remains 

perpendicular to the already fixed direction of a \  which caused the crack in our example. 

This can be done as follows:

if [<r*] =  [A][ct] 

and [a"]  =  [C][o-']

then [a"] =  [C][ A][cr] 

where [ A ]  and [ C ]  are the appropriate transform ation matrices. The product [ C ] [ A ]  

will contain all the required direction cosines of the new principal stresses contained in

[<T"].

e )- These nine values of direction cosines will be the ones to be used in the next load 

cycle for stiffness and new stress vector calculation, and values of the principal stresses 

a '2 > V '3 will be used to check against the cracking criterion because crj was set to zero 

(in this exam ple). If the cracking criterion is violated further cracks will occur and the 

aPpropriate rigidity m atrix  [ D c ] m ust be used.

(8 ) Evaluate the equivalent nodal forces contributed by concrete elem ent

f^ilconc. = Jv [®]^[°’i](̂ v

9) Add the equivalent nodal forces contributed by concrete elem ent to those contributed
I

y steel reinforcem ent to get the total equivalent nodal forces of the e lem en t,[P j]

t^i) — tailcone. [^ikteel 

) Check the convergence.



C H A PTER  FIVE

EX PERIM ENTAL SETU P, M ATERIALS AND INSTRUMENTATION

5.1 In troduction

This chapter describes in detail the experim ental set up which has been 

designed and constructed to study the strength and behaviour of a series of 

unbonded prestressed concrete flat slab at edge column junction under the 

m onotonic and reversed cyclic loading. T he experim ental work is divided into two 

test series as follows:

a)— M ain test series which consists of six m odels, MSI to MS6 .

b)— Reversed cyclic loading series which consists of two models,

RCS7 and RCS8 .

The detailed description o f these m odels and their behaviour will be described in 

Chapters six and seven. In this chapter the m aterials used for the construction of 

the models and their properties are described. The instruments employed for 

m easurem ents of the strains and deflections during the test, as well as the test 

procedure, are also explained.

5.2 M ateria l Used

5.2.1 C oncrete

T he concrete mix consisted of rapid hardening portland cem ent and 1 0 mm 

uncrushed aggregate. A mix proportion of 1 : 1 . 6  : 2.0 was used for an average



cube strength of 45 N/m m ^ at 7 days. After having mixed these materials for

about two m inutes in a dry state, water was added such that the water cement 

ratio was 0.45. Six 100 m m  cube and four 150mm x 300mm cylinders were cast 

with each specim en. The cubes were used to determ ine the cube strength, two

cylinders for the split tensile strength and rem aining cylinders to determine the

Young's modulus and the compressive strength of the cylinder. For each model

about 550 Kg concrete in 7 or 8  batches was used.

5.2.2 Reinforcing Steel

High yield deform ed and hot rolled bars of diam eter 6 , 8  and 10 mm were 

used as reinforcem ent. Random  samples were cut from the batches of steel bars 

for all the d ifferent diam eters and were tested in Tinius Olsen Universal Class A 

testing m achine. Typical stress—strain curves for each diam eter obtained from the 

testing m achine are shown in Figures 5.1 to 5.5. Since the yield point for all the 

bars was not well defined, the yield stress of the bar was taken as the stress at

which a line parallel to the initial slope of the curve from 0 .2 % proof strain

intersects the curve. The yield strain was calculated as shown in Figure 5.1. The 

properties of 'unstressed ' and prestressed steel bars are presented in Table 5.1.

5.3 Preparation of Specimens

5-3.1 Strain Gauging on Steel

T he first step towards specim en preparation was the fabrication of

reinforcem ent and m ounting of the steel strain gauges at selected positions on the 

reinforcing bar. For fixing strain gauges on steel, the bar surface at the required 

location was filed and sm oothened with sand paper. Care was taken not to
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Figure 5.3 : Typical stress—strain relationship for a bar of 

8 mm diameter.
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Figure 5.4 : Typical stress—strain relationship for a bar of
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Figure 5.5 : Typical stress—strain relationship for a prestressing bar
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Table 5.1 : Properties of Steel Reinforcement

Bar Size Yield Strees 

N/mm2

Yield Strain Young's Modulus 

KN/mm2

6 580 0.0029 200.6

8 539 0.0030 180.0

10 520 0.0027 188.9

Properties of Prestressine Bars

5

7

1513

1380

0.0081

0.0072

186.8

191.7



remove a considerable area of steel during this operation. The surface was then 

cleaned with M— prep neutralizer to remove dirt and grease. To cement the strain 

gauge and terminal strip on the bar, M— bond 200 adhesive was used. For gauge 

protection against moisture and mechanical damage during casting and testing, 

protective coating white M— coat D and epoxy resin were applied on the gauges 

and terminals. A final resistance check was carried out by a voltmeter for each 

strain gauge.

5.3.2 Form work and Reinforcing Cage

The formwork of the models was made of 18mm thick coated plywood 

sheet and 50 x 50 mm timber battens were used to reinforce the corners. To

achieve flexibility and reuse of the formwork, slab and column dimensions were 

adjusted on a plywood sheet of 1300 X 1300 mm. All formwork was oiled for

easy removal. First the column reinforcement was properly positioned in the

formwork and then the slab reinforcing cage was placed. The nylon tubes of 12

mm diameter were threaded through the holes prepared in four sides of the

formwork and fixed together to keep them in their positions. Then the tendons

were threaded through the nylon tubes. The tendons in the X—direction (Figure 

5.6) were straight with the maximum eccentricity of 30 mm at the edge 

containing the column as shown in Figure 5.6 section A—A. The eccentricity was 

ensured by position of the holes. Furthermore, these tendons were supported from 

the column and slab reinforcing cages to remain in a straight line. In the

Y—direction the tendons were curved as shown in Figure 5.6 section B—B. These 

tendons were tied up to the tendons which passed through the column head in 

the X—direction. Figure 5.7a shows the formwork and reinforcing cage of the

slab and column. In Figure 5.7b the model is ready to receive concrete.



5 .3 .3  Casting and Curing

Casting was normally done in seven to eight batches of concrete, depending 

on the size of the model. The lower portion of the column was cast first and 

then the slab was cast and finally the upper portion of column was cast. The 

specimen was compacted using 25mm internal poker vibrator. The cubes and 

cylinders mentioned in section 5.2.1 were compacted by means of a vibrating 

table. A 20mm diameter steel rod was used for providing a hole in the column 

used for fixing the column to the floor (Figure 5.10). Similar diameter plastic 

tubes were used to provide holes in the slab for loading purpose (see section 

5.4.3.3). At the end of the day all the tubes and the rod were removed from 

the concrete.

After casting, the model and the control cubes and cylinders were covered 

in wet hessian and cured under damp environment for the first three days. The 

specimen was then removed from the formwork for final curing under laboratory 

conditions until the time of testing. The three cubes and the two cylinders were 

kept in the curing room in water and the remaining were kept with the model.

5.3.4 Demec Gauges and Strain Gauges on Concrete Surface

The specimen was painted white in order to enable clear tracing of cracks. 

Demec gauges were glued to the top concrete surface. On the bottom compressive 

face 30 mm long strain gauges were fixed at marked positions as shown in 

Figure 5.8. For fixing the strain gauges, the concrete surface was firstly cleaned 

and smoothened by grinding, using a grinding stone and then smoothened by fine 

emery paper. Carbon tetrachloride was used to remove the grease and dirt. A  

thin coating of Adhesive and Hardner mixture was applied to the cleaned surface
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Figure 5.7a : Photograph showing reinforcing cage and unbonded

prestressing arrangement.

Figure 5.7b : Photograph showing the bars and tubes for making hole

in the column and slab, model is ready to cast.

I
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Figure 5 .8  : Locations of strain—gauges on the surface concrete.



and the strain gauge was stuck on it by firmly pressing with the thumb for about

two minutes. After a few hours, the wires were soldered to the gauges and

terminals. Protective coating (white M—Coat D) was then applied to the strain

gauges. The specimen was then installed in position as described in the following 

section.

5.4 Experimental Set—u p

The test specimens consist of a rectangular column stub supporting a

horizontal flat slab. The overall shape of the typical model is shown in Figure

5.9. A three dimensional steel rig was used to hold the model in position. The

supporting system and the loading frame used for testing the models under both 

gravity and lateral loads is discussed in the following sections.

5.4.1 Supporting Arrangement

The steel rig was used to support the model against rotation due to

application of lateral load as shown in Figures 5.10 and 5.11a. The model had a 

vertical hole in the column. Through this hole the model was clamped to the

"laboratory floor" using a 12mm diameter prestressing strand. To avoid horizontal 

slipping of column ends, two additional support system were designed to restrain

the top and bottom ends of the column against horizontal movement during the

application of lateral (wind) load as shown in Figures 5.10, Sections A — A  and 

B— B , and 5.11c.

For the cyclic loading series, when the lateral load was applied in an

upward direction, the model started to rotate about the back edge of the column 

'GH1 (see Figure 5.9) and the previous supporting system was found to be



ineffective in resisting the upward rigid body movement of the model. That is, in 

the case of downward loading the shear force is directly transferred to the rigid 

floor by column stub, but in the case of upward loading this shear force is 

transferred to the 'rigid floor' by means of the 'rig' as shown in Figure 5.12.

Because the 'rig' was not strong enough for this kind of loading, it started to

rotate about its bottom end. Therefore, to strengthen the 'rig', another hollow 

section beam was used and the model was held down by that transverse beam

using two 12mm high strength prestressing strands. Figure 5.11b shows the 

supporting arrangement used for the models of cyclic loading series.

5.4.2 Prestressing Arrangement

The experimental models were 1050 x  1000 x 130 mm flat slab with an 

edge column junction as shown in Figure 5.9. The model was prestressed in the 

longitudinal and transverse directions using unbonded tendons. In each model ten 

unbonded tendons were used in the longitudinal direction (X— dir.) and seven 

tendons in transverse direction (Y—dir.). The distance between the tendons was 

100 mm centre to centre for model MSI and 70 mm for the remaining models. 

Before casting the model, nylon tubes of about 1.5 m in length and 12 mm

diameter were threaded through the holes made in formwork at appropriate 

positions. Then the tendons were threaded through the nylon tubes and connected 

together and also to formwork to make a firm network against any movement due 

to vibration of concrete.

5.4.3 Loading Arrangement

5.4.3.1 Prestressing Loads

After the model was fixed by 'rig' and supporting system, and all wires



related to strain-gauges were connected to the data logger , all strains, stresses 

and deflection readings are set to zero. Then both ends of each tendon were 

fixed on the concrete in the following order:

Stressing End: This consists of a plate, a load cell to monitor prestressing in the 

tendon, an additional plate and the grip respectively as shown in Figure 5.13a. 

The load cell used is described in section 5.5.1.

Fixed End: This consists of a plate, a load cell, a ballbearing, a nut- bolt

system, an additional plate and the grip respectively as shown in Figure 5.13a.

All the equipment is put together for each type of end condition so that at 

each side of the model the two types of 'anchorages' alternated as shown in

Figure 5.13b. The prestressing load is applied by turning the nut gradually by

spanner in increments up to the desired level of prestressing before the

application of any gravity or lateral load.

5.4.3.2 Gravity Load

In the first model, the gravity load was applied to each side of the model 

at three points by tightening the nuts on the three rods as shown in Figure 5.14. 

One end of the rod was anchored to a beam which had been anchored to the 

floor of the laboratory and the other end to the top surface of the slab. For

each bar, a load cell of 5 0 ^N capacity was used to monitor the applied gravity

load. But after each increment of lateral loading, the gravity load would be

adjusted to maintain its value.

After early stages of lateral loading, due to the deformation caused by

application of the lateral load, high tensile force occurred in the bars beside the
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Figure 5.9 : An isometric view of a typical model
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2600

40 mm dia. threaded bars

nut
Plate 25 x  120 x  370 mm Colum n

Section A— A

100 700

750

s 100 x 100 x Column

T h re a d e d  barsPlate 350 x  100 x  20 "

25 mm dia. (effective)

Section B— B

Figure 5 .10  (continued)



Figure 5.11a : Supporting arrangements used for monotonic loading
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Figure 5.11b: Supporting arrangements used for cyclic loading

Figure 5.11c: Supporting system for column (bottom end) against 

horizontal movement.
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applied  load

I

a) Downward loading

applied  load 

reaction

applied  load

b) Upward loading

Figure 5 .12  : Load transfer from the slab to the 'laboratory' floor.
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Figure 5.13a

Figure 5 .13b



column whereas in the bars near the loaded edge the tensile force dropped to 

zero. Adjusting the six gravity point loads at each lateral load increment was 

time-consuming and monitoring of seven loads [6(gravity) +  1 (lateral)]

simultaneously was not possible. Using the available data logger, it was possible to 

monitor only four readings simultaneously. In order to solve this problem, each

gravity load at one side of the model was connected to its counterpart at the 

other side by small jacks. In this way instead of applying and adjusting six

separate gravity loads by hand, it is done by three jacks which makes it possible 

to monitor all the jacks [3(gravity) +  l(lateral)] as well. Figure 5.15 shows the 

gravity loading arrangement for models MS2 to MS6.

5.4.3.3 Lateral Load

In this investigation, the lateral load is simulated by a uniform displacement 

of the edge AB of the slab shown in Figure 5.9. This was achieved for the 

models, loaded monotonically to failure, by means of the loading frame which

consisted of two 150 x 150 x 10 mm square hollow section, strengthened by

welding 12 mm thick plates. The upper beam rested on the edge of the slab 

while the lower beam was supported by the upper beam by means of two 

threaded steel rods of 35 mm diameter mild steel, one on each side of the

beams, as shown in Figure 5.16. The frame was pulled down by a manually

operated hydraulic jack of 500 KN capacity as shown in Photograph 5.17. The 

load was measured by a load cell.

For the models which where tested for reversed cyclic loading, the

downward and upward load was applied by a slightly modified loading frame as

shown in Figure 5.18. An additional steel frame was designed and constructed to 

carry the downward reaction of the hydraulic jack when the frame was pulled up
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Load cell
Column nut

.aia.

Slab

Load cell
Floor

100;H 410 300 135 165 ioo

1210 mm

150 x 10

Section A— A

Figure  5.14 : Gravity  and lateral loading arrangem ents .
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Figure 5.15 : Gravity loading arrangements.
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35 mm effective diameter bars
H

-

50 mm dia. bar

Rigid Floor Load cell

J a c k

Figure 5.16 : Lateral loading arrangements
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Figure 5.17 : Lateral loading arrangements for models MSI to MS6

Figure 5.18 : Lateral loading arrangements for cyclic loading m odels.



by another additional steel rod of 50mm diameter. The lower end of this rod was 

fixed to the top beam at its centre.

Both the top and bottom beams were placed on the slab edge using plaster

for bedding and connected to each other by the same two rods of 35 mm

diameter. Two 500 KN load cells, one at the bottom of the 'laboratory' floor

and the other at top of the portal frame, were used to measure the amount of 

lateral load applied to the model.

5.5 Instrumentation

All the models were instrumented to measure loads, deflections and strains. 

Models of the cyclic loading test series were additionally instrumented to measure 

the relative rotation of the slab with respect to the column.

5.5.1 Measurement of Prestressing Loads

The prestressing load of each bar was monitored by means of two load 

cells located at the ends of the bar as shown in Figure 5 . 1 3 .  These load cells

were manufactured in the laboratory of The Civil Engineering Department,

University of Glasgow using 'Full Poisson Bridge' m e t h o d ( 3 9 )  for measurement of 

axial loads. The load cell was manufactured from a cylindrical steel tube of

40mm and 30mm outside and inside diameters respectively and 80mm length. 

Figure 5 . 1 9  shows the arrangement of strain—gauges. There are four 

strain— gauges, two of them parallel to axis of the cylinder and the other two are 

perpendicular to the cylinder axis. The parallel strain— gauges must be symmetric 

about the cylinder axis. This load cell was calibrated by the loading machine

from 1 to 40 KN in 1 KN increm ent. The accuracy of the load cell was within



the range of ±1.0% .

5.5.2 Measurement of the Applied Loads

The applied lateral load was monitored by means of a compression load 

cell of 500 KN capacity for model MSI to MS6. An additional load cell of the 

same capacity was used for cyclic loading models RCS7 and RCS8. Gravity loads 

were monitored by means of six 50 KN capacity load cells attached to each of 

the six bars used for gravity loading as shown in Figures 5.14 and 5.20.

5.5.3 Measurement of Vertical Displacement

Deflections were measured at various points of the slab as shown in Figure 

5.21 by means of electrical displacement transducers. A supporting frame of 

'Handy Angles' was made and the transducers were fixed to it at the required 

points. To facilitate the recording of results, linear voltage displacement 

transducers (LVDT) were used in conjunction with an automatic data storing and 

processing data logger, which recorded directly the displacement in mm to an 

accuracy of 0.01 mm.

In the cyclic loading models, two transducers were installed on the top 

surface of slab to measure upward / downward deflections. In addition to the 

deflection , the rotation of the slab relative to the column was also measured. 

This was done by measuring of horizontal displacement at points A and B which 

were one slab thickness above and below the slab as shown in Figure 5.22. The 

transducers one above and one below the slab were mounted on two steel plates 

attached to the slab as shown in Figures 5.22 and 5.23. Using the notations 6^  

and for horizontal displacements of points A and B, the relative rotation is



r
calculated by:

6A +  6B
tan 8 =

3t

where 6 is the relative rotation (Figure 5.19a).

5.5.4 Measurement of Strains

Electrical resistance strain gauges were used to measure the tensile strain in 

steel and surface compressive strain on concrete. The strain gauges which were 

used to measure tensile strain of bars were named 'student' EA—06—240LZ—120 

and the strain gauges used for concrete were 30 mm long with the elongation 

capacity of ± 6%  and a gauge factor of 2.16 ± 1% at a temperature of 75°F. 

Their internal resistance was 120 ± 0.3% °hms Figure 5.24 shows the positions 

of steel strain— gauges in the experimental models.

5.5.5 Crack Width

Crack width was measured by means of a hand— held crack width 

microscope measuring to 0.05mm. For large cracks near the ultimate failure load 

of the slab, a crack width ruler was also used.

5.6 Installation of The Specimen

The procedure used for installation was as follows: 

a)— For monotonic loading models

(1)— Position the model with the help of plaster in marked place on the
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Figure 5.19 : Positions of strain—gauges on cylinderical steel 

as a load cell.
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Figure 5.23 : Photograph shows the two transducers, one above and

another one below the slab—column connection to 

measure relative rotation of the slab with respect to 

the colum n.
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depends on the 

model

a) O n longitudinal steel bars (x -d irec tio n ).
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depends on the 

models

b) O n transverse steel bars (y—direction).

Figure 5.24 : Locations of strain— gauges on steel bars.



'labo ra to ry ' floor.

(2)— A nchor the colum n by means of steel strands.

(3 ) -  Apply plaster to the laterally loaded edge and position the loading beam. 

C onnect the top beam to the bottom  beam by threaded steel bars.

(4 ) -  Position the 50 mm diam eter steel rod vertically up through the 'laboratory' 

floor and connect to the bottom  loading beam.

(5)— Position load cells and hydraulic jacks through the vertical rod and 

th en  tightening the nuts.

(6)— Position the six 12mm diam eter threaded steel rods with plates and nuts

and 50 KN load cells for gravity loading.

(7)— Position the steel angle fram e with dial gauges in appropriate

position.

(8)— C onnect the load cells, transducers and strain— gauges to the data logger

for continuous m easurem ents of the various quantities

b)— F o r cyclic loading m odels

In addition to the eight steps m entioned above, the following additional steps

are specific to cyclic loading tests:

(9)— Place the steel portal fram e ,as shown in Figure 5.10, in position 

and anchor it to the 'laborato ry ' floor.

(10)— Position the transverse beam  on the 'r ig ' and tightening the prestressing 

strands.

(11)— C onnect the vertical steel rod passing through the portal frame to the 

top loading beam.

5.7 T est P rocedure F or M onotonic Loading

Z ero  readings were taken of all the load cells, transducers and strain gauges



before starting the test. First of all the prestressing loads were applied, gradually

by turning the nuts against the bolts by means of two spanners. The load was

applied in four increm ents up to the desired value of prestressing level. The

am ount of prestressing load in each tendon was m onitored on the screen of the

'data logger'. For all the tendons the applied load was recorded in each load 

increm ents. F urther m ore , deflections of the slab and strains in 'unstressed' steel 

due to prestressing were recorded as well. T hen the gravity loads were applied in 

two equal increm ents and after that the lateral load was applied in 5 ^

increm ents until the failure of the model.

