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Abstract

The Behavior and Capacity of Embedded Steel Plate-Anchoi Assemblies in RCC Struc-

tuies are studied with the help of the mathematical model developed for Non-linear Analysis.

A detailed parametric study is performed varying the base and anchor stiffness foi different

plate thicknesses to observe the behavior of anchor both m compressive and tensile load-

ing The behavior of the assembly, when subjected to tensile and shear loading is studied.

Interaction diagrams and moment-rotation charts useful for analysis/design of such assem-

blies, are developed for eccentric compicssive and eccentnc tensile loading at failure/collapse

loads A study has been made to evaluate the interaction diagiams developed for the cases

of eccentric compressive loading, when sheai loading is also present in combination
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The following symbols are used in this thesis:
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Chapter 1

INTRODUCTION

1.1 Introduction

In mam Engineering applications, the cast-m-place Embedded steel plates (with 01 without

anchors) arc used to support machine, equipment, pipelines etc
,
fiom the reinforced concicte

members The embedded steel plates arc considered as important elements in the design

and construction of industrial structures like thermal power plants, nuclear powci plants

etc They perform a key role, for the compliance of safety regulations of these industries.

Generally, the embedded plates are the assemblies consisting of

• Steel Plate

• Anchors

• Concrete Base

The plate is made of steel to which the steel anchors are connected at desired locations.

These plate-anchor assemblies are placed in the form- work piior to concietmg in such a

manner, that pouring and compaction of concrete does not disturb their desired locations.

Anchors are available in various forms like bolts, angles, studs, and mild steel bars, The

anchors are generally bent m J-shape at the end so as to provide adequate anchorage. Some

typical cast-in-place steel embedded plates are shown schematically in Fig. 1,1.

1



View 2 - 2 RCC, Pedestal

Embedded Plates for Vessel Supports

Figure 1.1. Some typical cast-m-place steel embedded plates



CHAPTER 1 Introduction 3

Ad attachment, normally welded to the exposed face of the plate is used to support

the loads from pipes, equipment etc and transfer the load to the main reinforced concrete

structures through plate-anchor assembly The various forces likely to act on the support

system are due to the dead loads, thermal movements, seismic forces, fluid dynamic forces or

combination thereof, The plate-anchor assembly m its regular form consists of a plate resting

on a tensionless elastic concrete base with anchors at certain locations It is very common in

practice to have plates resting on tensionless elastic foundations such as pavement slabs etc
,

and one such plate is shown in Fig 1.2 The general arrangement of plate-anchor assembly

is shown in Fig 13

Most of the studies made on plates testing on tensionless elastic foundation are based

on classical thin plate theory as presented by Timoshenko [38] Rectangular plates resting

on tensionless foundation and subject to lotationallv symmetrical loads, were studied by

Woitsman [43], Kamiya [27], Villaggio [41] and Al-Khaiat [5] Celcp [12] studied the be-

haMor of i octangular plates lesting on tensionless elastic foundations subject to uniformly

distributed load,concentrated loads and moments, using numerical methods Weitsman and

Celcp showed that regions of no contact can develop undci plates that are supported on

tensionless foundations and that the extent of no contact depends upon the ratio of loads in

combined loading ralhei than the levels of these loads This results in a non-lmeai pressure

distribution in the foundation. Mislna et al [29] demonstrated the effect of tiansverse shear

and attachment size on the bchavioi of the rectangular plates resting on tensionless founda-

tions

The behavior of plate-anchor assembly is dependent on number of parameters such as

plate dimensions, material of plate, number of anchors, their size and location, base charac-

teristics size of attachment and combination of forces acting on the assembly In Fig 1.4,

possible deformed shape of the plate is shown when acted upon by axial load and uniaxial

moment When the moment is small, the pressure distribution under the plate is assumed

to be linear and the plate is having full contact between the plate and base. As the moment

increases relative to load, the plate starts uplifting on one side causing tension m anchors,
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concrete base

Variables

Plate dimensions Plan

Anchor diameter

Anchor Stiffness

Base Stiffness

Figure 1 3 General Arrangement of Plate-Anchor Assemblies
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P

P

C

Forces acting on the Plate

T1 - tension m anchor 1

T2 - tension in anchor 2

C - compressive reaction

Figure 1 4 Deflected shape and forces in Plate-Anchor Assemblies
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while reducing the contact area This causes the bearing pressure at the interface to become

increasingly non-linear [28] due to bending of plate and base stress-strain characteristics For

relatively thicker plates, the plates may start rotating ngid-bodily about one of the edges