T he gravity load was constantly m onitored and maintained at its ultimate

value as far as it was practical while lateral load was applied. The reason for the 

adjustm ent is that the deflection of the slab due to lateral load alters gravity 

load. T herefo re , the gravity loads were readjusted to the desired value after each 

lateral load application. In each lateral load increm ent, all values of deflections,

strains, applied loads and prestressing forces in tendons were recorded and

m onitored. Care was taken to see that the applied load was not causing any

eccentricity and consequent twisting o f the model. Loading was continued until

failure was noted by either a continuous drop of applied load value or a sudden

fall of th a t value accom panied by a physically noticeable failure.

D uring loading, crack propagation was closely m onitored and traced on the 

slab. T he corresponding load increm ent was recorded at the tip of each crack. 

The total duration of a test for m onotonic loading was at least 8 hours depending 

on the total num ber of load increm ents applied.

5.8 Test P rocedure F o r Cyclic Loading

In cyclic loading models, application of the gravity loads was eliminated



because their adjustm ent needed a lot of time and effort. Especially upward 

lateral loading proved m ore difficult to adjust because of the location and 

proxim ity of the lateral and gravity loads which by applying the lateral load

would release the gravity load.

In this series the procedure of prestressing was the same as that in 

m onotonic loading m odels. T he application of downward lateral load first was

started by m eans of a hydraulic jack  of 500 KN capacity up to 50% of the 

design load. T hen  the jack was released and upward loading was applied by 

another hydraulic jack of the same capacity as the previous one until it reached 

the sam e level on the downward loading. This process was repeated for all cycles. 

In each cycle the loading level was increased by 2 KN until failure of the 

models.

5 .9 P recautions Taken

T he prestressing bars were unbonded. Therefore if a bar broke during 

loading, the bars would fly out the model and would be a source of great 

danger. T herefo re , great care was taken to provide a safe area around the slab

in order to pro tect technicians involved in these experim ental tests.
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EXPERIMENTAL STUDY 

(( PART I ))

MONOTONIC LOADING BEHAVIOUR OF THE UNBONDED PRESTRESSED 

FLAT SLAB AT EDGE COLUMN JUNCTION

6.1 Introduction

F or load transfer between a flat slab and a column , conditions at the

slab— column connection are critical for determ ining the strength and stiffness of the

flat—slab structure. This is particularly true at an edge column junction because of the 

reduction of the critical perim eter around the colum n and the presence of twisting 

moments. Since the punching failure of an edge colum n— slab junction is a local 

failure and takes place in the vicinity of an edge column , the region around the 

column shown hatched in Figure 6.1 is the area of interest in this study. Therefore an 

isolated edge colum n— slab joint as shown in Figure 6.2 was selected to investigate 

strength and overall behaviour of this type of connection.

In this chapter details of six unbonded prestressed reinforced concrete flat slabs 

at the edge colum n junction tested under m onotonic loading condition are reported. 

The general p lan  of these models is shown in figure 6.3.

Since the distribution of shear stress due to lateral loads , as discussed in

Chapter Two , is not uniform , this shear will hereafter be called uneven shear and the

rn°m ent due to lateral loads will be called as unbalanced m om ent. Unbalanced m om ent 

results from  unequal consecutive slab spans, edge column and lateral loads.



62  O bject o f  Tests

The m ain object of experim ental study are as follows:

i ) -  Experim ental investigation of punching shear strength and overall behaviour of

unbonded prestressed flat slabs a t an edge colum n junction.

ii) -  Verify the validity of using the direct design method in prestressed flat slab

design.

iii)— Verify the validity of the th ree  dim ensional finite elem ent analysis modified for 

prediction of ultim ate strength and overall behaviour of flat slab at an edge column 

junction by com parison the results of analysis and tests.

For this purpose, the following aspects are noted during the experimental investigation,

a) Load—deflection relationship.

b) Load— strain relationship in unstressed steel bar and concrete around the column

c) Stress variation in prestressing bars.

d) Crack pa tte rn  and  crack propagation.

e) U ltim ate load and m ode of failure.

6-3  P a r a m e t e r s  o f  S t u d y

T he param eters which are involved in the strength of unbonded prestressed flat

slab at edge colum n connections are shown in Table 6.1. Considering the position of

the holes in the 'laboratory ' floor which determ ined the dimensions of the models, four 

parameters which were most appropriate for this study were chosen for investigation as 

A l l o w s :

1) Level o f prestress.



2) Colum n aspect ratio (C x / Cy ).

3) Ratio o f wind shear m om ent to wind shear (M w / Vw ).

4) Resistance of the junction under the reversed cyclic loads.

The explanation of param eters are as follows:

6.3.1 Level of Prestress

Level of prestress is the average compressive stresses of the concrete due to 

prestressing forces. T he  maximum value of this level is equal to 0 .2fcu ( f cu is the 

cube strength of concrete) as shown in Figure 6.4. T hree models MSI , MS2 and MS3 

were designed for the level of 1.5 , 2.3 and 4.8 N/mm2 respectively to study the 

effect of this param eter on the strength of the connection .

6.3.2 Column Aspect Ratio

Transm ission of m om ent Mx between the slab and column takes place by means 

of bending m om ent (M ^) at the front face of the colum n and twisting moment (M^) at 

both sides of the colum n as shown in Figure 6.5. U nder the same conditions of 

prestressing and  slab dimensions , the am ount of bending and twisting moment depends 

on the side dim ension of the colum n , Cy and C x respectively. Therefore any change 

in the colum n aspect ratio (C x/Cy) will change the ratio of bending and twisting 

moment. As a result, the ultim ate load— carrying capacity and the failure mode of the 

models are affected by this param eter. Consequently three models (MS5 , MS3 and 

MS6) with the column aspect ratio of 1.33 , 1.67 and 2.0 respectively are considered 

ln order to study the effect of this param eter on behaviour and punching strength of 

fte slab— colum n connections.

^ ^ D im ensions of M odels
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F i g u r e  ( 6 . 1 ) :  P l a n  o f  t y p i c a l  f l a t  s l a b  s t r u c t u r e

v g =  g r a v i t y  l o a d s

Vw=  s h e a r  d u e  t o  
w i n d  l o a d s

Figure  ( 6 . 2 ) :  An i s o m e t r i c  vi ew o f  a t y p i c a l  model wi th  shear
f o r c e s  due to  l a t e r a l  and g r a v i t y  l o a d s .
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C o  1 um n C x

S 1 a b

Ly

F i g u r e  ( 6 . 3 )  : P l a n  o f  a  t y p i c a l  m o d e l

L x

+  . 4 f c u - .  4 f c u

C o n c r e t e

■•^^CU
b e n d i n g  

d u e  t o  
d e s i g n  l o a d

c o p r e s s i v e  
s t r e s s  d u e  t o  
p r e s t r e s s i n g

- •4 -fCu
s t r e s s  a v a i l a b l e  

a t  t h e  c r o s s  
s e c t  i o n  o f  

c o n c r e t e

Figure  ( 6 . 4 )
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(Torsion strip or spandrel

Dsl 2
Edge column

F i g u r e ( 6 - 5 ) :  M o m e n t  t r a n s m i s s i o n  f r o m  s l a b  t o  e d g e  c o l u m n ,

l a t e r a l  l o a d
c o l u m n

s  l a b

a  *2

T h e  c o r r e c t i o n -  6,

2 5 0 m m

F i g u r e ( 6 - 6 ) :  C o r r e c t i o n  o f  d i s p l a c e m e n t  d u e  t o  l a t e r a l  l o a d  

a g a i n s t  c o l u m n  d e f o r m a t i o n .
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TASLE

S h e a rB e n d i n g

—  s t r e n g t h

c r e e p

s h r i n k a g e

C o n c r e t e S t e e l

l e v e l  o f  
p r e s t  r e s s  i n g

Loading

a m o u n t  o f  s t e e ls l a b  t h i c k n e s s

c y c l i c

l o a d i n g

D i m e n s  i o n s

c o l u m n  s i z e

M a t e r i a l

c o l u m n  a s p e c t  

r a t  i o

d i s t r i b u t  i o n  
o f

s t e e l  b a r s

P a r a m e t e r s  i n v o l v e d  i n  s t r e n g t h  o f  p r e s t r e s s e d  
f l a t  s l a b  a t  e d g e  c o l u m n  j u n c t i o n

Mg =  g r a v i t y  m o m e n t  

V g  =  g r a v i t y  s h e a r

Mw =  l a t e r a l  l o a d  m o m e n t  ( w i n d  m o m e n t )  

V\v *= =  =  s h e a r  ( w i n d  s h e a r )

*)  T h e s e  m a r k e d  p a r a m e t e r s  w e r e  c h o s e n  t o  i n v e s t i g a t e  i n  t h i s  s t u d y
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Table 6 . 2  : Dimensions and d e s i g n  loads o f  models

M o d e  1
N o .

C o  1 u m n  
d i m e n s  i o n s

S l a b
d i m e n s i o n s

D e s i g n

l o a d

( K N)cy Lx Ly t

M SI 2 5 0 1 5 0 1000 1000 1 3 0 4 8

MS 2 2 5 0 1 5 0 1 0 5 0 1000 1 3 0 5 8

MS 3 2 5 0 1 5 0 1 0 5 0 1000 1 3 0 66

MS4 2 5 0 1 5 0 8 5 0 1000 1 3 0 8 5

MS 5 3 0 0 1 5 0 1 0 5 0 1000 1 3 0 7 6

MS6 200 1 5 0 1 0 5 0 1000 1 3 0 6 3

R C S 7 2 5 0 1 5 0 1 0 5 0 1000 1 3 0 3 8

R C S 8 2 5 0 1 5 0 1 0 5 0 1000 1 3 0 3 1

T a b l e  6 . 3

P a r a m e t e r s  I n v o l v e d M o d e l s  I n v o l v e d

- L e v e l  o f  p r e s t r e s s

- C o l u m n  a s p e c t  r a t i o  =  (Cx /C y )

- R a t i o  o f  w i n d  s h e a r  m o m e n t  t o  w i n d  s h e a r

-  (Mw / V w )

- R e v e r s e  c y c l i c  l o a d i n g

M S I ,  MS2 ,  MS3 

MS3 , MS5 , MS6 

MS3 , MS4

R C S 7  , R C S8
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T a b l e  6 . 4  : P r o p e r t i e s  o f  c o n c r e t e  f o r  e a c h  m o d e l

M o d e  1 

N o .

N o . o f  

d a y s

f
Ac u

N / m m 2 N / m m 2

E c

N / m m2

MSI 4 3 6 7 . 5 3 . 3 8 -

MS 2 3 5 5 7 . 5 3 . 4 9 21.0

MS 3 7 9 5 6 . 0 3 . 3 3 1 8 . 0

MS4 3 9 6 0 . 7 3 . 6 5 1 8 . 2

MS5 6 2 5 6 . 0 3 . 2 5 22.8

MS6 7 6 5 3 . 1 3 . 2 5 2 1 . 3

R C S 7 1 8 6 5 9 . 2 3 . 2 9 2 0 . 5

R C S 8 2 0 5 6 0 . 3 3 . 0 1 2 3 . 7

T a b l e  6 . 5  : P r e s t r e s s i n g  d e t a i l s

M o d e  1 

N o .

N y l  o n T u b e B a r

d i a .

B a r

c r o s s  

s e c t  i o n

*
f1 p u

*

f p e

a v e r a g e  

p r e s t  r e s s
i n s i d e

d i a .
o u t s i d e

d i a .

mm mm mm mm 2 N / m m 2 N / m m 2 N/ mm2

MSI 7 . 5 10 5 1 9 . 6 1 7 8 0 1020 1 . 5

MS2 7 . 5 10 5 1 9 . 6 1 7 8 0 1121 2 . 3

MS3 7 . 5 10 7 3 8 . 5 1 6 2 3 1 0 9 0 4 . 8

MS4 9 1 2 . 5 7 3 8 . 5 1 6 2 3 1 0 9 0 4 . 8

MS 5 9 1 2 . 5 7 3 8 . 5 1 6 2 3 1 0 9 8 4 . 8

MS 6 9 1 2 . 5 7 3 8 . 5 1 6 2 3 1 1 1 6 4 . 9

R C S 7 9 1 2 . 5 7 3 8 . 5 1 6 2 3 1 1 1 6 4 . 9

R C S 8 9 1 2 . 5 7 3 8 . 5 1 6 2 3 7 7 9 3 . 4

* )  f p U= U l t i m a t e  s t r e s s  o f  t h e  p r e s t r e s s i n g  b a r  

* )  f p e = E f f e e t i v e  s t r e s s  i n  t h e  b a r  d u e  t o  p r e s t r e s s



Since the punching failure is a local failure and is related to the stresses 

adjacent to the  colum n, boundary conditions of the flat slab structure have not been 

taken into consideration. T herefore, tests were conducted on flat slab specimens which 

were isolated from  a m ultiple panel flat slab structure with free edges as shown in 

Figure 6.1. T able 6.2 gives the dimensions of the models. The width (Ly= 1000 mm) 

and thickness (t = 1 3 0  mm) were kept constant but the length (1^) was varied in 

model MS4 so as to vary the ratio of wind shear m om ent to wind shear. All the slabs 

were cast integrally with a co lu m n - slab projecting both above and below the slab as 

shown in Figure 6.2. The colum n was rectangular with side dimensions of C ^=  250 

mm and Cy =  150 m m . Only in models MS5 and MS6 did C x change to 300 mm

and 200 mm respectively in order to study the column aspect ratio param eter. The

column stub was reinforced with four 25 m m  and two 12 mm bars.

6.5 Design o f E xperim enta l Models

In all the models the steel required was calculated using the 2— dimensional 

finite elem ent program  described in C hapter 3. In this connection, prestressing steel is 

treated as ordinary steel with an equivalent yield stress equal to the difference between 

its 0.2% proof stress and effective prestress as shown in Table 6.5. Additional ordinary 

steel over and above that provided by the prestressing steel was provided as required by 

subtracting the equivalent steel due to prestress from the total steel required by the

design requirem ents. In addition, according to ACI— ASCE 423 recommendations , the 

amount of ordinary steel bar passing through the column head should not be less than 

0-15 percent of cross sectional area of colum n strip. Therefore , in all models two

8mm bars passing through the colum n head in both directions were used. According to 

design requirem ents no shear reinforcem ent was needed.

6 ^ l e s t  Program m e

The experim ental program m e is divided into two parts:



I) Main T est Series ( or MS ).

II) Reverse Cyclic Loading Series ( or RCS )

The m ain test series consists of six models. T hree models MSI ,MS2 and MS3

were tested to study the effect of the prestressing level on the punching strength of the

junctions. M odels MS3, MS4, MS5 and MS6 were tested to investigate remaining

parameter shown in Table 6.3.

The reverse cyclic loading series consists of two models RCS7 and RCS8. They

were designed to study the effect of repeated  and reversed lateral loads due to wind

and earthquake on the behaviour and strength of unbonded prestressed flat slab at edge

column junctions. T he detailed description of the models of this series will be given in

chapter seven.

In m odel MS3, some cracks developed at the rear face of the column during the 

application o f lateral load especially near the ultim ate load. Since the deflection

readings of the  slab are affected by the deform ation of the column, the measured 

displacements in m odels MS4 — MS6 were corrected for column deformation from dial 

gauge readings taken a t two positions on the colum n side as shown in Figure 6.6. The 

correction for colum n deform ation was calculated as follows.

It is assum ed th a t the variation of strain  at a horizontal section of the column is 

linear. T herefo re , referring to Figure 6.6:

6 1 ■+■ 5 2 5 j — 5,
The correction, <5C =  -----------------  +    X Lc

2 D

where : 5 i a n d <52 =  the  m easured  d isp lacem ents at the  colum n side at points

(1) and  (2 ),



D =  the distance between the two points (1) and (2) 

an£j Lc =  shown in Figure 6.6.

T he various experim ental data and the results on the behaviour of the models 

are presented for each model in the following order:

a) Sketch showing dim ensions and details of the model,

b) Prestressing and 'unstressed ' reinforcem ent details.

c) Load— deflection curve.

d) Load— strain curve for "unstressed" steel bar.

e) Load— strain curve for concrete.

f) V ariation of stress in prestressing bars.

g) C rack pattern

6.7 M ain T est Series

6.7.1 M odel MSI

Figure 6.7 shows the plan of model M S I. It was designed for a gravity load of 

18 KN and a lateral load of 30 KN. T he  m odel was prestressed in two orthogonal

directions by seventeen tendons, ten  in the windward direction (called X— direction) and 

seven tendons in the transverse direction (called Y—direction). T he spacing of tendons 

in both the directions was 100 m m  centre to centre as shown in Figure 6.8. The 

prestressing bar used was of 5mm diam eter with the ultimate stress of 1780 N/mm2. 

The profile in X— direction was linear with 30mm eccentricity at the column side of 

the slab and it was parabolic in Y— direction with the eccentricity at the centre as

shown in the cross section A—A of Figure 6.9. The tendons passed through 10mm 

diameter plastic tubes which were firmly fixed to the formwork. All tendons were 

tensioned up to 58% of their ultim ate strength in both the directions. Figure 6.10



shows the arrangem ent of bonded reinforcing bars in the slab and the column of the 

model. Figure 6.15 shows the locations of s tra in -g a u g es  on the ordinary steel bars and 

concrete and shows the positions of transducers.

Behaviour of M odel MSI

No hairline cracks were observed afte r the application of prestressing forces in X 

and Y directions. A t 69% of design load, the first crack was initiated on the top

surface of the slab in front of the colum n as shown in Figure 6.11a. At 77% of design 

load, cracks extended towards both sides of the slab as shown in Figure 6.11b. At 

87% of design load, new cracks appeared on the slab from  front corners of the column 

to the rear side of the slab at various angles in the range of between 0.0 and 45 

degrees as shown in figure 6.1 Id  and simultaneously shear cracks initiated at the rear

surface of the  slab as shown in Figure 6.11c. Finally, failure of the slab took place 

with large shear cracks at the rear side of the slab at an applied load of 59 KN

corresponding to 115% of the design load.

T he crack pattern  on the tension side of the slab after failure is shown in

Figure 6.12. As can be seen, cracking was confined to the region around the junction. 

The diagonal shear failure cracks on the rear side of the slab are clearly visible in

photograph o f Figure 6.13. Due to the difficulty in observing cracks on the compressive 

side of the slab during testing, only the final crack pattern  was obtained as shown in 

Figure 6.14.

Figures 6.16a, 6.16b and 6.16c show the experimental load—deflection curves. 

Note that, on the vertical axis, the ratio of applied loads to the design load of the

siab is plotted. Figures 6.17a and 6.17b show the curves for tensile strains in ordinary

reinforcing bars in windward and transverse directions respectively. As can be seen in

Figure 6.17a, two bars passing through the column reached 80% of the yield strain and
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Figure(6—12): Crack pattern  on the tensile side of model MSI



Figure(6—14): C rack pattern  on bottom  side of model MSI
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in the transverse direction only one bar at a point next to the column reached 60% o f  

the yield strain . This result indicated that except at the vicinity of the column, large

strain in steel was not recorded. Accordingly, in all the following models the positions

of strain gauges were chosen as near as possible to the column faces. The curves for

compressive strain of concrete on the bottom  surface of the slab are shown in Figure

6.18.

Load cell m easurem ents located at the ends of prestressing bars indicated

insignificant variations of stress in all bars except those which passed through the 

column strip in X—direction as shown in Figure 6.19. The maximum value of these

variations is about 19% of the initial prestressing force of the tendons which was 

recorded in the  tendons passing through the colum n head.

6.7.2 Model MS2

Figure 6.20 shows the plan o f m odel MS2. It was designed for a gravity load of 

18 KN and a lateral load of 40 KN. T he  prestress level in this model was different 

from that in MSI in two aspects. Firstly the effective stress of the prestressing bar was 

increased to 63% of its ultim ate strength  and secondly the distance between the 

prestressing bars was reduced to 70mm concentrating them near the column in a

narrow band as shown in Figure 6.21. T he num ber of tendons was the same as that of 

model MSI in both directions. The average prestressing level in the X and

directions was 2.3 N/mm2. The layout of ordinary steel required is shown in Figure 

6.22. Figure 6.27 shows the exact location of transducers and strain— gauges used for 

unstressed steel bars and concrete.

^ t o i o u r  o f M odel MS2

No hairline cracks were observed afte r the application of the prestressing forces
*'-1



in X and Y -d ire c tio n s . At 76% of the design load, the first flexural crack on the slab 

was observed at the  front corner of the column as shown in Figure 6.23a. At 93% of 

design load, cracks extended in the transverse direction and new flexural cracks appeared 

on the slab in fron t of the colum n as shown in Figure 6.23b. Also at this stage of 

loading a hairline diagonal shear cracks initiated at the rear side of slab as shown in 

Figure 6.23c. F inally, failure of the slab took place with the large diagonal shear cracks 

at the rear side o f the slab a t an applied load of 64.5 KN corresponding to 111% of 

the design load. Ju s t like model MSI the failure of this model was punching.

Figure 6.24 shows the crack pattern  on the tension side of the slab after the

failure took place. It is obvious that there  are just a few hairline cracks around the

column and the rem ainder part of the slab was uncracked. The diagonal shear failure 

cracks on th e  rear side of the slab are clearly visible in Figure 6.25. The crack pattern 

on the com pressive surface of the slab is shown in Figure 6.26. From the experimental 

load—deflection curves shown in Figures 6—28a, 6.28b and 6.28c , the considerable 

reduction o f the slope after 75% of the design load indicates that the first crack 

initiated at this stage of loading as m entioned above.

Figures 6.29a and 6.29b show the tensile strain curves for the ordinary steel bars 

which passed through the colum n head in X and Y—directions respectively. In

direction one o f the strain gauges was damaged at 84% of the design load but the 

companion gauge reached yield strain at failure load. The curves of compressive strain 

°f concrete on the bottom surface of the slab are shown in Figure 6.30. In

direction the m axim um  compressive strain of 77% of the yield strain took place at 

the point PI and in Y— direction no significant am ount of the compressive strain was

recorded.

Figures 6.31a and 6.31b show the variations of stresses in all the prestressing bars 

ln X~~ d irection . T he maximum am ount of these variations is 14% of the initial force of
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F ig u r e  ( 6 . 2 4 ) :  C rack pattern  on the tensile side of model MS2
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F ig u r e  ( 6 . 2 6 ) :  Crack p a tte rn  on bottom  side of model MS2.

I
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the tendon which passed through the column head. No significant variation of stresses 

of the tendons in Y— direction was recorded.

6.7.3 M odel MS3

T he plan of this model is shown in Figure 6.32. It was designed for a gravity

load of 18 KN and a lateral load of 48 KN. The layout of prestressing bars was the

same as that of m odel MS2 but the prestressing bars used were of 7mm diam eter with 

the ultim ate stress of 1623 N/mm2 as shown in Figure 6.33. All the tendons in X and

Y - directions were tensioned up to 69% of its ultim ate strength. Figure 6.34 shows the

layout of the  ordinary steel required. Figure 6.39 shows exact locations of transducers 

and strain— gauges on concrete and unstressed reinforcem ent in this model. The average 

prestress in concrete was 4.8 N/m m ^.

Behaviour o f M odel MS3

During the application of the prestressing forces in X and Y— directions no

cracks were observed. F irst hairline flexural cracks initiated at 80% of the design load 

as shown in Figure 6.35a. At 86% of the design load, new cracks appeared and

extended slowly on further loading as shown in Figure 6.35b. Simultaneously at this

stage of loading, diagonal shear cracks were observed at the rear side of the slab and

widened on fu rther loading, Figure 6.35c. Finally, the failure of the slab took place by

means of the two large diagonal cracks a t 115% of the design load on the rear and 

bottom surfaces of the slab while all the flexural cracks on the top surface remained 

narrow, see Figures 6.36, 6.37 and 6.38. The failure mode of the slab was punching.

The crack pattern  on the tension side of the slab is shown in Figure 6.36. It can be

seen that only one flexural crack initiated in front of the column and extended in

T~~ direction and o ther diagonal cracks took place due to the twisting moment.
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Figure(6—36): Crack pattern  on the tensile side of model MS3

F i g u r e  ( 6 . 3 7 ) :  F a i l u r e  s u r f a c e  a t  r e a r  s i d e  o f  model MS3



Figure(6—38): C rack pattern  on bottom  side of model MS3.
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T he lo ad -d e flec tio n  curves at seven points are shown in Figures 6.40a, 6.40b and

6 - 40c. T he lo a d -  strain curves which represent the tensile strains in the ordinary steel

bars in the X and Y -  directions are shown in figures 6.41a and 6.41b respectively. It is 

seen that in the X -  direction the two bars which passed through the column head 

approached 80% of the yield strain while in the Y -  direction the maximum tensile 

stress was only 20% of the yield strain.

The curves of the load— strain relations of concrete on the bottom surface of the 

slab are shown in Figure 6.42. T he m aximum concrete compressive strain is 50% of 

the yield strain  and no significant am ount of strain was recorded in the Y— direction. 

Figures 6.43a and 6.43b show the variations of stresses in the prestressing bars in 

X - direction. The maxim um  value of these variations is 9% of the effective tensile 

force of the tendon which passed through the column head.

6.7.4 M odel MS4

This model was chosen to investigate the effect of the ratio of moment due to 

wind shear to wind shear. T he model was designed to resist a gravity load of 18 KN

and a lateral load of 67 KN. In this model the 'span ' L x in X—direction was reduced

to 850 mm but the o ther dim ensions of the slab and column remained constant. The 

plan of this model is shown in Figure 6.45. In both X and Y—direction the tendons 

used were o f 7m m  diam eter with the ultim ate stress of 1623 N/mm2 and were 

tensioned to 69% of its ultim ate strength. The layout of prestressing bars is shown in 

Figure 6.46. T he average prestress in concrete was 4.8 N/mm^.

In this m odel since the length in X— direction was shortened, the number of 

Point loads representing the gravity loads were reduced to two points on each side of 

slab as shown in Figure 6.52e. The layout of ordinary reinforcement for this model 

’s shown in Figure 6.47.



Figure 6.52 shows the exact locations of transducers and strain— gauges on concrete 

and unstressed reinforcem ent.

Rphaviour o f M odel MS4

No cracks were observed due to the application of prestressing forces. The first 

hairline cracks appeared at 80% of the design load as shown in Figure 6.48a. At 85% 

of the design load, some new diagonal cracks were observed at the top surface of the 

slab as shown in Figure 6.48b. At this stage of loading, hairline diagonal shear cracks 

on the rear side of the slab and horizontal cracks on the rear face of the column were 

observed as shown in Figure 6.48c. O n further loading, these diagonal shear cracks

widened and the failure of the slab took place at 111% of the design load. The failure 

mode of the  m odel was punching. The crack patterns on tensile, compressive and rear 

surfaces of the slab are shown respectively in Figures 6.49, 6.50 and 6.51.

The load— deflection curves at the seven points on the slab are shown in Figures 

6.53a, 6.53b and 6.53c. The load—strain curves, Figures 6.54a and 6.54b, represent the 

tensile strain  in ordinary steel reinforcem ent in the X and Y— directions respectively. It 

is seen that in the X— direction the two bars which passed through the column head

approached 80% of the yield strain while in the Y— direction the maximum tensile 

stress of the bar passing through the colum n head is 35% of the yield strain.

Figure 6.55 shows the compressive strain curves of concrete on the bottom 

surface of the slab, from  which the m aximum compressive strain is 50% of the yield

strain and no significant am ount of the strain was recorded in Y—direction. Figures

6.56a and 6.56b show the variations of forces in the prestressing bars in the windward 

direction. T he  m aximum value of these variations is 8% of the effective tensile force 

°f the tendon which passed through the column head.
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MODEL N-4

Figure(6— 49): Crack pattern  on the tensile side of model MS4.

F i g u r e  ( 6 . 5 0 ) :  F a i l u r e  s u r f a c e  at  r e a r  s i d e  o f  model MS4

j
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Figure(6—51): Crack p a tte rn  on bottom  side of model MS4.
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6.7.5 M odel MSS

This m odel together with model MS6 were chosen to study the effect of the

column aspect ratio  (C x/C y) on the punching shear strength and overall behaviour of 

the connections. T he  plan of this model is shown in Figure 6.60. The column side

dimensions were : C x =  300 mm and C y =  150 mm. The model was designed to

resist a gravity load of 18KN and a lateral load of 58KN. All the tendons in X and 

Y - directions were tensioned to 69% of their ultim ate strength. The prestressing bars

shown in Figure 6.61 were of 7mm diam eter with the ultimate stress of 1623 N/mm2.

The layout of ordinary reinforcem ents is presented in Figure(6—62).

Figure 6.67 shows the exact locations of transducers and strain— gauges on 

concrete and unstressed steel bars used in this model.

Behaviour o f M odel MS5

D uring the application of the prestressing forces no hairline cracks were

observed. T he first hairline flexural cracks appeared at 86% of the design load as 

shown in Figure 6.63a. At 103% of the design load, in addition to the extension of

initial cracks in Y— direction new diagonal shear cracks were observed on the rear side

of the slab and the  rear face of the colum n as shown in Figures 6.63b and 6.63c. On

further loading these shear cracks widened and the failure of the slab took place at

118% of the  design load. Crack patterns of the slab on tensile, compressive and rear 

surfaces of the slab are shown respectively in Figures 6.64 ,6.65 and 6.66.

In this m odel because of having the column aspect ratio increased, the resistant 

twisting m om ent o f the junction was higher than that of the previous models.

Consequently, in com parison with the previous models more flexural cracks were

observed. But eventually the failure mode of the junction was punching.
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F ig u r e  ( 6 . 6 5 ) :  F a i l u r e  s u r f a c e  a t  r e a r  s i d e  o f  model MS5

F ig u r e (6 -64): C rack pattern  on the tensile side of model MSS.
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Figure(6—66): Crack pattern  on bottom  side of model M S5.
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The lo ad -d e flec tio n  curves at the seven points on the slab are shown in Figures 

6 - 68a, 6 .68b and 6.68c. T he lo a d -s tra in  curves, Figures 6.69a and 6.69b, represent 

the tensile strain in the ordinary steel reinforcem ent in the X and Y -  directions 

respectively. It is seen that in the X -  direction the two bars which passed through the 

column head approached 80% of the yield strain while the corresponding maximum 

tensile stress of the bars in the Y -  direction is 10% of the yield strain.

From  Figure 6.70 which shows the compressive strain curves of concrete on the 

bottom surface of the slab, the m aximum compressive strain is 80% of the yield strain 

and no significant am ount of the strain was recorded in the Y— direction.

Figures 6.71a and 6.71b show the variations of the forces in the prestressing bars 

in the X— direction. T he maxim um  value of these variations is 8% of the effective 

tensile force of the tendon which passed through the column head.

6.7.6 M odel MS6

As in case of model MSS, the main param eter of interest in this model is the 

column aspect ratio  (C x/C y). T he plan of this model is shown in Figure 6.73. The 

column side dim ensions were : C x =  200 mm and Cy =  150 mm. The model was 

designed to resist a gravity load of 18 KN and a lateral load of 42 KN. All the 

tendons in the X and Y— directions were tensioned up to 70% of their ultimate 

strength. T he prestressing bars which are shown in Figure 6.74 were of 7mm diameter 

with the ultim ate stress of 1623 N/mm2. T he layout of ordinary reinforcement is 

presented in Figure 6.75.

Figure 6.80 shows the exact locations of transducers and strain— gauges on 

concrete and  unstressed steel bars used in this model.

§£havjgur o f M odel MS6

During the application of the prestressing forces no hairline cracks were



observed. First hairline diagonal cracks appeared at 81% of the design load as shown 

in Figure 6.76a. At 85% of design load, in addition to the extension of initial cracks

in the diagonal d irection, first flexural cracks were observed on the slab in front of the

column as shown in Figures 6.76b and 6.76c. On further loading the shear cracks

widened the failure of the slab took place at 103% of the design load. Crack patterns 

of the slab on tensile, com pressive and rear surfaces of the slab are shown in Figures 

6.77 ,6.78 and 6.79 respectively.

In this m odel because of having the column aspect ratio reduced, the resistant

twisting m om ent of the junction was lower than that of previous models. Consequently, 

the first cracks th a t occurred in this model were twisting moment shear cracks and less 

flexural shear cracks were observed than in the previous models and failure mode of 

the junction was punching.

The load— deflection curves at the seven points of the slab are shown in Figures 

6.81a, 6 .81b and 6.81c. T he load—strain curves, Figures 6.82a and 6.82b, represent the 

tensile strain  in the ordinary steel reinforcem ents in the X and Y— directions 

respectively. It is seen that in the X— direction the two bars which passed through the 

column head approached 88% of the yield strain while the corresponding strain in the 

transverse direction of the bar passed through the column head is 13% of the yield 

strain.

Figure 6.83 shows the compressive strain curves of concrete on the bottom 

surface of the slab, from  which the maximum compressive strain is 60% of the yield 

strain and no significant am ount of strain was recorded in the transverse direction.

Figures 6 .8 4 a  and 6 .8 4 b  sh ow  the variations o f  forces in the prestressing bars in 

d irection . T h e m axim um  value o f  th ese  variations is 7% of the effective  tensile  

force o f  th e  ten d on  w hich  passed  through the colum n head.
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F i g u r e ( 6 - 7 7 ):  Crack pattern  on  th e ten sile  side o f m odel MS6

MODEL N 6 

DL =  6 0  KN 

F L - 6 1 . 6 8

F i g u r e  ( 6 . 7 8 ) :  F a i l u r e  s u r f a c e  a t  r e a r  s i d e  o f  model MS6



MODEL N 6 
OL =  60  KN 
t l - 61.681
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o f  m o d e l  MS6 a s  s h o w n  i n  F i g u r e s ( 6 - 8 1 ) , ( 6 - 8 2 )  a n d  ( 6 - 8 3 ) .
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P 3P 2

♦ P2

G r a v ity  lo a d

0.005 0.010 0.015 0.020 0.025
DEFLECTION /  SPAN (1000)

FIGURE(6 -8 1 , A) » LOAD-DEFLECTION RELATIONSHIP OF

MODEL MS6 AT POINTS PI ,P 2  AND PS .

P 4
■ P 7

♦ P5

0.015 Ok 020 0.025a  010-0 .005 0.000

DEFLECTION/ SPAN (1000)

FIGURE( 6 - 8 1t B) , LOAD-DEFLECTION RELATIONSHIP OF 

MODEL MS6 AT POINTS PI TO P7  .
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STRAIN /TIELD STRAIN (0.003 )

FIG. (6- 82, A ) ,  LQAD-STRAIN CURVE FOR REINFORCING BAR 

IN  X -  DIRECTION (MODEL M56) .

 Or

0.6 1.0 1.20.6- 0.2 0.40.20.0

STRAIN /  YIELD STRAIN (0.003 )

FIG. (6 -8 2 , B) I LOAD-STRAIN CURVE FOR REINFORCING BAR 

IN  Y-  DIRECTION (MODEL MS6J.
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P 2

P 2

- 0 .2 0.0 0.2 0.4 0.6 0.6 t.O t. 2
STRAIN /  YIELD STRAIN (0.0035)

FIG. (6-83) •LOAD-STRAIN CURVE AT COMPRESSIVE SURFACE 

OF CONCRETE AT P I ,  P2 AND PZ FOR MODEL MS6.
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0.00 OlOA 0.08 0.12 0.14
A F /F  (F- IN ITIA L TENDON FORCD

FIGURE (6 -8 A, B) # VARIATION IN  TENDON FORCE FOR

MODEL MS6 .

FIGURE (6 -8 4 , A)

a 08 0.12 0.14
A F /F  (F- IN ITIAL TENDON FORCE)

VARIATION IN  TENDON FORCE FOR 

MODEL MS6 .



6.8 C om parison and D iscussion of Test Results

Ultimate F a i lu r e  L o a d

In  T a b le  6.6 th e  e x p e r im e n t a l  fa ilu r e  lo a d  a r e  c o m p a r e d  w ith  th e  d e s ig n  lo a d

fo r  a l l  t h e  m o d e ls .  T h e  m e a n  r a t io  o f  th e  e x p e r im e n t a l  fa i lu r e  lo a d  (V eXp ) to  d e s ig n

lo a d  (V fe s )  is 1-12 w ith  s ta n d a r d  d e v ia t io n  e q u a ls  0 .0 9 .  It c a n  th e r e fo r e  b e  c o n c lu d e d

th a t  t h e  m e t h o d  is  c a p a b le  o f  p r o d u c in g  a d e s ig n  w h ic h  is  s a t is fa c to r y  fr o m  a n  u lt im a te  

l im it  s t a t e  p o in t  o f  v ie w . H o w e v e r  in  th e  d ir e c t  d e s ig n  it  is a s s u m e d  th a t  a ll th e  s t e e l  

y ie ld . T h i s  w a s  n o t  s o  f r o m  t h e  e x p e r im e n t a l  in v e s t ig a t io n .  In  a d d it io n  th e  fa ilu r e  is  

p u n c h in g  r a th e r  t h a n  f le x u r a l .  F u r th e r  d is c u s s io n  w ill  b e  g iv e n  in  c h a p te r  e ig h t .

T a b le  6.8 s h o w s  t h e  m a x im u m  s tr a in  o f  c o n c r e t e  a n d  s te e l  a n d  th e  m a x im u m  

v a r ia t io n s  o f  t h e  t e n d o n  f o r c e s  fo r  a ll  th e  s ix  m o d e ls .  In  m o d e l  M S I th e  str a in  o f

c o n c r e t e  a n d  lo n g i t u d in a l  s t e e l  a r e  le s s  th a n  th a t  o f  m o d e l  M S 2  w h ile  t h e  r e v e r s e  is

w h a t w a s  e x p e c t e d .  T h is  is  p r o b a b ly  b e c a u s e  t h e  lo c a t io n s  o f  th e  s tr a in — g a u g e s  in  

m o d e l M S I  w a s  6 5 m m  fu r th e r  f r o m  t h e  c o lu m n  f a c e  w h e r e  th e  s tr a in s  w e r e  v e r y  lo w .  

B u t f o r  a l l  o t h e r  m o d e l s  t h e  p o s it io n s  o f  th e  s t e e l  a n d  c o n c r e t e  s tr a in — g a u g e s  w e r e  as 

c lo se  t o  t h e  c o lu m n  f a c e s  a s  p o s s ib le .  E x c e p t  th e  lo n g itu d in a l  s t e e l  s tr a in  in  m o d e l

M S2 w h ic h  is  s l ig h t ly  m o r e  th a n  th e  y ie ld  s tr a in , in  a ll o th e r  c a se s  th e  te n s i le  s tr e s s  in

s te e l a n d  c o m p r e s s iv e  s tr e s s  in  c o n c r e t e  w e r e  b e lo w  th e  y ie ld  str a in s  . T h is  in d ic a te s

th at p u n c h in g  s h e a r  fa i lu r e  t o o k  p la c e  in  a ll t h e  m o d e ls .

T a b le  6.7 c o m p a r e s  t h e  d e s ig n  a n d  u lt im a te  fa i lu r e  lo a d s  o f  th e  m o d e ls  w ith  th e

loads v fc r  a n d  v s c r .  v fc r  i s  t h e  lo a d  a t  w h ic h  th e  fir s t  f le x u r a l  c r a c k s  a p p e a r e d  o n

the s la b  a n d  ^ s c r  is  th e  lo a d  a t  w h ic h  th e  f ir s t  s h e a r  c r a c k s  w e r e  o b s e r v e d  o n  th e  r ea r  

side o f  t h e  s la b . In  a ll t h e  m o d e ls ,  d u r in g  fu r th e r  in c r e m e n ts  o f  lo a d s ,  f le x u r a l  c r a c k s  

r e m a in e d  n a r r o w  a n d  in s ig n if ic a n t  w h ile  th e  s h e a r  c r a c k s  w id e n e d  a n d  c a u s e d  th e

P u n ch in g  s h e a r  fa i lu r e  o f  th e  s la b s .



T a b l e  6.6  : C o m p a r i s o n s  o f  e x p e r i m e n t a l  f a i l u r e  l o a d  w i t h  

t h e  d e s i g n  l o a d .