(toe) with large reduction m contact area and resulting high pressure at toe, which may

ultimately lead to premature failure of the assembly by crushing of the base [17] Thus,

the behavior of the plate-anchor assembly is seen to be dependent on several factors and

the analysis and design of these assemblies, becomes a complicated affair Simplified as-

sumptions are made to design such structures. The simplest method commonly used for the

analysis of embedded plate-anchor assembly is based on the assumption that the plate 10-

tates rigid-bodily about toe. The pressure distribution is assumed to be linear in the working

load design method and rectangular stress block similar to concrete beam design in ultimate

load method Thus the anchor tension can be computed by considering the static equilib-

rium of the system considering anchors and base independent. Finally, the plate thickness

is obtained from bending requirements

The primary limitation of all the existing methods is that the methods do not consider

the flexibility of the plate, and, only predict the ultimate capacity assuming the plate to be

iigid and that both anchors and base reach their ultimate capacities at failme simultaneously.

Also these methods can not directly accommodate the shear forces and the bi- axial moments

transferred through attachment, which arc common in practice For determining the max-

imum permissible bearing pressure at failure on concrete base, the current practice [1,3] is

to use the ratio of total plate area to the concrete base area as the criterion, however, the

allowable bearing pressure on concrete base has been shown to be dependent on the ratio of

contact area of plate with base to the area of the base [17].The uplifting of the plate, which

is witnessed in case of plates resting on relatively stiff foundations [12,29,43], is not taken

into account while determining the maximum permissible bearing pressure m concrete base

The contact area of the plate with base decreases with increase in the eccentricity of the

load The anchor response to combined tension and shear, has been shown to be governed

by interaction law [15. 30, 32],where as m conventional design methods tension anchors are

supposed to develop full tensile strength, an assumption which is far away from reality In
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the existing methods, the estimation of the capacity of the assembly is based on only one

of the possible assumed stress distribution patterns at ultimate which may not be the case

always Hence, no exhaustive information regarding plate-stress, anchor forces, base pressure

and mode of failure at collapse, is actually obtained In fact, since limit analysis does not

provide any information about the behavior of the structure during its loading history, the

onh meaningful result that can be obtained is the collapse load factor, the reliability of the

method adopted can be evaluated only with respect to this quantity

Considering the limitations of the existing methods, it appears worthwhile to go for non-

linear analysis of the plate-anchor assemblies to account for plasticity effects of the materials

Such a non-linear analysis attempts to use the beneficial plasticity properties of materials

in investigating the response and hence,deriving better rationale for analysis and design of

these assemblies This approach has the advantages of, firstly, by developing means to study

material and structure response at advanced levels of loads and deformations, secondly, by

(a) providing a physical basis for the fail-safe approach to engineering systems instead of

the wcakest-lmk approach
(
elastic limit of one component), (b) introducing the concept of

giadual (ductile) deformation of the structure rather than its sudden (brittle) failure, and

(c) making it possible to take advantage of the capacity and energy reserves of the structure,

if and as appropriate.

1-2 Literature-Review

As explained in the earlier section, an embedded plate-anchor assembly consists of basically

three components, viz* (1) the plate, (2) the elastic base and (3) the anchors. To understand

the behavior of the complete assembly, it is necessary to understand the behavior of these

thiee components individually. The abstracts from literature are presented below to give an

over view of what has been done in the relevant areas till now
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1.2.1 Past Studies on Plates:-

A \ast number of investigators have dealt with the bending and deflections of circular and

rectangular plates However a few selective studies which are relevant to the present work,

are included here. Both analytical and numerical solution methods have been employed for

analysis of plates assuming thin plate behavior [36,38] Shull et al [34] have given procedure

to estimate upper and lower bound on the load carrying capacity of simply supported rect-

angular plates. Save et al [33] have dealt with plastic analysis and design of plates Hrabok

et al [22] have reviewed plate bending finite elements and have presented a catalogue of these

elements Turvey [39] analyzed circular plates to study the effect of shear deformations on

first yield It was found that the effect of shear deformation was insignificant on first yield

as compared to the results using classical thin plate theory for simply supported edges and

clamped edges However,the plate central deflections weie found to be significantly higher

for both edge conditions Yuan et a! [44] suggested the use of improved lectangular element

foi shear deformable plates and demonstrated the effect of shear in suspended plates with

snnplj supported and clamped edges The past studies indicate that for thick plates, the

plate deformations obtained by classical thin plate theory are highly under estimated.