M o d e  1 d e s  i g n E x p e r  i . 

f a i l u r e

Vv e x p
F a i l u r e P a r a m e t e r s  o f  s t u d y

N o . l o a d
l o a d

^ d e s

m o d e
Mw ^ x

p r e s t  r e s s  

l e v e  1
^ d e s . Vv e x p . vw c y

KN KN N/m m 2

M S I 4 8 5 9 1 . 1 6 p u n c h i n g 9 2 5 1 . 6 7 1 . 5

MS 2 5 8 6 4 . 5 1.11 = 9 2 5 1 . 6 7 2 . 3

MS 3 66 7 6 . 3 1 . 1 5 = 9 2 5 1 . 6 7 4 . 8

M S 4 8 5 9 4 . 8 1.11 - 7 7 5 1 . 6 7 4 . 8

MS 5 7 6 8 9 . 5 1 . 1 8 = 9 2 5 2.0 4 . 8

MS 6 6 3 6 4 . 7 1 . 0 3 = 9 2 5 1 . 3 3 4 . 9

a v e r a g e  = 1.12

S . D . = 0 . 0 9



T a b l e  6 . 7  : C o m p a r i s o n s  o f  t h e  d e s i g n  l o a d s  w i t h  t h e  e x p e r i m e n t a l  

l o a d s  a t  w h i c h  f i r s t  f l e x u r a l  c r a c k s  ( V f c r ) a n d  

f i r s t  s h e a r  c r a c k s  ( V s c r ) w e r e  o b s e r v e d .

M o d e  1 d e s  i g n Vv e x p V f c r vv s c r
P a r a m e t e r s  o f  s t u d y

N o . 1 o a d p r e s t  r e s s  

1 e v e  1^ d e s V d e s v d e s

Mw

^ d e s . v w c y

M S I

KN

4 8 1 . 1 6 0 . 6 9 0 . 8 9 9 2 5 1 . 6 7

N /m m 2

1 . 5

MS 2 5 8 1.11 0 . 7 6 0 . 9 3 9 2 5 1 . 6 7 2 . 3

MS 3 66 1 . 1 5 0 . 7 6 0 . 8 2 9 2 5 1 . 6 7 4 . 8

MS 4 8 5 1.11 0 . 8 0 0 . 8 5 7 7 5 1 . 6 7 4 . 8

MS 5 7 6 1 . 1 8 0 . 7 8 0 . 9 5 9 2 5 2.0 4 . 8

MS6 6 3 1 . 0 3 0 . 8 9 0 . 7 9 9 2 5 1 . 3 3 4 . 9

a v e r a g e  = 1.12 0 . 7 8 0 . 8 7



Table  6 . 8

M o d e l d e s i g n
*

Vv e x p

*

e c m a x

*

e s m a x

*

AF

N o . l o a d

( v d e s )
^ d e s c c y e s y F

( * d i r > * d i r * d i r

MS I

KN

4 8 1 . 1 6 0.20 0.86 0.6 0 . 1 8

MS 2 5 8 1.11 0 . 7 6 1 . 1 4 0 . 2 6 0.10

MS 3 66 1 . 1 5 • 0 . 4 6 0 . 7 6 0.20 0 . 0 6

MS 4 8 5 1.11 0 . 5 0 0 . 8 1 0 . 3 5 0 . 0 8

MS 5 7 6 1 . 1 8 0 . 7 9 0 . 8 4 0.11 0 . 0 6

MS 6 6 3 1 . 0 3 0.6 0 . 8 5 0 . 1 3 0 . 0 7

a v e r a g e  = 1.12 0 . 5 5 0.88 0 . 2 8 0 . 0 9

) V e X p =  E x p e r i m e n t a l  f a i l u r e  l o a d ,

e Cm a x °  M a x im u m  c o m p r e s s i v e  s t r a i n  o f  c o n c r e t e  a t  e x p e r i m e n t a l  

f a i l u r e  l o a d ,

e s m a x =  M a x im u m  t e n s i l e  s t r e s s  o f  t h e  s t e e l  b a r  a t  e x p e r i m e n t a l  

f a i l u r e  l o a d ,

e Cy  =  C o m p r e s s i v e  y i e l d  s t r a i n  o f  c o n c r e t e ,

eSy  =■= Y i e l d  s t r a i n  o f  t h e  s t e e l  b a r ,

F  =  I n i t i a l  p r e s t r e s s i n g  f o r c e  o f  t h e  t e n d o n ,

A F  =  V a r i a t i o n s  o f  t h e  t e n d o n  f o r c e  d u e  t o  a p p l i e d  l o a d s .



6.9 Effect of The Parameters on The Behaviour of T he M odels

In  th is  s e c t i o n ,  i t  is  in te n d e d  to  c o m p a r e  th e  b e h a v io u r  o f  th e  m o d e ls  fo r  e a c h  

p a r a m e te r  o f  s t u d y  m e n t io n e d  in  s e c t io n  6 .3 .  T h e r e f o r e ,  th e  e x p e r im e n ta l  m o d e ls  w e r e  

d iv id e d  in t o  t h r e e  g r o u p s  a s  f o l lo w s :

- G r o u p ( l )  c o n s i s t s  o f  t h e  m o d e ls  M S I ,  M S 2  a n d  M S 3  in  o r d e r  to  s tu d y  th e  p a r a m e te r  

o f  P r e s t r e s s in g  L e v e l .

-  G r o u p ( 2 )  c o n s i s t s  o f  t h e  m o d e ls  M S 3  a n d  M S 4  in  o r d e r  to  s tu d y  th e  p a r a m e te r  o f

th e  r a t io  o f  w in d  s h e a r  m o m e n t  to  w in d  sh e a r .

-  G r o u p ( 3 )  c o n s i s t s  o f  t h e  m o d e ls  M S 3 , M S 5  a n d  M S 6 in  o r d e r  to  s tu d y  th e  p a r a m e te r

o f  t h e  c o lu m n  a s p e c t  r a t io .

In t h e  d e s ig n  o f  a l l  t h e  m o d e ls  c a r e  w a s  ta k e n  to  k e e p  a ll th e  p a r a m e te r s  c o n s ta n t

e x c e p t  t h e  p a r a m e te r  in  q u e s t io n .  T h e r e f o r e  a n y  c h a n g e  in  th e  b e h a v io u r  o f  th e  m o d e l

ca n  b e  r e la t e d  t o  t h e  e f f e c t  o f  th e  p a r a m e te r  in v o lv e d .  S o  a c o m p a r is o n  o f  th e  

b e h a v io u r  o f  m o d e l s  w ith in  e a c h  g r o u p  fo r  a s p e c i f ic  p a r a m e te r  w ill b e  u s e fu l.

6 .9 .1  G r o u o f  1 ^

T h e  m o d e l s  o f  th is  g r o u p  h a v e  le v e l  o f  p r e s tr e ss  o f  1 . 5 ,  2 .3  a n d  4 .8  N /m m 2  

r e s p e c t iv e ly  fo r  M S I  ,M S 2  a n d  M S 3 . F ig u r e  6.86 s h o w s  th e  l o a d - d e f l e c t i o n  c u r v e s  fo r  

the m o d e l  o f  th is  g r o u p .  T h e s e  c u r v e s  in d ic a te  th a t  b y  in c r e a s in g  th e  p r e s tr e s s in g  l e v e l ;  

firstly  t h e  lo a d — c a r r y in g  c a p a c it y  o f  th e  ju n c t io n  in c r e a s e s  a n d  s e c o n d ly ,  th e  d e f le c t io n  

° f  th e  s la b  d e c r e a s e s .

F ig u r e  6 .8 7  s h o w s  th e  lo a d — str a in  c u r v e s  fo r  o r d in a r y  r e in f o r c e m e n t  w h ic h  p a s se d  

th ro u g h  t h e  c o lu m n  h e a d .  It is s e e n  th a t  fo r  m o d e l  M S 3  w ith  th e  m a x im u m  p r e s tr e s s in g



l e v e l  in  th is  g r o u p ,  t h e  m a x im u m  te n s i le  s tr a in  o f  th e  b ar  is  75%  o f  th e  y ie ld  s tr a in  

w h ile  f o r  m o d e l  M S 2  is  1 1 5 %  o f  th e  y ie ld  s tr a in . T h e  m a x im u m  te n s i le  s tr a in  r e c o r d e d  

in  m o d e l  M S I w a s  8 5 %  o f  t h e  y ie ld  s tr a in  ,h o w e v e r ,  it  is  n o t  sh o w n  in  F ig u r e  6 .8 7  

b e c a u s e  t h e  s t r a i n - g a u g e  w a s  in  d i f f e r e n t  p o s it io n  fr o m  M S 2  a n d  M S 3 .

F ig u r e  6.88 s h o w s  t h e  v a r ia t io n  o f  te n d o n  f o r c e  v e r s u s  a p p lie d  lo a d  fo r  a ll th e

m o d e ls  o f  th is  g r o u p .  T h e  m a x im u m  v a r ia t io n  o f  f o r c e  in  t h e  te n d o n  fo r  m o d e ls  M S I ,  

M S 2  a n d  M S 3  is  r e s p e c t iv e ly ,  1 8 %  ,1 0 %  a n d  6%  o f  th e  in it ia l  p r e s tr e ss in g  fo r c e  o f  th e

t e n d o n .  T h e r e f o r e  it  c a n  b e  c o n c lu d e d  th a t  w h e n  t h e  p r e s tr e s s in g  le v e l  in c r e a se s  th e

in c r e a s e  in  th e  t e n s i l e  s t r e s s  in  s t e e l  b a r s( t e n d o n s  a n d  u n str e s se d  b ars) d e c r e a s e s .

F ig u r e  6 .8 9  s h o w s  t h e  lo a d — str a in  c u r v e s  o n  th e  c o m p r e s s iv e  s u r fa c e  o f  c o n c r e te  

fr o m  w h ic h  t h e  m a x im u m  c o m p r e s s iv e  s tr a in  o f  c o n c r e t e  fo r  m o d e ls  M S 2  a n d  M S 3  are  

75 %  a n d  4 3 %  o f  t h e  y ie ld  s t r a in  r e s p e c t iv e ly .  D a ta  fo r  m o d e l  M S I w a s  n o t  e n te r e d  in  

th e  f ig u r e s  6 .8 7  a n d  6 .8 9  b e c a u s e  o f  it s  d i f f e r e n t  p o s it io n  o f  s t e e l  a n d  c o n c r e t e  stra in  

g a u g e s  a n d  m a x im u m  v a lu e  o f  c o m p r e s s iv e  s tr a in  o f  c o n c r e t e  r e c o r d e d  in  th is  m o d e l

w as 1 9 %  o f  th e  y ie ld  s t r a in .

6 .9 .2  G r o u n f 2 1

T h e  m o d e ls  o f  th is  g r o u p  h a v e  d if f e r e n t  le n g th  in  th e  w in d w a r d  d ir e c t io n  to

vary t h e  r a t io  o f  w in d  s h e a r  m o m e n t  to  w in d  s h e a r . T h e  c a n t i le v e r  's p a n ' o f  m o d e l  

M S4 is  7 8 %  o f  t h a t  in  m o d e l  M S 3 . T h e  b e h a v io u r  o f  t h e s e  m o d e ls  a r e  c o m p a r e d  in

F ig u r e s  6 . 9 0 ,  6 . 9 1 ,  6 .9 2  a n d  6 .93. In  s p it e  o f  th e  fa c t  th a t  th e  fa ilu r e  lo a d  o f  m o d e l

M S4 is  1 2 4 %  o f  t h a t  o f  M S 3 , th e  m a x im u m  d e f le c t io n  o f  m o d e l  M S 4  is  8 3 %  o f  th a t  

o f  m o d e l  M S 3  ( F ig u r e  6 .9 0 ) .  It is c o n c lu d e d  th a t  th e  r e d u c t io n  o f  2 2 %  o f  th e  r a t io  

ca u se s  t h e  in c r e a s e  o f  2 4 %  o f  t h e  u lt im a te  lo a d .



6.9.3 Grouo(3)

T h e  m o d e ls  o f  th is  g r o u p  M S6 , M S 3  a n d  M S 5  h a v e  t h e  c o lu m n  a s p e c t  r a t io s  o f  

1 . 3 3  ,1 .6 7  a n d  2 . 0  r e s p e c t iv e ly .  T h e  b e h a v io u r  o f  th e s e  m o d e ls  a r e  c o m p a r e d  in  F ig u r e s  

6 .9 4 ,  6 . 9 5 ,  6 .9 6  a n d  6 . 9 7 .  T h e  m o d e l  M S S  w ith  th e  h ig h  c o lu m n  a s p e c t  r a t io  h a d  a 

m a x im u m  u lt im a te  lo a d  ( 8 9 .5  K N  ) a m o n g s t  th e s e  m o d e ls  a n d  m o d e l  M S 6 w ith  th e  

lo w e s t  a s p e c t  r a t io  h a d  t h e  m in im u m  u lt im a te  lo a d  ( 6 4 .6 8  K N  ) in  th is  g r o u p .  

T h e r e f o r e ,  t h e  u l t im a t e  fa i lu r e  lo a d  o f  th e  c o n n e c t io n  in c r e a s e d  in  p r o p o r t io n  to  th e  

a s p e c t  r a t io  o f  t h e  c o lu m n .

A  s tu d y  o f  F ig u r e s  r e la t e d  t o  th is  g r o u p  o f  m o d e ls ,  in d ic a te s  th a t  in c r e a s in g  th e  

a s p e c t  r a t io  o f  t h e  c o lu m n  in  m o m e n t  tr a n s fe r  d ir e c t io n  in c r e a s e s  th e  s tr e n g th  a n d  

s t i f f n e s s  o f  th e  j u n c t io n .  T h e  r e a s o n  fo r  th is  b e h a v io u r  is  th e  m e c h a n is m  o f  m o m e n t  

tr a n s fe r  b e t w e e n  t h e  s la b  a n d  e d g e  c o lu m n  o f  th e  ju n c t io n .  T h e  w in d  s h e a r  m o m e n t  is 

tr a n s fe r r e d  f r o m  t h e  s la b  to  t h e  c o lu m n  b y  m e a n s  o f  b e n d in g  m o m e n t  a t  t h e  fr o n t  f a c e  

o f  t h e  c o lu m n  a n d  tw is t in g  m o m e n t  a t  tw o  s id e  f a c e s  o f  th e  c o lu m n . O n  th e  o th e r  

h a n d  t h e  fa i lu r e  m o d e  o f  t h e  m o d e ls  w e r e  p u n c h in g  fa i lu r e  d u e  to  th e  tw is t in g  m o m e n t  

s h e a r . It c a n  b e  t h e r e f o r e  sa id  th a t  in  th e  c a s e  o f  e d g e  c o lu m n  c o n n e c t io n ,  th e  tw is t in g  

m o m e n t  r e s is t in g  c a p a c it y  h a s  a s ig n i f ic a n t  c o n tr ib u t io n  to  th e  p u n c h in g  s tr e n g th  o f  th e  

c o n n e c t io n  a n d  it  in c r e a s e s  w h e n  th e  c o lu m n  a s p e c t  r a t io  in c r e a s e s .  F u r th e r  d is c u s s io n  o n  

th e s e  p a r a m e te r s  is  p r e s c r ib e d  in  C h a p te r  8.
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FIG. (6 -8 8 ) ,  VARIATION IN  THE TENDON FORCE VERSUS 

APPLIED LOAD FOR MODELS MS2 AND MS3.
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FIG. (6 -8 9 ) ,  LOAD-STRAIN CURVE AT COMPRESSIVE SURFACE OF 

CONCRETE AT PIONT P I FOR MODELS MS2 AND MS3.



AP
PL

IE
D 

LO
AD

 
(K

N)
 

AP
PL

IE
D 

LO
AD

292

4m-

M S 3

40

(134

NS3

-0,005 a  ooo 0.005 a o to  0.015 0.020 0.025
DEFLECTION /  SPAN (1000)

FIG. ( 6 -9 0 ) ,  LOAD-DEFLECT I  ON RELATIONSHIP OF MODELS 

MS3 AND MS4.
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FIG. (6 -9 1 ) /  LOAD-STRAIN CUR
IN  X - DIRECTION FOR MODELS MS3 AND MS4.
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FIG. (6 -9 2 ) ,  LOAD-STRAIN CURVE AT COMPRESSIVE SURFACE 

OF CONCRETE FOR MODELS MS3 AND MS4.
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FIG. (6 -9 3 ) ,  VARIATION IN  TENDON FORCE FOR 

MODELS MS3 AND MS4.
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FIG. (6 -9 4 ) ,  LOAD-DEFLECT I  ON RELATIONSHIP OF 

MODELS MSS MSS AND MS6.
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FIG . (6 -9 6 ) ,  LOAD-STRAIN CURVE FOR REINFORCING BAR 

IN  X-DIRECTION FOR NODELS MSS ,  MS5 AND MS6 .
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FIG. (6 -9 7 ) /  VARIATION IN  TENDON FORCE FOR MODELS 

MSS ,  MS5 AND MS6.
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C H A P T E R  S E V E N  

E X P E R I M E N T A L  S T U D Y  

( (  P A R T  II ) )

C Y C L I C  L O A D I N G  B E H A V I O U R  O F  T H E  U N B O N D E D  P R E S T R E S S E D  

F L A T  S L A B  A T  E D G E  C O L U M N  J U N C T I O N

7 .1  I n t r o d u c t io n

D u r in g  a n  e a r th q u a k e ,  th e r e  is a  p o s s ib i l ity  o f  th e  s la b — c o lu m n  c o n n e c t io n s  

fa i l in g  a n d  c o n t r ib u t in g  s ig n i f ic a n t ly  to  th e  d a m a g e  o f  f la t  s la b  str u c tu r e s . R e lia b le

in f o r m a t io n  o n  t h e  s t r e n g t h ,  fa i lu r e  m o d e ,  d u c t i l ity  a n d  e n e r g y  a b s o r p t io n  c a p a c ity

o f  p r e s t r e s s e d  c o n c r e t e  s t r u c tu r e s  is r e q u ir e d  fo r  th e  d e s ig n  o f  im p o r ta n t  p r e s tr e ss e d  

c o n c r e t e  s tr u c tu r e s .  F r o m  t h e  l ite r a tu r e  su r v e y  r e p o r te d  in  c h a p te r  tw o ,  th e r e  is  

v e r y  l i t t l e  in f o r m a t io n  a b o u t  th e  s e is m ic  r e s is ta n c e  o f  s la b  c o lu m n  c o n n e c t io n s  

e s p e c ia l ly  w h e n  t h e  s la b  is  p r e s tr e s s e d .  T h e  d e te r io r a t io n  o f  th e  lo a d  c a r r y in g  

c a p a c i t y  d u e  to  r e v e r s a l  o f  lo a d s  a n d  t h e  d u c t i l ity  a n d  th e  e n e r g y  a b s o r p t io n  th a t  is  

a v a i la b le  a t  p r e s t r e s s e d  s la b — c o lu m n  ju n c t io n s  r e q u ir e  c lo s e  e x a m in a t io n .

I n  th is  c h a p t e r  r e s u lt s  a r e  r e p o r te d  o n  tw o  m o d e ls  R C S 7  a n d  R C S 8 w h ic h  

w e r e  t e s t e d  u n d e r  t h e  r e v e r s e d  la te r a l  lo a d in g ,  " s im u la t in g "  a n  e a r th q u a k e  o r  w in d

e f f e c t .  T h e  a p p l ic a t io n  o f  t h e  g r a v ity  lo a d  w a s  o m it t e d  b e c a u s e  w h e n  t h e  la ter a l

lo a d  w a s  b e in g  a p p l ie d  in  u p w a r d  d ir e c t io n  it  w a s  d if f ic u lt  to  k e e p  th e  g r a v ity  

lo a d s  a t  t h e  d e s ir e d  l e v e l .  F u r th e r m o r e  r e a d ju s t in g  t h e  g r a v ity  lo a d  n e e d e d  a lo t  o f  

t im e  fo r  e a c h  c y c l e .

A p p l ic a t io n  o f  c y c l ic  lo a d  ( up  /  d o w n w a r d  ) w a s  s ta r te d  f r o m  a b o u t  5 0 %  o f  

d e s ig n  lo a d .  E a c h  fu r th e r  in c r e m e n t  in c r e a s e d  by  2  K N  u n t il  t h e  m o d e ls  fa i le d .  

A n o t h e r  a l t e r n a t iv e  w a s  to  c y c le  b e tw e e n  a c o n s ta n t  le v e l  o f  lo a d ,  b u t b e c a u s e  th e  

b e h a v io u r  o f  th e  p r e s tr e s s e d  c o n c r e t e  s la b s  u n til a b o u t  9 0 %  o f  d e s ig n  lo a d  w a s
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e la s t ic  k e e p in g  c y c l ic  lo a d in g  b e t w e e n  a c o n s t a n t  l e v e l  o f  lo a d  m ig h t  n o t  le a d  to

f a i lu r e  o f  th e  m o d e l .

T h e  d e t a i le d  d e s c r ip t io n  o f  t h e  m a te r ia l  p r o p e r t ie s ,  t e s t  e q u ip m e n t  a n d

t e s t in g  p r o c e d u r e  u s e d  in  t h e s e  t e s t s  w a s  g iv e n  in  C h a p te r  F iv e .  T h e  v a r io u s  

e x p e r im e n t a l  d a ta  a n d  th e  r e s u lt s  o n  th e  b e h a v io u r  o f  th e  m o d e ls  a r e  p r e s e n te d  in  

t h e  f o l lo w in g  o r d e r :

a ) S k e t c h  s h o w in g  d im e n s io n s  o f  m o d e ls

b ) D e t a i l s  o f  p r e s t r e s s in g  a n d  o r d in a r y  b a rs .

c )  L o a d — d e f l e c t io n  c u r v e s  .

d ) L o a d  — s tr a in  c u r v e s  f o r  " u n s tr e s s e d  " s t e e l  b a r .

e )  C r a c k  p a t t e r n .

7 . 2  E x p e r im e n t a l  P r o g r a m m e  o n  C y c l ic  L o a d in g

7 . 2 .1  M o d e l  R C S 7  ( R e v e r s e d  C y c l ic  S e r ie s )

T h e  d e s ig n  la te r a l  lo a d  o f  th is  m o d e l  w a s  3 8  K N  a c t in g  in  d o w n w a r d

d ir e c t io n .  T h e  p la n  a n d  d im e n s io n s  o f  th is  m o d e l  a r e  sh o w n  in  f ig u r e  7 . 1 .  T h e  to p

a n d  b o t t o m  u n s tr e s s e d  r e in f o r c e m e n t  o f  t h e  s la b  w e r e  id e n t ic a l  a s  s h o w n  in  F ig u r e  

7 . 2 .  T h e  t e n d o n  p r o f i le  in  X — d ir e c t io n  w a s l in e a r  a n d  p a s s e d  th r o u g h  th e

m id — s u r f a c e  o f  t h e  s la b  w ith o u t  a n y  e c c e n t r ic i t y .  T h e  t e n d o n  p r o f i le  in

Y — d ir e c t io n  w a s  l in e a r  t o o ,  b u t it  w a s  n o t  p o s s ib le  to  p a s s  th r o u g h  th e  

m id — s u r f a c e  o f  t h e  s la b  b e c a u s e  o f  c o in c id e n c e  w ith  th e  t e n d o n s  in  X — d ir e c t io n .  

T h e r e f o r e ,  th e  t e n d o n s  in  Y — d ir e c t io n  h a d  a n  e c c e n t r ic i t y  o f  1 2 .5  m m  a s  s h o w n  in  

s e c t io n  ( A - A )  o f  F ig u r e  7 . 2 .  T h e  t e n d o n s  u se d  w e r e  o f  7 m m  d ia m e t e r  w ith  th e  

u lt im a t e  s tr e s s  o f  1 6 2 3  N /m m 2 .  A ll  th e  t e n d o n s  in  b o th  t h e  d ir e c t io n s  w e r e

t e n s io n e d  t o  7 0 %  o f  th e ir  u lt im a te  s tr e s s .  T h e r e f o r e ,  th e  a v e r a g e  p r e s tr e s s  in

c o n c r e t e  w a s  4 .8  N /m m 2 .

A t  th e  fir s t  c y c le  o f  lo a d in g ,  a d o w n w a r d  lo a d  o f  5 0 %  o f  t h e  d e s ig n  la ter a l



l o a d  w a s  a p p l ie d  in  in c r e m e n t s  to  t h e  m o d e l  b y  m e a n s  o f  a  h y d r a u lic  ja c k  o f  

5 0 0 ( K N )  c a p a c it y .  T h e n  th e  j a c k  w a s  r e le a s e d  a n d  a n  u p w a r d  lo a d  w a s  a p p l ie d  in  

in c r e m e n t s  b y  a n o t h e r  h y d r a u lic  ja c k  o f  th e  s a m e  c a p a c ity  a s  th e  p r e v io u s  o n e .  

T h is  j a c k ,  w h ic h  w a s  in s ta l le d  o n  th e  r ig id  fr a m e ,  w a s  lo a d e d  u p  to  th e  s a m e  le v e l  

o f  lo a d  a s  i t  w a s  fo r  th e  d o w n w a r d  lo a d in g . F r o m  th e  s e c o n d  c y c le ,  th e  a p p lie d  

l o a d  ( d o w n w a r d  a n d  u p w a r d  ) w a s  in c r e a s e d  b y  2  (K N ) a t  e a c h  c y c le  o f  lo a d in g  

u n t i l  f a i lu r e  o c c u r r e d .

T h e  tw o  t r a n s d u c e r s  w e r e  m o u n te d  o n  th e  to p  a n d  b o t to m  su r fa c e s  o f  th e  

s la b  to  m e a s u r e  t h e  r o ta t io n  o f  th e  c a n t i le v e r  s la b  r e la t iv e  to  th e  c o lu m n  a s  sh o w n  

in  F ig u r e s  5 — 1 9 a  a n d  5 .1 9 b .  T h e  r e la t iv e  r o ta t io n  o f  th e  s la b  a t  th e  o n s e t  o f  s t e e l  

y ie ld in g  is  t e r m e d  a s  " th e  y ie ld  r o ta t io n  =  Gy " a s  sh o w n  in  F ig u r e s  7 .4  a n d  

7 . 5 .  T h e  lo a d in g  c y c le s  s e q u e n c e  u se d  in  te s t in g  th e  m o d e l  is sh o w n  v e rsu s  r e la t iv e  

r o t a t io n  a n d  t e n s i l e  s tr a in  o f  th e  o r d in a r y  r e in f o r c e m e n t  in  F ig u r e s  7 .6  a n d  7 .7  

r e s p e c t iv e ly .

B e h a v io u r  o f  t h e  M o d e l

D u r in g  t h e  a p p l ic a t io n  o f  th e  p r e s tr e s s in g  f o r c e s ,  n o  c r a c k s  w e r e  o b s e r v e d  

o n  th e  t o p  a n d  b o t t o m  s u r fa c e s  o f  th e  s la b . T h e  f ir s t  c y c le  o f  lo a d in g  (d o w n w a r d  

a n d  u p w a r d )  c o m p r is e d  a  lo a d  o f  5 0 %  o f  th e  d e s ig n  la ter a l lo a d  a n d  o n  fu r th e r  

lo a d in g  u p  to  8 5 %  o f  t h e  d e s ig n  lo a d  n o  c r a c k  w a s  o b s e r v e d . In  c y c le  n u m b e r  

s e v e n  c o r r e s p o n d in g  to  8 5 %  o f  th e  d e s ig n  lo a d ,  f ir s t  h a ir lin e  c r a c k s  w e r e  in it ia te d  

f r o m  t h e  f r o n t  c o r n e r s  o f  th e  c o lu m n  o n  t o p  su r fa c e  o f  th e  s la b  a s  s h o w n  in  

F ig u r e  7 . 8 a .  A t  9 2 %  o f  t h e  d e s ig n  lo a d  ( 8th  c y c le  o f  lo a d in g )  f ir s t  h a ir lin e  c r a c k s  

w e r e  o b s e r v e d  o n  th e  b o t to m  s u r fa c e  s im ila r  to  th a t  o n  th e  t o p  s u r fa c e .  A t  th is  

s t a g e  t h e  f le x u r a l  c r a c k s  o n  th e  to p  su r fa c e  o f  th e  s la b  e x t e n d e d  in  th e  Y — 

d ir e c t io n  o f  t h e  s la b  a s  s h o w n  in F ig u r e  7 .8 b .  A t  1 1 8 %  o f  t h e  d e s ig n  lo a d  

c o r r e s p o n d in g  t o  th e  1 3 th  c y c l e ,  t o r s io n a l  c r a c k s  d e v e lo p e d  s im u lt a n e o u s ly  o n  th e  

t o p  a n d  b o t t o m  s u r fa c e s  o f  th e  s la b  a s  s h o w n  in  F ig u r e  7 . 8 c .  F in a l ly ,  a t 1 3 7 %  o f
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Lateral load at the onset 
of steel yielding

yield I 
rotation 1

0 s 4 12 IS9
RELATIVE ROTATION OF SLAB x  925 r»rrj

FIG. (7 - 5 ) ,  LATERAL LOAD VERSUS RELATIVE ROTATION OF SLAB 

AT 11TH CYCLE OF LOADING ( MODEL RCS7 )

L ateral load a t the onset 
of steel yielding

3 » -

yield
strain

♦
0.0 0.5 1*0 !<

STRAIN /  YIELD STRAIN L 003 )

FIG. (7 - i t ) ,  LATERAL LOAD
AT 11TH CYCLE OF LOADING ( MODEL RCS7 )



ST
RA
IN
 
/ 
YIE

LD 
ST
RA
IN
 

( 3
000
 
EU 

) 
RO
TA
TI
ON
 
/ 
YIE

LD 
RO
TA
TI
ON

303

CYCLE NO.

-1.5- •

NUMBER OF CYCLES

FIG. (7-  6 ) ,  RELATION BETVEEN LOADING CYCLES AND

ROTATION OF SLAB TO COLUMN IN  MODEL RCS7.

CYCLE NO.

-1 - -

NUMBER OF CYaES

FIG. (7-  7 ) ,  RELATION BETVEEN STRAIN IN  ORDINARY BAR 

AND LOADING CYCLES IN  MODEL RCS7.
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( a )  118%

Failure Crack

137%(b )

F i g u r e ( 7 - 8 ) :  C ra c k s  i n i t i a t i o n  d u r in g  t e s t i n g  o f  m odel RCS7 a t  
d i f f e r e n t  p e r c e n t a g e s  o f  th e  d e s ig n  lo a d  on to p  
s u r f a c e  o f  t h e  s l a b .
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Figure(7—9): Crack pattern on the top surface of model RCS7.

Figure(7—10): Crack pattern on the bottom surface of Model RCS7.
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Q.S

__ L

u ~ ~
-5 T H  CYCLE 
-*■ 6TH CYCLE 
•-* 7TH CYCLE

ROTATION /  YIELD ROTATION

FIG. (7 -1 1 , B) . RELATIVE ROTATION OF THE SLAB TO COLUMN 

FOR MODEL RCS7

I
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p red icted  m on oton ic  failure load

-1.1D0 $00

— • BTH CYCLE
— ► 10TH CYCLE
— •* PREDICTED FAILURE LQAI

ROTATION /  YIELD ROTATION

FIG. ( 7 - 1 1 ,0  . RELATIVE ROTATION OF THE SLAB TO COLUMN 

FOR MODEL RCS7.

p red icted  m on oton ic  failure load
• •ii

1.5

   11TH CYCLE
 ► 12TH CYCLE
 *  J3TH CYCLE
 ■ PREDICTED FAILURE LOAI

ROTATION /  YIELD ROTATION

FIG. ( 7 - 1 1,D) . RELATIVE ROTATION

FOR MODEL RCS7 AT FINAL STAGES OF LOADING CYCLES.
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0 .8 0- 0.175 ! DO

-  1ST CYCLE 
-► 3RD CYCLE 

47H CYCLE! * -■

STRAIN /  YIELD STRAIN (3000 EU)
SH/P

FIG. (7 -1 2 , A) # LOAD-STRAIN RELATION {OF REINFORCING BAR 

IN  X-  DIRECTION FOR MODEL RCS7.

I-----

-also■i

4 5

5TH CYCLE

STRAIN /  YIELD STRAIN (3000 EU)
SHIP

FIG. (7 -1 2 , B) • LOAD-STRAIN R
IN  X- DIRECTION
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predicted  m onotonic failure load

i—

-8TH CYCLE
h. 9TH CYCLE
■a PREDICTED FAILURE LOAD

STRAIN /  YIELD STRAIN (3000 EU)

FIG. ( 7 - 1 2 ,C ) ,  LOAD-STRAIN RELATION IN  REINFORCING BAR 

IN  X-DIRECTION FOR MODEL RCS7.

predicted  m onotonic failure load ¥

//

:

11TH CYCLE 
♦ 12TH CYCLE

*-------*  13TH CYCLE
■........■ PREDICTED FAILURE LOAD

STRAIN /  YIELD STRAIN (3000 EU)

FIG. (7 - 1 2 ,D ), LOAD-STRAIN RELATION IN  REINFORCING BAR 

IN  X-DIRECTION FOR MODEL RCS7.



the design lateral load (17th cycle) while the load was being applied downward, the 

m odel reached its ultim ate load carrying capacity and the failure occurred by a

wide flexural crack on top surface of the slab (heavily marked in Figure 7.8d ) 

T he final crack patterns on the top and bottom surfaces are presented in Figures 

7 .9  and 7.10.

T he lo a d -  rotation curves for the model obtained during the loading cycles 

are  shown in Figures 7.11a to 7.1 Id . In these Figures the drawings of some of the 

cycles were cancelled because of coincidence with each other. The relationship 

between tensile strains for the ordinary steel bar in windward direction (X—dir.) 

and applied lateral loads is presented in Figures 7.12a to 7.12d. No significant

increase of the tensile strain was observed in the transverse direction (Y—dir.).

A fter the failure of the slab by the large flexural crack and releasing all the jacks,

the  prestressing forces caused crush and local damage at the corners of the slab 

which is shown in Figure 7.9.

7 .2 .2  M odel RCS8

T h e  design lateral load of this model was 31 KN, ~ The top and

bottom  unstressed reinforcem ent of the slab were identical as shown in Figure 7.2. 

T he level of prestress in this model was 65% of that in model RCS7 and the

average prestress in concrete was 3.2 N/mm^. At the first cycle of loading, a

downward lateral load was applied in increm ents up to 80% of the design load

m onitoring cracks and strains of steel bars. From  the second cycle of loading, the

applied load (downward and upward) was increased by 2.5 (KN) at each cycle up 

to failure of the m odel. The loading cycles sequence used in testing the m odel 

versus the rotation of the slab relative to the column and strain of the ordinary

reinforcem ent is shown in Figures 7.14 and 7.15. The onset of steel yielding

happened a t 7 ^  cycle of loading as shown in Figure 7.20. T he relative yield

ro tation  of the m odel ( 6 y )  is obtained from Figure 7.21.
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Behaviour of the Model

No cracks were found during the application of the prestressing forces. The 

first cycle of loading (downward and upward) comprised a load of 80% of the 

design load and no crack was observed. At the second cycle in downward loading 

corresponding to 89% of the design load, the first hairline cracks on top surface of 

the slab were initiated from the front corners of the column as shown in Figure 

7.16a. At 104% of the design load (4 th cycle of loading) the first cracks were 

observed on the bottom  surface similar to that on the top surface. At 144% of the 

design load inclined torsional cracks appeared on the top and bottom surfaces of 

the slab respectively as shown in Figure 7.16b. At 12th cycle corresponding to

161% of the design load while the load was being applied downward, the model 

reached its ultim ate capacity of carrying load and the failure occurred by the wide 

flexural cracks on top surface of the slab (heavily marked in Figure 7.16d ). The 

final crack patterns of the top, back and bottom surfaces of the slab are shown in 

Figures 7 .17 , 7.18 and 7.19.

T he rotations of the slab relative to column versus applied lateral loads are 

shown in Figures 7.22a to 7.22d. T he relation between tensile strain of the 

ordinary steel bar in X— direction and the applied lateral load is shown in

Figures 7.23a to 7.23d. No significant increases were observed in steel strain in

Y— direction of the slab.

7 .3  Discussion of Test Results

T he  object of these tests was to study the strength and overall behaviour of 

the models under the cyclic loading condition. The main param eter which changed 

was the level of prestressing. T herefore, the prestressing level in model RCS8 was 

65%  of th a t in model RCS7. This 35% reduction of prestressing level caused a 9% 

reduction in ultim ate failure load of model RCS8. Secondly, the maximum
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( a )  89%

( a )  144%

(b )  104%

Failure Crack

(b )  161%

F i g u r e ( 7 - 1 6 ) : C ra c k s  i n i t i a t i o n  d u r in g  t e s t i n g  o f  m odel RCS8 a t  
d i f f e r e n t  p e r c e n t a g e s  o f  th e  d e s ig n  lo a d  on to p  
s u r f a c e  o f  th e  s l a b .
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M O D E L
N O B

Figure(7—17): Crack pattern  on the top surface of model RCS8.

F ig u re (7 —18): C rack  p a tte rn  on the  bo ttom  surface of M odel RCS8.



Figure(7-19): Crack pattern on the rear side of model RCS8.
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Lateral load at the onset 
of steel yielding

yield
rotation

10- .

0 3 12 159
RELATIVE ROTATION OF SUB *  925

FIG. (7 -2 1 ) ,  LATERAL LOAD VERSUS RELATIVE ROTATION OF SLAB 

AT 7TH CYCLE OF LOADING ( MODEL RCSB )

L ateral load at the onset 
of steel yielding

20 - -

♦
1.5 2.01.0(L5

STRAIN /  YIELD STRAIN 1003 )

FIG. (7 -2 0 ) ,  LATERAL LOAD VERSUS STEEL STRAIN MEASURED 

AT 7TH CYCLE OF LOADING ( MODEL RCS8 )
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1, 0.7 i

 --------   1ST CYCLE

♦-------- ► 2ND CYCLE

a- ------*  3RD CYCLE

ROTATION /  YIELD ROTATION

FIG. ( 8 - 2 2 ,A ) ,  RELATIVE ROTATION OF THE SLAB TO THE COLUMN 

FOR MODEL RCSQ AT IN ITIA L  STAGE OF LOADING CYCLE.

0| 25

— • 4TH CYCLE

   5TH CYCLE

— *  6TH CYCLE

ROTATION /  YIELD ROTATION

FIG. (8 - 2 2 , B ) ,  RELATIVE ROTATION OF THE SLAB TO COLUMN 

FOR MODEL RCS8.
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FIG. (Q -22,C) • RELATIVE ROTATION OF THE SLAB TO THE COLUMN 

FOR MODEL RCS8.

p red ic ted  m onotonic  failu re load

U

1ST CYCLE 
10TH CYCLE

*  11TH CYCLE 
■ 12TH CYCLE 

PREDICTED FAILURE LOAD

-5,00

ROTATION /  YIELD ROTATION

FIG. ( 8 - 2 2 ,0 ) •  RELATIVE ROTATION OF THE SLAB TO COLUMN 

FOR MODEL RCS8 AT FINAL STAGES OF LOADING CYCLE.
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0.6

1ST CYCLE

m *  3RD CYCLE

STRAIN /  YIELD STRAIN 13000 EU)

FIG. ( 8 - 2 3 ,A ) ,  LOAD-STRAIN RELATIONfoF REINFORCING BAR 

IN  X - DIRECTION FOR MODEL RCS8.

predicted m onotonic failure load

-ATH CYCLE 
-+ 5TH CYCLE 
• ■ a  6TH CYCLE 
■ PREDICTED FAILURE LOAI

STRAIN /  YIELD STRAIN (3000 EU)
SHIP

FIG. (8 -2 3 , B i t  LOAD-STRAIN RE

IN  X -  DIRECTION
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STRAIN /  YIELD STRAIN (3000 EU)
5M|p

FIG. (8 -2 3 f C) t LOAD-STRAIN RELATIONYOF REINFORCING BAR 

IN  X-DIRECTION FOR MODEL RCS8.

7TH CYCLE 
f .  8TH CYCLE
; ^-------*  9TH CYCLE
! ■.........« PREDICTED FAILURE LQAI

J ___________________________________________  _____________________

predicted monotonic failure load
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ro tational ductility factor ( 6/ 8y) of model RCS8 increased up to 3 times of that of 

m odel RCS7.

Considering the definition of stiffness coefficient of the slab for each cycle of 

loading described in Figure 7.24, the relationship between the stiffness coefficient 

and relative rotational ductility factor , num ber of cycles and lateral design loads 

a re  shown in Figures 7.25 , 7.26 and 7.27 respectively. All these curves show that 

the stiffness degradation in model RCS8 is more than that in model RCS7 

especially after the 8 th cycle of loading.

In contrast to the models tested under the monotonic loading condition 

(C hap ter 6, models MSI to MS6), the failure mode of both models RCS7 and 

RCS8 was a flexural failure. The reason for this phenom enon is described as 

follows: In all the previous models (M SI—MS6), the tendons in the X— direction 

had an eccentricity of 27mm at the front face of the column while in the cyclic 

loading m odels there was not any eccentricity in the X—direction. In a comparison 

between m odels MS3 and RCS7, which both have the same level of prestressing, 

the  ultim ate failure load of model RCS7 is 72% of that of m odel MS3, that is, 

om itting 27mm eccentricity in model RCS7 resulted in 28% reduction of ultimate 

failure load. Also, this omission of eccentricity is directly related to the flexural 

resistance capacity of the model. As a result, in models RCS7 and RCS8 because 

o f the reduction of flexural resisting capacity, the mode of failure changed from 

punching to  flexural mode.

In prestressed flat slabs at an edge column junction , for m onotonic loading 

conditions using shear reinforcem ent would help to improve ductility of the slab 

because the failure modes were punching. But for reverse cyclic loading conditions 

in addition to using shear reinforcem ent using extra flexural reinforcem ent in the 

counterside of tendons eccentricity is recom m ended.
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1.5

-1.25

ROTATION /  YIELD ROTATION

FIGURE(7 -2 4 ) ,  CALCULATION OF STIFFNESS COEFFICIENT

(5
u
H

•-H

4 55 620
ROTATIONAL DUCTILITY FACTOR

FIG. (7 -2 5 ) ,  RELATION BETVEEN STIFFNESS COEFFICIENT AND 

ROTATIONAL DUCTILITY FACTOR (RCS7 AND RCSB ) .
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<— •+M0DEL RCSB

0.0 1.0 1.5 2.0

LATERAL LOAD /  DESIGN LOAD

FIG. (7 -2 6 ) ,  RELATION BETVEEN STIFFNESS COEFFICIENT AND 

APPLIED LATERAL LOAD (MODELS RCS7 AND RCS8 )

MODEL RCS7

♦— ♦MODEL RCSB

v

12 1596I0

NUMBER OF CYCLES

FIG. (7 -2 7 ) ,  RELATION BETVEEN STIFFNESS COEFFICIENT AND 

CYCLIC LOADING SEQUENCE FOR MODELS RCS7 AND RCSB.



C H A P T E R  E IG H T

TH EO RETICA L INVESTIGATION

8.1 In tro d u c tio n

In this chap ter the nonlinear finite elem ent programme which was described in 

chapter th ree  is used to carry out the theoretical analysis of the experim ental models 

described in chapters six and seven. This programme is also used for the theoretical 

investigation of som e experim ental works by Smith and Burns^®) , Long and

F ra n k l in O ^  R eg an O l) an(j H a w k i n s ( 2 6 ) .  The object of this theoretical analysis is to

establish the accuracy of the results obtained from the th ree— dimensional finite elem ent 

program me . This can be achieved by comparing the theoretical deflections , strains 

and failure loads with their counterpart values in the experim ental models.

In the finite elem ent analysis, unbonded prestressing bars are treated as

full— bonded reinforcem ent with an equivalent yield stress equal to the difference

between its 0.2%  proof stress and effective prestress. This problem was discussed in 

section 4 .3 .1 .

8.2 N onlinear Analysis

T he  m ain param eters which have an effect on the num erical solution 

investigated in this work are presented in the following order;

a)— Mesh size

b)— Shear re ten tion  factor

c)~  Inclusion of colum n in the analysis

d)— Proportional and experim ental sequence of loading.



8.2.1 Mesh Size

T he effect of mesh size was investigated using twelve , sixteen and 

twenty elem ent m esh which have 366 , 468 and 564 degrees of freedom respectively as 

shown in Figure 8.1. T he displacement at point PI obtained from the theoretical 

analysis of model MS5 using the three different meshes of elements is presented in 

Figure 8.2 . Using these meshes, the predicted ultimate failure loads for twelve, sixteen 

and tw e n ty -e le m e n t meshes were respectively 86% , 102% and 89% of experim ental 

failure load of the m odel. Nonlinear analysis was also carried out on model MS3 with 

twelve, sixteen and twenty elements and it was found that the results for sixteen and 

twenty— elem ent m eshes have insignificant difference in behaviour and ultimate load as 

shown in Figure 8 .3 . It is apparent from Figure 8.3 that the sixteen and 

twenty— elem ent m eshes have better agreement with the experim ental results. 

Considering the im portance of computational cost and insignificant difference between 

sixteen and twenty— elem ent meshes, the sixteen— element mesh was adopted for 

investigation in this work.

8.2.2 S hear R eten tion  F actor (B e ta )

F or investigation of shear retention factor effect, several nonlinear analysis were 

carried out for m odels MS3 and MS5 using different values of Beta( 0). In each case 

the value o f Beta was kept constant in all the increments of load. Some of the results 

are presented  in Figures 8.4 to 8.8. From these figures it is clear that neither 

displacements nor strains of steel and concrete were affected by the various values of 

Beta until near the failure load. But the failure load increased in proportion to Beta. 

The predicted  ultim ate failure load as a percentage of experim ental failure load due to 

variation of Beta for model MS5 was 89% and 113% for (3 =  0.05 and 0  >  0.45 

as shown in Table 8.1a.



For m odel MS3 the  prediction varies between 82% and 107% as shown in Table 

8.1b. From  this investigation, the results of the analysis with (3 = 0 .2 5  and (3 = 0 .3 5  

have good a g re e m e n t with the experimental results. Therefore, 0 = 0 .3  was used in the 

analysis o f all th e  m odels presented in this chapter.

8.2.3 P ro p o r tio n a l a n d  E x p erim en ta l Sequence of Loading

In nonlinear analysis, the following methods were used for loading sequence of 

the m odels:

a)— Proportional loading.

b)— E xperim ental sequence of loading.

In proportional loading, gravity and lateral load were increm ented such that they

reached th e ir ultim ate values simultaneously. But in the experim ental sequence , gravity 

load was applied during the first two increments in which no lateral load was applied. 

Then holding the ultim ate gravity load constant , the lateral load was applied in

increments up to failure of the model.

In this study both proportional and experimental sequence of loading were

duplicated in the theoretical analysis for all the models. Some of the results are shown 

in Figures 8 .9  to 8.12 and Table 8.2 for comparison between the two m ethods. It is 

clear from  these figures that there is no significant difference between the two results

except in the  ultim ate failure loads. Table 8.2 shows a comparison of ultimate load for

aU the m odels. T he ultim ate lateral load in experimental sequence of loading is 10%

less than in the proportional sequence of loading. Since most of the num erical work

had been carried out using proportional loading and as the difference between

proportional and experim ental sequence was small, the results are presented for 

proportional loading only.

^■2.4 A nalysis  o f Ju n c tio n s  including  the co lum n stub

Two m ethods were used to simulate the column support of the slab. In the first



method the colum n stub was eliminated and the foot print of the column was 

considered as a single elem ent. In this element, deflection of the nodes at the front 

edge of the bottom  face (a, b, c) and back edge of the top face (d, e, f) were

restrained as shown in Figure 8.1 e. In the second method , the column stub at the top 

and bottom  were included as two additional elements . The bottom face of the column 

was considered fully restrained while the top face of column was restrained only in the 

x—direction as shown in Figure 8 .If. Results of the analysis and the comparison

between these two m ethods are shown in Figures 8.13 to 8.15 and in Table 8.3. It is 

evident from  these figures , that there is insignificant difference between the methods 

in predicting of displacem ent and strains of steel and concrete. But in the prediction of

ultimate failure load , analysis with column elements has better agreem ent with

experim ental results. Therefore , this method was used for theoretical study of all the 

models.
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column

a)

Thickness

Figure 8 .1 : a) Symmetrical half of model used for analysis 

b) Twelve —elem ent mesh arrangem ent



r j gure s .i
c)  s i x t een- e^ement mesh

arra"geolen,

Twen<y~ element mesh arrangem ent



330

colum n — 
foot print

Figure 8.1 . e) Analytical model without column stub(symmetrical half shown)

Top face of 

column stub

Column

Bottom face of 

column stub

Figure 8.1 i f )  A nalytical m odel including colum n stub (sym m etrical ha lf shown)



T able ( 8 .1 )  a: Study o f  the e f f e c t  o f  shear r e te n t io n  fa c to r  (B eta)  

on th e  u lt im a te  load o f  model MS5. The experim en tal f a i lu r e  
load  o f  the model (Vexp) is  8 9 .5  KN

B eta

Theoret ic a l

U11 imate 
load
( V t h e o )

^theo

Vvexp

.05
(KL)

79.6 0 .89

.15 79.6 0 .89

.25 91 .6 1 .02

.35 91 .6 1 .02

.45 98.9 1 .13

.75 101 1 .13

T ab le ( 8 .1 )  b: Study o f  the e f f e c t  o f  shear r e te n t io n  fa c to r  (B eta)  

on u lt im a te  load o f  model MS3. The exp erim en ta l f a i lu r e  

load  o f  the model (Vexp ) i s  76 .5  KN

B eta

Theoret ic a l

U11 imate 
1 oad
(^theo)

^theo

v exp

(KL)

.05 62 .7 .82

.15 67.32 .88

.25 71 .94 .94

.35 76 .56 1 .0 0

.45 8 1 .84 1 .07



T ab le ( 8 .2 ) :  A com parison between p rop ortion a l and 

exp erim en ta l sequence o f  load in g .

* * *

Mode 1 Vvexp Vves Vvps
vves vps

Vvexp Vvexp

(KN) (KN) (KN)
MSI 5 5 .5 4 8 .0 53.1 1 .0 .96

MS2 6 4 .5 54 .9 67 .5 .85 1 .0 4

MS 3 7 6 .3 71 .5 74 .7 .94 .98

MS4 9 4 .8 91.1 96 .9 .96 1 .0 2

MS5 8 9 .5 79 .3 91 .6 .89 1 .0 2

MS6 6 4 .7 69 .8 72 .3 1 .07 1 .1 2

Average = .95 1 .0 3

S. D. = .07 .05

Ve X p =  E x p e r i m e n t a l  f a i l u r e  l o a d

Vnc = T h e o r e t ic a l  f a i lu r e  load w ith  p ro p o rtio n a l sequence  
o f  lo a d in g .

Ve s  = T h e o r e t ic a l  f a i lu r e  load w ith  experim en ta l sequence  
o f  lo a d in g .



T ab le  ( 8 .3 ) :  Study o f  the e f f e c t  o f  in c lu d in g /e x c lu d in g  

the column in the a n a ly s is .

Model

*

vvexp

*

vt < rf 1 o 
*

vt < <■+ i o

vvexp Vvexp

(KN) (KN) (KN)
MSI 5 5 .5 55 .5 53.1 1 .0 .96

MS 2 6 4 .5 62 .2 67 .5 .96 1 .05

MS 3 7 6 .3 69 .9 74 .7 .92 .98

MS4 9 4 .8 76 .5 96.9 .81 1 .02

MS 5 8 9 .5 82 91 .6 .92 1 .02

MS6 6 4 .7 53 .5 72 .3 .83 1 .12

Average = .91 1 .03

S. D. = 0 .0 4 0 .05

V e X p  = E xperim ental f a i lu r e  load

Vt = T h e o r e t ic a l  fa i lu r e  load w ithout column elem en ts  

V t _ c  = T h e o r e t ic a l  fa i lu r e  load c o n s id er in g  column e lem en ts
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Exp

 -----. EXPERIMENT
» MESH NO.* 12 

* • • • *  MESH NO.. 16 
u  ■ MESH NO.. 20

0.00 0.01 0.02

DEFLECTION /  THIKNESS ( 130 MM )

FIG. (8 .3 )  Ai LOAD-DEFLECT ION RELATIONSHIP OF MODEL M55 

AT POINT P1 FOR VARIOUS MESH SIZ E S
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MESH NO.. 12 

a- . *  MESH NO.. 16 
■— ■ MESH NO.. 20

0.8 1 . 20.0

STRAIN /  YIELO STRAIN (0 .003  )
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i  » i  BETA- .2 5

0>t
DEFLECTION /  THINNESS ( 13Q rtf )

FIG . (8 .4 )  A . LOAD-QEFLECTION RELATIONSHIP OF HQDEL (1S5 

AT POINT PI FOR VARIOUS VALUES OF BETA
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FIG. (8 .4 )  B , LOAD-DEFLECTION RELATIONSHIP OF MODEL MSS 

AT POINT P I FOR VARIOUS VALUES OF BETA.
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FIG. (8 .5 )  A . LQAD-STRAIN CURVE FOR REINFORCING BAR AT P i 

IN  DIRECTION ( MODEL MSS ) .
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32I0
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FIG. (8 .5 )  a I LOAD-STRAIN CURVE FOR REINFORCING BAR AT P i 

IN  X-  DIRECTION ( MODEL MS5 ) .
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FIG. ( 8 . 6  )  B , LOAD-STRAIN CURVE O N  COMPRESSIVE

OF CONCRETE AT P 2 FOR BETA= . 2 5  ,  . 3 5  AND . 45
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!■• • *■ BETA. .2 5

o 2 3
STRAIN /  YIELD STRAIN ( 0. 003 )

FIG. (8 .8 )  A . LOAD-STRAW CURVE FOR REINFORCING BAR AT P i 

IN  X- DIRECTION ( MODEL MS3 ) .
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FIG. ( 8 . 8 )  B, LOAD-STRAIN CURV
IN X- DIRECTION ( MODEL MSS ) .
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 ------ -» PROPORTIONAL

EXPE. SEQUENCE

fcl2
DEFLECTION /  THICKNESS ( 130HM )

FIG. ( 8 . 9  ) .  LOAD-DEFLECT I  ON CURVES OF MODEL MS5 TO 

STUDY THE EFFECT OF LOADING SEQUENCE.

P 2 P 3
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..•E X P E . SEQUENCE
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STRAIN /  YIELD STRAIN (0.0035)

FIG. (8. 10). LOAD-STRAIN CURVE ON COMPRESSIVE SURFACE OF MSS
TO STUDY EFFECT OF LOADING SEQUENCE
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. . EXPERIMENTAL
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LOADING SEOUENCi:

L3LB1.40.2LB
STRAIN /YIELD STRAIN (0.003 )

FIG . (8. 1 1 ) ,  EFFECT OF LOADING SEQUENCE ON TENSILE STRAIN  

A T P I J N  STEEL,IN X-DIR. FOR MODEL MSS.
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B.5

STRAIN /  HELD STRAIN (Q. 003)
FIG . (S. 1 2 ) ,  EFFECT OF COLUMN ELEMENTS ON TENSILE STRAIN  

IN  STEEL IN  X-QIR. FOR MODEL MSS.
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FIG . (8. 14) • LOAD-STRAIN CURVE AT COMPRESSIVE SURFACE OF MSS 

TO STUDY EFFECT OF COLUMN ELEMENTS
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IN  STEEL IN  X-DIR.



8 .3  Analysis of Slab-Edge Column .Tunr.tinnc

8.3.1 Introduction

In the analysis, a symmetrical half of the model was analysed using sixteen

elements for the slab and two additional elements for the column stub. Gravity load

was considered as point loads and lateral load was considered as a distributed line load 

along the loaded edge as shown in Figure 8.16. A constant shear retention factor, |3 =  

0.3, was used and the proportional sequence was adopted. Steel reinforcement including 

prestressing steel was modelled as elastic-perfectly plastic material and full-bonded.

Comparison of the analytical results with the experimental results have been done in

the following order:

a) Load— displacement relationship

b) Tensile strain in 'unstressed' steel

c) Compressive strain in concrete

d) Variation of tendon force

e) Theoretical crack pattern

f) Ultimate failure load

^•3.2 Load— Displacement Relationship

Curves comparing theoretical load— displacement relationship with their

experimental counterparts for all the models are presented in Figures 8.15 to 8.20.

Respite the fact that the predicted curves give lower values of displacement than the

experimental curves for the same amount of applied load, it can generally be said that

the load deflection behaviour is predicted to acceptable accuracy.

In model MS3, the difference between the experimental and the theoretical 

values above 80% of design load (corresponding to the start of flexural and shear cracks



in the experimental model) is probably due to fact that some cracks developed at the 

rear face of the column during the application of lateral load, especially near the 

ultimate load as shown in Figure 8.17. This flexural behaviour of the column produced 

the rigid— body motion of the slab. Therefore, in models MS4 to MS6 , deformation of 

the column was recorded by the two dial— gauges mounted on the column side face 

(Figure 8.17) and then the experimental deflection was corrected.

8.3.3 Tensile Strain in 'unstressed' Steel

Steel strain prediction is carried out for both the longitudinal and the transverse 

unstressed reinforcement. Care was taken to choose the Gauss points for strain readings 

as near as possible to the location of strain gauges in the experiment. Strain in steel in 

windward direction (called X— direction) and in transverse direction (called Y— direction) 

are presented in Figures 8.23 to 8.34 for all the models. In general , good agreement 

is shown at all points for all the models. In most of the models, at above 65% of 

design load, the experimental strain at point P | is slightly higher than that in 

theoretical one but very good agreement is found at point P2 and P3 in Y— direction.

8.3.4 Compressive Strain in Concrete

Theoretical compressive strain in concrete in both the windward and transverse 

directions are compared with their experimental counterparts in Figures 8.35 to 8.43. 

The behaviour of the first three models MSI , MS2 and MS3 showed that there is no 

significant compressive strain in the transverse direction. So in models MS4 , MS5 and 

MS6 the strain gauge in that direction was omitted. Instead an additional strain gauge 

was used for measuring strains in the windward direction.

The theoretical strain are measured at sampling points located on the compressive 

face of the model. But in the experimental models strain gauges were mounted on the 

extreme compressive surface of the concrete. The distance between these two locations



Figure 8.16 : Distribution of lateral load to simulate uniform 

displacement along the line 'AB'



for a slab of 130 mm thickness is 15 mm as shown in Figure 8.44. Therefore , it was 

expected that the values of experimental compressive strains will be slightly higher than 

that of theoretical value calculated at the nearest Gauss points. This is evident in most 

of the curves presented in Figures 8.35 to 8.43. In general , these curves show elastic 

behaviour of the slab up to the first cracking which took place at an average of 78% 

of the design load. At point P I, experimental curves show higher values of strain than 

theoretical curves. This is because of the stress concentration near the point due to 

column reaction. At point P2 and P3 , there is reasonable agreement between the two 

results.

8.3.5 Variation of Tendon Force

In the theoretical analysis, the tensile capacity of a tendon in excess of its 

effective prestressing force is treated as an ordinary unstressed steel with an equivalent 

yield stress equal to the difference between its 0.2% proof stress and effective prestress. 

Theoretical variation of tendons forces are compared with their experimental 

counterparts in Figures 8.45 to 8.50 for all the models. In the experimental models, 

load— cell measurements located at the ends of prestressing bars showed very small 

increase in X— direction tendons forces up to an average of 90% of the design load. 

The theoretical curves showed the same behaviour as experimental ones. For example, 

for the tendon which passed through the column head, the average increase in the 

tendon force as a percentage of the initial load is 4% at 90% of the design load and 

13% at ultimate failure load. The experimental counterparts of these figures are 2% 

and 10% respectively.

It should be noted that while in the experimental models the tendon was 

unbonded , in the finite element analysis it was treated as bonded 'unstressed' steel. 

Therefore, the theoretical results were averaged over the whole tendon length before 

comparing with the experimental results. Figure 8.51 shows the typical variation of a 

tendon force over its length in model MS6 at 70% , 93% and 100% of theoretical



failure load of the model. In general , good agreement is obtained between the

experimental and the theoretical results. In all the models, load cell measurements and

theoretical calculations indicated that no significant changes were observed in the tendon 

forces in the Y— direction.

8.3.6 Theoretical Crack Pattern

In order to compare the crack patterns obtained by theoretical analysis with the 

experimental ones, cracks which occurred at those sampling points located on the

tension side of the slab were used. Such crack patterns were obtained for models MSI, 

MS3, MS5 and RCS8 and compared with their experimental counterparts in Figures 

8.53 , 8.55 , 8.57 and 8.59. It can be seen from these figures that there is good

agreement between the experimental and analytical results at crack initiating points and 

spreading of cracks throughout the slab.

Failure of concrete was extracted from theoretical analysis to observe the

progress of compressive failure of concrete. On the compressive side of the slab , the

region around a Gauss Point fails when the concrete at that Gauss Point crushes. As 

the loading increases, crushing spreads to other Gauss points in the slab. The sequence 

of this spreading presented in Figures 8.54 , 8.56 and 8.58 , indicate the progressive

failure of concrete respectively for models MSI, MS3 and MS5. From these figures it is 

clear that on the bottom face of the slab, crushing of concrete starts from the area

near the column front corners and spreads towards the loaded edge. On the tension

face, crushing takes place in the area beside the column rear corners. This leads to the

punching failure of the column- slab connection which corresponds to that from

experimental observations as well.

The monotonic analysis of the cyclic loading models showed that crushing of 

concrete is limited to the area in front of the column on the compressive side of slab 

only. On the other hand, considering extensively spread flexural cracks on the tensile

side of the model RCS8 (see Figure 8.59) , it can be concluded that the theoretical



failure mode of the cyclic loading models is flexural. It is interesting to note that not 

only the punching type of failure was successfully predicted but also of the flexural

type as well.

8.3.7 Ultimate Failure Load

In the experiment, failure of the slab— column connections took place when a

major diagonal cracks took place on the rear side of slab or excessive deflection of the

slab was observed (in cyclic loading models) accompanied by rapid decrease in lateral

load. On the other hand, in the theoretical analysis failure of the connections is

assumed to have taken place when the termination criterion described in section 3.5.5

was fulfilled

For all the models tested, the theoretical ultimate load ( V ^ q) is compared with 

the experimental ultimate load (Vexp) in Table 8.4. In the monotonic loading series , 

MSI to MS6 , all the models failed in punching mode but in cyclic loading series

failure mode of both models , RCS7 and RCS8 , was flexural. The ratio of

(^theo^exp) *s e9ual to 1-01 with standard deviation of 0.08. Therefore, from this it 

can be said that the proposed finite element analysis predicts failure load of the

connections satisfactorily.

In Table 8.5, the experimental punching failure load is compared with punching

shear strength predicted by BS8110 ( chapter 2, equation 2.10) and ACI 318—83

(equation 2.8). It is clear from the results in Table 8.5 that, shear strength predicted

by A C I -83 is an underestimation. The reason may be that the ACI design equation is 

dominated by the parameter of (M/V) whereas in the British Code the effect of this 

parameter is considered as a constant at 0.8. The calculations are shown in Appendix 'A'



L ateral load

Location of dial— gauges 
mounted on the column face 
to measure relative rotation 
of slab to column.

Column

Figure 8.17 : Cracks on the rear face of the column



T able ( 8 .4 ) :  Comparison between t h e o r e t ic a l  and 

exp erim en ta l u ltim a te  lo a d s .

V = vexp

^ th eo

Model

*

Vvexp

*

^theo
^theo F a ilu r e  

modeVvexp

(KN) (KN)
MSI 55.5 53.1 .96 punching

MS 2 64 .5 67.5 1.05 =

MS 3 76.3 74.7 .98 =

MS4 94.8 96.9 1.05 =

MS 5 89.5 91.6 1.02 =

MS6 64.7 72.3 1.12 =

RCS7 60 . 0 55.8 .93 F Iexural

RCS8 55 . 0 53.7 .98 =

Average = 1.01

S. D. = 0 . 08

E xperim ental f a i l u r e  load  

= T h e o r e t i c a l  f a i l u r e  load
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Table 8.5 — Comparison of the experimental failure load in this
study with shear failure load predicted by BS8110 and 
American Code (A C I-83).

Mode 1
Fa i l u r e  Loads (KN) VBS v Ac i

Vvexp VBS Vaci Vvexp vvexp

MSI 55.5 89.0 39.9 1 . 60 0 . 72

MS 2 64 .5 98.8 41 .2 1 .53 0 . 6 4

MS 3 76 .3 112.0 51.1 1.45 0 .68

MS4 94.8 112.0 66 .4 1 .16 0 . 70

MS 5 89.5 118.0 54.9 1 .32 0 .61

MS6 64.7 104.3 42 .2 1.61 0 . 65

RCS7 60 . 0 82.4 53.2 1 .37 0.89

RCS8 55 . 0 82.4 46 .8 1.49 0 . 85

Average = 1 . 44 0 . 72

Vexp= Experimental Ultimate Failure Load in this study. 

Vrs =  Predicted Failure Load by BS8110 code.

V ^ £j=  Predicted Failure Load by ACI code.
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FIG . (8. 18) B  * LQAD-DEFLECTION CURVES OF MODEL M SZ
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DEFLECTION /  THICKNESS (130 MM )

FIG. (8. 19) . LQAD-DEFLECTION CURVES OF MODEL MS3.
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F /a  fflt 20;. LOAD-DEFLECT ION CURVES OF MODEL MS4.
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FIG . (8. 21) i LQAD-DEFLECTION CURVES OF MODEL MSS.
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0. 0
0.150. 00
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FIG . (8. 2 2 ) .  LQAD-DEFLECTION CURVES OF MODEL MS6.
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*  THEORETICAL
0. 0

0. 0 0. 0
STRAIN / Y I E L D  S T R A I N (0.  0 02 9 )

FIG . (8. 23 ) .  LOAD-STRAIN CURVE FOR REINFORCING BAR IN  

X-DIRECTION FOR MODEL MSI.
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FIG. (8. 24) • LOAD-STRAIN CURVE FOR REINFORCING BAR IN
/-DIRECTION FOR MODEL MSI.
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FIG . (8. 25) i LQAD-STRAIN CURVE FOR REINFORCING BAR IN  

X-OIRECTION FOR MOOEL MS2.
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FIG. (8 .2 6 ), LQAD-STRAIN CURVE FOR REINFORCING BAR IN
r-OIRECTION FOR MODEL MS2.
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FIG. (B.2Q)i LOAD-STRAIN CURVES OF REINFORCING BAR
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FIG . (8. 29 ) .  LOAD-STRAIN CURVES OF REINFORCING BAR 

IN  X-  DIRECTION FOR MODEL MS4.
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FIG. (8. 30) i LOAD-STRAIN CURVES OF REINFORCING BAR
IN  Y-  DIRECTION FOR MODEL MS4.
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F IG  (8. 32) .  LQAD-STRAIN CURVES OF REINFORCING BAR
IN  T- DIRECTION FOR MODEL MS5.
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FIG . (8 .3 3 ) .  LOAD-STRAIN CURVES OF REINFORCING BAR 

IN  X-  DIRECTION FOR MODEL MS6.
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FIG. (8. 34) ,  LQAD-STRAIN CURVES OF REINFORCING BAR
IN Y- DIRECTION FOR MODEL MS6.
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FIG . (8 .3 5 )  . LOAD-STRAIN CURVES AT COMPRESSIVE SURFACE 

OF CONCRETE IN  X-D IR. FOR MODEL MSI.
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OF CONCRETE IN  X-D IR. FOR MODEL MS3.
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♦  THEORETICAL

0.0 0.5
STRAIN /  YIELD STRAIN (-. 0035)

FIG . ( 8 .4 1 ) .  LOAD-STRAIN CURVES AT COMPRESSIVE SURFACE 

OF CONCRETE IN  X-D IR . FOR MODEL MS4.

THEORETICAL

o

STRAIN /  YIELD STRAIN (-. 0035)

FIG. (8. 4 2 ). LOAD-STRAIN CURVES AT COMPRESSIVE SURFACE
OF CONCRETE IN  X-DIR. FOR MODEL MSS.
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FIG . (Q. 43) • LOAD-STRAIN CURVES AT COMPRESSIVE SURFACE 

OF CONCRETE IN  X-D IR . FOR MODEL MS6.
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sampling points.
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Figure 8 .54  : Failure in concrete in the com pressive side of m odel MSI
at different percentage of design load.
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8.4 Analysis of Internal Slab- Column Junctions

8.4.1 Introduction

In section 8.3 the nonlinear finite elem ent analysis was used to analyse the tests 

on au th o r's  models which were all edge column—slab connections. In this section the 

program  is used for the analysis of internal column— slab connections. Since on this 

subject there  are adequate num ber of experim ents carried out by other investigators, it 

was decided to analyse their tests instead of perform ing some experim ents on 

prestressed concrete flat slabs at internal column connection. T he object was to see 

how well the program  predicts the experimental failure loads.

T herefo re , the tests of the following investigators were chosen to analyse and 

com pare the results with their experimental counterparts,

a— S. W. Smith and N. H. Burns(lO)

b— P. E . R eg an (ll)

c— S. O . Franklin  and A. E. Long(12).

d -  N. M. Hawkins(26)

8.4.2 Analysis of Models Tested bv:

S W Smith and N H Burns(101

T hree p o s t-ten s io n ed  flat plate specimens with a single column stub in the 

centre and various am ount of reinforcem ent have been tested by S. W. Smith and N. 

H. BurnsOO). The object was to investigate the behaviour of prestressed flat

s la b -c o lu m n  connections and com pare the tests results with th a t predicted by ACI

code. Typical plan of the specimens is shown in Figure 8.61a.

Taking advantage of symmetry, o n e -  quarter of the slab was modelled and

s ix te e n -e le m e n t mesh (Figure 8.61b) was employed using shear retention factor of

0.30. Table 8.6 shows the comparison between the experim ental ultim ate failure load 

and that of the analysis and as calculated using Am erican code (ACI). T he m ean ratio



of (V exp/V ^gQ ) is 1.05 and that of (^ex p /^A C l) *s 1-05 as weH- Figures 8.62 to 8.64 

present the load— deflection curves of experim ental tests com paring with their theoretical 

counterparts. Figure 8.65 shows the positions of additional bonded reinforcing bars and 

Figure 8.66 presents the load—strain curves of these bars from the tests and theoretical 

analysis.

In the analysis, the maximum increase in tendons forces for all the models 

occurred in the tendons which passed through the column head. The theoretical 

(experim ental) increase in the tendon force as a percentage of the initial tendon force 

were 17% (N /A ), 16% (12%) and 14% (13%) for models S I, S2 and S3 respectively.

T he crack patterns and crush points at top, middle and bottom surfaces of 

theoretical m odels which coincide with the Gauss points are shown in Figures 8.67 to 

8.69 respectively for models SI , S2 and S3. The results show that all the models have 

failed by a com bination of flexural and punching failure but the final m ode of failure 

predicted by the analysis is punching failure. In the distribution of cracks and directions 

of m ain cracks there is good agreem ent between the tests and theoretical results. In 

model S I , because there  was no bonded reinforcem ent , main cracks happened in both 

X and Y— directions but in model S2 and S3 bonded reinforcem ent caused the main 

cracks to occur in Y—direction (the north—south direction in the tests) only. 

C om parison of the experim ental failure surface and crack patterns with their theoretical 

counterparts (Figures 8.67 to 8.69) indicates very good agreem ent between the two.

In m odels S2 and S3 , bonded reinforcem ents passing through the colum n in 

X -  direction yielded first. Then the other bars yielded prior to the ultim ate failure 

load. As a result, comparison between experim ental behaviour of the models and 

theoretical behaviour predicted by the 3 -  dimensional finite elem ent analysis through this 

section indicates that there is good agreem ent between them . It can therefore be 

concluded that the theoretical m ethod is capable of predicting the ultim ate failure load 

of m odels accurately.
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T able 8.6— Comparison of experim ental failure load with 
theoretical failure load and that predicted by 
American Code (ACI) in Reference (10).

Model
F a i lu r e  Loads vvexp Vvexp

Vvexp ^theo VACI ^theo VACI

SI 1 1 2 .5 106.7 108.0 1.05 1 .04

S2 1 2 1 .4 119.0 120 .4 1 .02 1.01

S3 13 4 .8 124.5 122.1 1 .08 1 .1 0

Average = 1 .05 1 .05

Vexp =  Experim ental Ultimate Failure Load 

Vtheo=  T heoretical =  =

V ^ q =  Predicted Failure Load by ACI code.

1
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Figure 8.61 : a) Plan of the models
b) Typical s ix teen -e lem en t mesh for analysis of the models.
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0.00 0.05 0 .10 0.15 a  20 0.25
DEFLECTION /  THICKNESS C100MM)

FIG . (8 .6 2 ) i LOAD DEFLECTION RELATIONSHIP FOR MODEL S -1  

IN  REF. (10).
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FIG . (8 .6 3 ) t  LOAD DEFLECTION RELATIONSHIP FOR MODEL S - 2  

IN  REF. (10).
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a) Crack pattern  on the top surface
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Figure 8.68 : In model S2;
a) Crack pattern on the top surface
b) Crack pattern  at the middle surface
c) Crush pattern  on the bottom surface
d) Experim ental crack pattern  and 

failure area.
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Figure 8.70 : Positions where unstressed bars in model S2 yield.
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&

Figure 8.71 : Positions where unstressed bars in m odel S3 yield.



8 .4 .3  A nalysis o f R egan's T pcr

8.4.3.1 B rief D escrip tion  of the Text*;

In 1985, R egan(H ) reported fifteen tests on slabs prestressed in one direction. 

The failure mode of the twelve tests was punching and that of the other three tests 

was flexural. The test specimens were 225 mm in thickness with a breadth of 1.5 m 

and a length of 3.0 m. Concentrated upward loads were applied through central steel 

plates, while reactions were provided by means of four tie bars bearing on the 

rectangular steel plates near the corner as shown in Figure 8.72.

All the slabs were prestressed in the longitudinal direction. The average prestress 

in concrete afte r losses was 8.9 N/mm2 . This level of prestressing was provided by 

twelve 18 m m  strands at an effective prestress equals to 65% of the breaking strength. 

The strands were grouted in metal ducts with internal diam eters of 30m m . The tendon 

profiles were circular arcs with the strands reaching high points at mid—span, i.e. over 

the support, and crossing the middle surface of the slab at the reaction lines.

Light supplem entary unstressed reinforcement was provided on the tension face. 

In the transverse direction, the slab was reinforced with deform ed bars. The 

com pression zone was lightly reinforced in the both directions. The loading plate was 

150x 150 m m  and supporting plates were 180x 200 mm and concrete cube strength was 

50 N /m m 2. Figure 8.72a and 8.72b show the general arrangem ents and dimensions of 

all the m odels.

8 .4 .3 .2  Analysis of the  Tests

In o rder to achieve close duplication of experim ental set up with the analytical 

m odel, the loaded area and the reaction plates were considered as elem ents. Because of 

sym m etry about the axis, a quarter of the slab was divided into sixteen elements
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the models ( 1/4 of the slab)



Table 8.7 Comparison between the theoretical and experim ental 

failure load in Reference (11).

Mode 1
F a i l u r e  L oads (KN) vvexp F a i l u r e

Vvexp ^ th e o ^ th e o Mode

DTI 780 857 0 .9 1 Punch i ng

DT2 832 816 1 .0 2 =

DT3 962 836 1 .1 5 F I e x u r a l

DT4 715 753 0 .9 5 P u n c h in g

DT5 910 938 0 .9 7 =

DT6 832 876 0 .9 5 =

DT7 988 969 1 .0 2 F le x u r a l

DT8 676 697 0 .9 7 P u n c h in g

DT9 806 790 1 .0 2 -

DT10 832 824 1 .0 1 =

EL11 475 466 1 .0 2 F I e x u r a l

ELI 2 608 620 0 .9 8 P u n c h in g

ELI 3 645 586 1 .1 0 =

ELI 4 715 745 0 .9 6 =

ELI 5 510 526 0 .9 7 =

A v erag e  = 1 .0 0

S. D. - 0 .0 6



(Figure 8.72c) and analysed using a shear retention factor of 0.30.

Table 8.7 shows the ultimate failure loads predicted by the finite elem ent 

m ethod (V th eo ) and the experimental results (Vexp). The mean ratio of (V exj/ V theo) is 

equal to 1 .0  with a Standard Deviation of 0.06 This comparison indicates that there is 

a good agreem ent between the two results.

8 .4 .4  Analysis of Models Tested bv:

A. E. Long and S. O. Franklin^2)

8 .4 .4 .1 Brief Description of the Tests

Seven unbonded post— tensioned flat slabs with internal column connections 

were tested by A E  Long and S O F ran k lin ^ 2) t0 investigate the behaviour of the 

slabs. T he  m ain variables of the slabs were the level of eccentricity and boundary 

conditions. T hree  of the seven tests (type M) had controlled boundary conditions while 

the rem aining tests (type B) had free edges similar to S m ith ^^). In all the specimens, 

the tendons in the Y— direction were distributed uniformly while the tendons in the 

X— direction were banded in the column strip as shown in Figure 8.73a.

T he  prestressing steel used in the tests was 5 mm diam eter wire with an 

ultim ate strength  of 1580 N /m m 2. An effective force of 20 KN was applied to each 

prestressing bar in both X and Y -  directions. The dimensions of the specimens were 

2536 m m 2 and 58 m m  in thickness.

8 .4 .4 .2  Analysis of the Test Data

Taking advantage of symmetry about X axis, half of the slab was analysed using 

tw en ty - eight elem ent mesh for all the models. The finite elem ent meshes were chosen 

so th a t the colum n foot print was considered as an elem ent and column stubs (above



and below the slab) were included as two additional elements. Figures 8.74a and 8.74b. 

show the typical elem ent mesh arrangements for the models. The shear retention factor 

used in the analysis was 0.30. As previously mentioned, in models 2M, 3M and 4M the 

boundary conditions of slab were controlled. The boundary conditions were:

i) Along the edges parallel to X -a x is : dW /dY= 0 

ii) Along the edge parallel to Y -a x is  : dW /dX= 0 (8.1)

These boundary conditions cause moment reactions along the restrained edges. If we 

know the resulting m om ent reactions, then instead of imposing the slope restrictions, 

these reactions together with the applied load can be used to analyse the slab.

Since in the three— dimensional finite element analysis it is difficult to apply 

slope boundary conditions, the following approach was adopted. First a two— dimensional 

finite elem ent program m e based on elastic plate analysis under the combination of 

bending and inplane loads was used to analyse the given tests with the prescribed 

boundary conditions of equation (8.1). This analysis resulted in all the reactions

including the boundary reactions along the edges. These m oments reactions were used 

in the th r e e -  dim ensional analysis as external loads imposed to the model along with

the applied loads.

T he ultim ate failure loads obtained from this procedure are com pared with the 

tests results in Table 8.8. The mean ratio of (V ex p ^ th eo ) is 1.10 with Standard 

Deviation of 0.05. In Table 8.8 comparisons are also made between the tests results 

and the failure loads predicted by the American Code (ACI) and the Concrete

S o c i e t y O ^ ) .

T hese com parisons for the ultimate loads together with the results for deflections

in Figures 8.75 to 8.78 indicate that there is good agreem ent between the experim ental 

and the theoretical results while the A C I-A S C E  design m ethod and the Concrete
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a) E lem ent mesh arrangem ent for analysis of models IB , 

5B, 6B and 7B.

b) E lem ent mesh arrangem ent for analysis of models 2M, 3M and 4M.

Figure 8.74 :



T able 8.8— Comparison of experimental failure load with

theoretical one and that predicted by American

Code (ACI) and the Concrete Society in Reference (12).

Mode 1
F a i l u r e  L oads (KN) Vvexp vvexp Vvexp

Vvexp ^ t h e o VACI VCS ^ t h e o VACI VCS

IB 1 0 0 .1 9 3 .1 6 3 .3 7 4 .0 1 .0 7 1 .5 8 1 .3 5

2M 1 0 2 .6 - 6 4 .1 7 1 .1 - 1 .6 1 .4 4

3M 7 4 .5 6 7 .5 5 9 .6 6 0 .0 1 .1 0 1 .2 5 1 .2 4

4M 7 9 .4 6 7 .5 5 3 .1 5 2 .7 1 .1 7 1 .5 1 .5 1

5B 5 7 .6 5 3 .0 4 6 .4 4 6 .5 1 .0 9 1 .2 4 1 .2 4

6B 5 5 .2 4 9 .7 3 7 .5 3 8 .6 1 .1 1 1 .4 7 1 .4 3

7B 1 2 7 .9 1 2 2 .8 1 0 1 .6 9 8 .2 1 .0 4 1 .2 6 1 .3 0

A v erag e  = 1 .1 0 1 .4 1 1 .3 6

S .  D. - 0 .0 5 0 .1 5 0 .0 7

Vexp =  Experim ental U ltim ate Failure Load

V theo=  T heoretical =  =  =

V^£>j= Predicted Failure Load by ACI code (Ref. 28)

Vc s  =  Predicted Failure Load by the Concrete Society recom m endations (Ref. 29)
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F IG  (8. 75) .  LOAD-DEFLECTION RELATIONSHIP FOR MODEL (IB) 

IN  REF. (1 2 ).
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DEFLECTION /  THICKNESS (58MM)

FIG . (8. 76) .  LOAD-DEFLECTION RELATIONSHIP FOR MODEL (SB ) 

IN  REF. (12).
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IN  REF. (12).
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DEFLECTION /  THICKNESS (58MM)

FIG. (8. 78) • LOAD-DEFLECTION RELATIONSHIP FOR MODEL (78) 

IN  REF. (12).



Society approach is in poor agreem ent with the tests results and significantly 

underestim ate the failure loads of all the models.

8 .4 .5  Analysis of Hawkins* Testi^26)

8.4.5.1 Brief Description of the Tests

In 1981, N M Hawkins reported the results of six tests of flat slabs prestressed 

in both longitudinal and transverse directions. Five of the six slabs contained an 

internal colum n connection and the remaining one contained an edge column 

connection. T he test results are summarized in Table 8.8. The plan, longitudinal and 

transverse section details for the specimen with edge column are shown in Figure 8.79 

and for specim ens with internal column are shown in Figure 8.80.

In all the specimens, tendons of 13 mm diam eter were used. Their prestresses 

were d ifferen t lying within the range of 56 and 112 KN. The main objective of this 

study was to  investigate the effect of distributing and bundling of tendons as described 

in Table 8 .9 . The shear forces acting on the slab was simulated by sym m etrically 

distributed four jacks acting at points ' A '  near the column. M oment transfer was caused 

by jack  forces applied near the edge of slab at points 'B ' as shown in Figures 8.79 

and 8.80. T he jack forces 'B ’ were applied in opposite directions at opposite edges of 

the slabs with interior column connection. Light supplementary unstressed reinforcem ent 

was provided at the tension face throughout the slabs in both directions parallel to the 

edges. T he  com pression zone was also lightly reinforced in both the directions.

8 .4 .5 .2  Analysis of the  Tests

All the six tests were analysed by the th ree -d im ensional finite elem ent method. 

Taking advantage of symmetry about the X—axis, only one—half of the slab was 

analysed using tw en ty -e ig h t elem ent mesh for the models with interior column and
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sixteen— elem ent mesh for the model with edge column connection. The finite elem ent 

m eshes were chosen so that the column foot print was considered as an element. 

Figures 8 .81a and 8.81b show the typical elem ent mesh arrangements for the models.

T he  experim ental failure loads are com pared with the ultimate failure loads 

obtained from  the numerical analysis and also with those predicted by the American 

Code (ACI) in Table 8.10. The main ratios of (Vexp/Vtheo) are 1.03 and 1.06 

respectively for the numerical analysis and the ACI— 83 with corresponding Standard 

deviation of 0.04 and 0.16. These comparisons indicate that there is good agreem ent 

between the experim ental and the theoretical results and also between the experim ental 

and the ACI— 83 as well.
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More details in Reference (26).
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a)— Tw enty—eight element mesh for models with 

internal column connection (for half of slab).

2125 mm

i

• 1
!  I
 _________________________

b)— Sixteen elem ent mesh for model with

edge collumn connection (for half of slab).

Figure 8.81 : Mesh arrangem ents for anaiysis of the models in 

Reference (26).
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Table 8.10 — Comparison of experim ental failure load with 
theoretical failure load and that predicted by 
American Code (ACI—83) in Reference (26).

M odel
F a i l u r e  L oads (KN) Vvexp Vvex p

Vvex p ^ th e o VACI ^ th e o VACI

SI 3 0 0 .6 2 8 5 .6 2 7 4 .0 1 .0 5 1 .1

S2 1 3 8 .6 1 5 2 .5 1 6 3 .1 1 .1 .85

S3 3 0 5 .1 3 2 0 .3 2 7 0 .1 .9 5 1 .1 3

S4 3 1 4 .6 3 0 2 .4 3 1 8 .0 1 .0 4 .99

S5 1 1 3 .4 1 1 0 .0 8 5 .0 1 .0 3 1 .3 3

S6 2 8 8 .0 2 7 3 .0 3 2 8 .5 1 .0 6 .88

A v e rag e  = 1 .0 4 1 .0 5

S. D. = 0 .0 4 0 .1 6

Vexp =  Experim ental Ultimate Failure Load 

Vtheo=  T heoretical Ultimate Failure Load 

V ^ £ j=  Predicted Failure Load by ACI code.



8-5 T heoretical Investigation of Parameters o f Study (Num erical Experim ents)

8.5.1 Introduction

In sections 8.3 and 8.4 it was shown that the th ree -d im en sio n a l finite elem ent 

m ethod is capable of predicting well the ultim ate failure load and overall behaviour of 

prestressed flat slabs at both internal and external colum n— slab connections. In this 

section, the th ree param eters which were described in C hapter Six are investigated. This 

investigation is about their effects on the strength of prestressed flat slabs at edge 

colum n— slab connections. For this purpose, all the param eters involved in the strength 

of the connections presented in Table 6.1 were kept constant except the param eter in 

question. T hen  the analysis is carried out for different values for that param eter. The 

param eters which are studied in this work are :

a) Prestress level.

b) Ratio of wind shear m om ent to wind shear (M W/VWL).

c) Colum n aspect ratio.
d) Effective depth

T he plan, layout of the tendons and reinforcing bars for all the models are shown in 

Figures 8.82, 8.83a and 8.83b respectively

8 .5 .2  Prestress Level

F or a study of this param eter three theoretical models of prestressed flat slab at 

edge colum n connection TS1, TS2 and TS3 with concrete compressive stress of 4.8, 6.0 

and 7.2 N /m m 2 respectively due to prestressing were considered keeping all other 

param eters constant. The model TS3 corresponds to full prestressing case which means 

that cracking is not allowed at the serviceability load (corresponding to ’class 1 ' in the 

BS8110). In the analysis of the model TS3 the first cracks occurred at 80% of design
W0.5

load which is higher than the service load. In the two other cases the slab^considered 

as partially prestressed which means some small cracks are allowed. The first cracks



were observed at 58% and 65% of design load respectively in models TS1 and TS2 

(corresponding to 'class 3 ' and 'class 2 ' in the BS8110 respectively).

Figure 8.84 shows the load—deflection curves for this group of models. These

curves show that by increasing the prestressing level, the load— carrying capacity of the

connection increases while the deflection of the slab decreases.

Figure 8.85 shows the load—strain curves for unstressed reinforcem ent which 

passed through the column head. It is seen that for model TS3 with the maximum 

prestressing level in this group the maximum tensile strain of the bar is 26% of the 

yield strain  while for the two other models they are 23% and 11% .

T he m axim um  increase of the tendon force which passed through the column 

head is 18% , 10% and 6% of the initial prestressing force respectively for models TS1, 

TS2 and TS3. T herefore, it can be concluded that when the prestressing level increases, 

the increase in tensile stress in steel bars (tendons and unstressed bars) decreases. Table 

8.11 shows variation of the ultimate failure load versus the prestressing level.

T a b le  8 .1 1

Mode 1

P a ra m e te r  o f  

P r e s t r e s s i n g  

L ev e l (N/min^)

U l t im a te  F a i l u r e  

Load 

(KN)

TS1 4 .8 7 4 .7

TS2 6 .0 8 1 .6

TS3

CM 8 6 .4



8 .5 .3  Ratio o f fM „,/V „,U

T hree theoretical models were selected to study the effect of this param eter on 

the strength and overall behaviour of the models. Considering model TS1 as a base

m odel, the two o ther models TS4 and TS5 were analysed. The cantilever span of

models TS4 and TS5 are 0.78 and 1.20 of TS1 respectively.

Figures 8.86 and 8.87 show the differences in the behaviour of these models. 

It shows that the ultim ate failure load of the connection has increased due to the 

reduction of the m om ent—shear ratio and the connection is stiffer. Table 8.12 shows

the variation of the ultim ate failure load versus the ratio of (M ^ V ^ L ).

T a b le  8 .1 2

Mode 1

P a ra m e te r  o f

( MW/V WL)* 

R at i o

U l t im a te  F a i l u r e  

Load 

(KN)

TS4 0 .7 8 9 6 .5

TS1 1 .0 7 4 .7

TS5 1 .2 6 4 .5

* L is the cantilever span of model TS1.

8 .5 .4  C olum n Aspect Ratio

T hree theoretical models of prestressed flat slab at edge column connection T S1, 

TS6 and TS7 were analysed corresponding to the column aspect ratios of 1.67, 1.33 

and 2.0 respectively keeping all o ther param eters constant. Figures 8.88 and 8.89 show



the differences in the behaviour of these models. The ultim ate load of 89.5 KN for 

m odel TS7 with the high column aspect ratio was the highest among these models 

while m odel TS6 with low column aspect ratio had the lowest ultim ate load (64.5 KN) 

in this group. As a result, the ultimate failure load of the connection increased in 

proportion to the aspect ratio of the column.

A study of the results corresponding to this group of models shows that 

increasing the colum n aspect ratio in windward direction increases the strength and 

stiffness of the connection. The reason for this behaviour is the mechanism of m om ent 

transfer from  slab to the edge column connection. The wind shear m om ent is transferred 

from the slab to the column by means of bending m om ent at the front face of the 

colum n and twisting m om ent at the two side faces of the column. The failure mode of 

these m odels were torsional shear failure. It can therefore be said that for edge 

colum n— slab connection the twisting m om ent resisting capacity makes a significant 

contribution to the punching shear strength of the connection and it increases in 

proportion to the colum n aspect ratio. Table 8.13 shows the variation of the ultimate 

failure load versus the column aspect ratio.

T a b le  8 .1 3

Mode 1

P a ra m e te r  o f  

Column A sp ec t 

R at i o

U l t im a te  F a i l u r e  

Load 

(KN)

TS6 1 .3 3 7 2 .3

TS1 1 .6 7 7 4 .7

TS7 2 .0 9 1 .6
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8.5.5 Effective Depth of Slab

In order to investigate this param eter, all the prestressing forces were removed and 

the m odels were considered as reinforced concrete slabs. T he steel ratio was \ %  for all 

the m odels and the column dimensions were kept constants. The variations of the shear 

strength versus effective depths are shown in Figure 8.90.
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FIG. (8. 90) i  SHEAR STRENGTH OF THE SLAB VERSUS THE 

EFFECTIVE DEPTH



CHAPTER NINE

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

From  the experim ental and theoretical investigations on the strength and 

behaviour of prestressed concrete flat slab— column connections reported in this thesis, 

the following conclusions can be drawn.

9.1.1 Direct Design Method

The m ean ratio of the experim ental failure loads (Vexp) to the design loads 

(Vdes) is 1-12 with the Standard Deviation of 0.09, so it can be concluded that:

1 -  Adopting the sandwich elements for prestressed flat slab design without taking the 

concrete filling into account is acceptable.

2 — T he D irect Design Procedure based on Nielsen yield criterion and sandwich type of 

slab elem ent is capable of achieving the required strength of the connections in 

prestressed concrete flat slabs. However, the mode of failure was shear ra ther than 

flexural.

9.1.2 Experimental Investigations

1 -  T he failure mode of models MSI to MS6 was shear failure with m ajor shear cracks 

at the rear side of the models accom panied by insignificant flexural cracks on the top 

surface of the models.

2— O n average, the first flexural cracks occurred at 78% of the design load. The



minim um  value was for model MSI at 69% and the maximum was for model MS6 at 

89% of the design load.

3— O n average, the first torsional shear cracks occured at 87% of design load. The 

m inim um  value was 82% and maximum value was 95% corresponding to models MS3 

and MS5 respectively

4— T he m ean value of the ratios of maximum concrete compressive strains at 

experim ental failure load to the compressive yield strain for all the models was 0.55.

5— The m axim um  variation from the initial tendon force due to the applied loads was 

on average 9% of initial tendon force.

6 — The m axim um  tensile stress of the unstressed steel norm alized to the yield stress is

on average 0.88 in the X— direction and 0.28 in Y— direction.

7— from  the behaviour of models M SI, MS2 and MS3 corresponding to the prestressing 

level of 1.5 , 2.3 and 4.8 N/mm^. It can be concluded that increasing the prestressing 

level:

i) increases the load— carrying capacity and rigidity of the connection due 

to increasing the compressive stress of concrete around the column, 

ii) decreases the deflection of slab and strains of steel and concrete.

8 — From  the com parison of behaviour between models MS3 and MS4 with respect to

the effect of the param eter ( M ^ /V ^ ,  it can be concluded that the reduction of the

param eter ;

i) increases the lateral lo a d - carrying capacity of the connection due to 

reducing the lateral load m om ent transferred to the column, 

ii) reduces the deflection of the slab and strains of concrete and steel.



9 -  To study the effect of the column aspect ratio models MS3, MS5 and MS6 were 

tested. Com parison of the results indicated that, increasing the column aspect ratio has 

the following effects;

i) increases the load— carrying capacity and strength of the connection due to 

increasing the twisting moment resisting capacity,

ii) reduces deflection of the slab and strains of steel bars and concrete.

1 0 -  In cyclic loading model RCS8, the prestressing level was 65% of that in model 

RCS7. This 35% reduction of prestressing level caused 9% reduction in ultim ate failure 

load of m odel RCS8.

1 1 -  T he failure m ode of both cyclic loading models RCS7 and RCS8 was flexural and 

according to Figures 8.25 to 8.27 the stiffness degradation in model RCS8 was more 

than that in model RCS7 especially after the 8 ^  cycle of loading.

9 .1 .3  T heoretical Investigation

9.1.3.1 Edge— Colum n Connections

1 — T he 3— dim ensional finite element programme is capable of providing a good 

prediction of the ultim ate failure load and overall behaviour of the models under 

m onotonic loading. T he mean ratio of (Vtjie0/V exp) for all the models was 1.01 with a 

S tandard D eviation of 0.08.

2 -  The displacem ent and strain of steel and concrete were not affected by the variation 

of shear re ten tion  factor up to about 90% of the design load. But the ultim ate failure 

load increased in proportion with the shear retention factor (B e ta ) .  The range of this 

variation was between 89% to 113% of the experim ental failure load and result of the 

analysis due to B e ta  = 0 .3 0  gave good agreem ent with the experim ental results.

3 -  Com parison between proportional and experim ental sequence of loading showed that



there is no significant difference in predicting of behaviour of the models by these two 

procedures. However in predicting the ultim ate failure load, the proportional sequence 

m ethod gives on average 10% higher ultim ate load than does the experim ental 

sequence.

4 -  Two following methods were used to simulate the column support of the 

connections;

a) T he column stub was not taken into the finite elem ent analysis.

b) T he column stub was taken into the analysis as additional elements.

From  com parison of the results (Table 8.3 and Figures 8.11 to 8.14), it can be 

concluded th a t there is insignificant difference between above— m entioned methods in 

predicting the displacements and strains of steel and concrete. In predicting the ultimate 

failure load the analysis with the colum n elem ents gave better agreem ent with the 

experim ental results. Therefore, this m ethod was used for the theoretical study of the 

m odels.

5 -  In the analysis, small increase in the initial tendon force was observed. The increase

of the initial force in the tendons passing through the colum n head at 90% of design

load was on average 4% of the initial load and at the ultim ate failure load was on 

average 13% for all the models. The experim ental counterparts of these figures were 

2% and 10% respectively.

6 -  F o r the param eters investigation three models for each param eter were analysed. 

T he conclusions were similar to that in the experim ental study ( items 7, 8 and 9 in 

previous section).

9 .1 .3 .2  In te rn a l-  Colum n C onnections

1 -  In the analysis of Smith and B urn 's tests(lO) by th ree -d im en sio n a l finite elem ent 

m ethod using sixteen—elem ent mesh and B e ta =  0.3 (shear retention factor), the mean



ratio  of the experim ental ultimate failure loads (V exp) to the theoretical one (V theo) 

was 1.05.

2 — In the analysis of Long and F ranklin 's tests using 28—elem ent mesh, the m ean ratio 

(^exp /V theo) was 1.1 with a Standard D eviation of 0.05.

3 — In the analysis of Regan's work, fifteen tests were analysed using sixteen— elem ent 

m esh for quarter of the slab and B e ta =  0.30. T he m ean ratio of (Vexp/Vtheo) was 1.0 

with Standard Deviation of 0.06.

4 — T herefo re, considering the above theoretical predictions from  the analysis of 33

experim ental models, it can be concluded that the finite elem ent m ethod can predict 

failure load and behaviour of the connections satisfactorily.

9 .2  R ecom m endations for future work

9.2.1 E xperim en ta l Study

1— R epetition of the tests MSI to MS8 using shear reinforcem ent and keeping all 

the o ther param eters constant, for investigation of the effect of shear reinforcem ent on 

the ultim ate failure load and overall behaviour of the post— tensioned flat slabs at edge 

colum n connections.

2— Experim ental work on post— tensioned concrete flat slabs consist of the two

edge colum ns subjected to the gravity loads only (Figure 9.1). The reason for this

experim ental work is that the punching failure mode expected m ight be different from 

that of m odels MSI to MS8.

3— Experim ental investigation on punching shear behaviour of p o s t-  tensioned 

concrete slabs with the restrained edges. The investigation which has been done by

Kuang and M o re ly (^ ) may be a suitable base for this study.



9.2.2 Theoretical Study

T h re e— d im en sion a l fin ite  e lem en t analysis o f the tests m en tion ed  in section  9 .2 .1  

and com p arison  b etw een  the tests and the analytical results.

R e o c t io n

React ion

V e r t i c a
L o a ds

R e act i ons

R e a c t i o n s

Figure 9.1
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APPENDIX 'A '

Calculations of the shear strengths of connections according to the codes formulae were 

carried out as follows;

a) A ccording to  BS811Q

From  equation 2.10 the shear strength of an edge colum n connection is given by:

vc =  0.79(1 OOAg/Ac)1 ̂ ( fc u /2 5 )17 3(400/d ) 1 / 4  

Ag= Area of all the tension reinforcem ent crossing the critical area 

Ac=  Critical area =  d (2 c1+ c 2+ 6 d )  for an edge column shown in Fig. Al 

fcu=  Cube strength of concrete 

d =  Effective depth of slab 

Since we have two kinds of steel ( unstressed and prestressed ) with different effective 

depths so an equivalent effective depth of slab and an equivalent steel area are defined as 

follows:

VBS =  ° -8 vc ^ (A .l)

w here:

d =
Asoty^o + A-jpfo 2dp

(suggested by P E Regan, R ef.(40))
Aso^y + A§pf 0 2

where : is ordinary steel area and A ^  is prestressed steel area.

dQ and dp are effective depths of ordinary steel and tendons respectively, 

f 0 2 is proof stress of tendons.

EXAM PLE : F o r M odel MS3

In the X -d ire c tio n  : \ 0 =  100'6 mm2 and do=  110 mm

A^p— 154 mm^ and dp=  75 mm 

In the Y -d ire c tio n  : \ Q=  100-6 mm2 and d0=  102 mm



Asp=  192.5 mm2 and dp =  75 mm 

therefore ; d =  (dx +  dy)/2

=  (82+ 19)12  =  80 mm 

Calculation of equivalent steel area:

AsX =  100.6 +  154x2.6x0.68 = 372 mm2 

Asy = 100.6 +  192.5x2.6x0.74 = 471 mm2 

As = AgX + 2Asy = 1314 mm2 

In the Y— direction the steel bars cross the critical section twice so is m ultiplied by 

2.

Calculation of critical area

Ac =  d(2c.,+ c 2+  6d) 

c  ̂=  250 mm , c 2=  150 mm , d=  80 mm

so; Ac =  90400 mm2 

Calculation of ,vc '

vc =  .79(1314x100/90400)1/3 (40/25 ) 1 / 3  (400/80 ) 1 / 4  

=  1.55

Finally from equation (A .l)  shear strength of the connection will be;

VBS =  .8 X 1.55 X 90400 =  112 KN

b) A ccording to  ACI—83

From  equation 2.8 the shear strength of the connection is given by: 

vcAc
y A c i=  ------------------------------------------------------------  (A-2)

M v \
1 + --------------

V (J/C )

where ; vc =  0.29 A 8fcu +  0.3fcp +  Vp/A c 

Ac =  d (c 1 -+- c 2 +  2d)

1
v  =  1 —  --------------------------------------------------------------

1 +■ 0.677 ( c ^  d ) /(c 2+ d )

J /C  =  ( l /6 ) [2 d (c 1-/-.5d)(c1+ 2 c 2+ 2 .5 d )  +  d 3( 2 c ,+ c 2+ 2 d ) / ( c 1+ .5 d )  ]



EXAMPLE: For Model MS3

Vp is the vertical com ponent of prestressing force at the critical section. Because the

tendons above the column head are nearly horizontal, we can assume that Vp =  0.0

fCp =  4.8 N /m m 2 

fcu =  56 N /m m 2 

d =  82 mm 

c 1 =  250 mm 

c 2 =  150 mm

therefore,

Ac =  82(2x250 +  150 ■+■ 164) =  66748 mm2 

v =  .44 

M/V =  800 

J/C  =  6722917 

vc =  3.44 N /m m 2

substituting above values in equation (A .2), the shear strength of the connection will be:

VACI =  51.1 KN

c r i t i c a l  
p e r i m e t e r

1 . 5 d  
I 1

1 .  5d 
I---------1

L J l
1 . 5 d

. 5d . 5d

T. 5dL _      I

c r i  t  i c a l  
p e r i m e t e r

BS8110 ACI-8 3

F i g . ( A . l )
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