1.2.2 Past Studies of Plates on Elastic Base :

Foi the plates on elastic base, the important models generally taken foi consideration arc

the Winklei’s [42] model and Reissner [31] model. According to the supposition of Winkler,

the base piessure at any point is proportional to the displacement at that point and the

base is modelled consisting of independent elastic springs active m compression as well as

tension, Reissner model includes the effect of transverse sheai deformations but has a limited

applicability due to its complexities in implementation as compared to Winkler model.

The study of the response of plates resting on elastic base using "Winkler model was done

by many investigators. Most of these studies are based on classical thin-plate theory [38]

Plates experiencing large deflections on elastic foundations for various boundary conditions,

were studied by Sinha [35] The behavior of base plate subjected to an axial load in the

central area of plate was studied experimentally by DeWolf [17]. The important factors
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which were affecting the base pressure of concrete are, the ratio of plate thickness to the

distance between the edge of plate and column edge, compressive strength of concrete base

and the ratio of areas of concrete base and plate DeWolf et al [18] showed that the increase

in depth of concrete base would increase the ultimate load capacity considerably for axially

loaded plates

Al-Khaiat et. al [5] analysed plates on elastic foundations by initial value method. Cir-

cular and rectangular plates on tensionless foundations subjected to rotationally symmetric

load was studied by Weitsman [43], Kamiya [27] & Villaggio [41] Rectangular plates on

tensionless foundations subjected to unformly distributed load, concentrated load and mo-

ments were studied by Cclep [12] Finite element technique was used for the analysis and no

assumptions were made regarding the shape of contact region Weitsman and Celep showed

that, an increase in the loading solely increases the displacements without changing the con-

tact icgion, when subjected to one type of external load When various types of loadings aie

present, the contact region depends on the ratio of the loadings In all the above studies,

the effect of transverse shear has been neglected, in considering thin plate behavior.

Mishra and Chakrabarti [29] studied the behavior of flexible rectangular plates resting

on elastic base with any type of edge conditions and loading. They studied the effect of

shear and attachment for realistic design conditions with the help of finite element model

de\ eloped A 9-noded Mmdim plate element was adopted to incorporate the transverse shear

deformation. They concluded that the effect of tiansverse shear mcieases for small ratios

of plate dimension to thickness of plate. They also observed that the deflections are highly

under estimated when analysed using thin-plate theory and the contact region of plate and

concrete base are dependent on the relative stiffness and plate thickness,

Mishra [45] has studied plates resting on tensionless elastic foundations using the model

developed for Non-linear behavior. The author stated that the capacity of plate, mode of

failure are dependent on parameters like characteristic strength of concrete and its stiffness,

plate dimensions, thickness, attachment size and combination of external loads. The conclu-

sions were that the failure is by cracking of concrete or yielding of plates for relatively thin

plates and for thicker plates, the failure is mainly due to the cracking of concrete.
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1.2.3 Past Studies on Anchors :

The design capacity of welded studs governed by ductile failure as well as concrete wedge

failure subjected to direct tension, direct shear & their combination are available in PCI

Handbook [30] Klingner et al [25, 26] presented the nominal capacity of short anchor

bolts and welded studs, when subjected to direct tension and direct shear. These values

are compared with the available experimental results Klingner has suggested the capacity

reduction factor for various types of loads and failures Load-deflection behavior of lmer

anchorage system used in steel-lined concrete containment structures of nuclear powei plants

has been studied by Armentrout ct. al [6] The experimental study of J-shaped bolts

embedded in concrete masonary have been done by Brown et al [9] The various loading

cases for the observation were direct tension, direct shear and a combination of tension k

shear. Three modes of failuie of bolts weie discussed namely, the fracture of the bolt, pull

out by straightening of bolt and the concrete wedge failure Ueda et al. [40] has pci formed

an experimental study of anchor bolts in unremfoiced conciete, subjected to shear The

effect of spacing and edge distance of bolts arc considered as very important aspects for

single oi group behavior of anchorage systems

1.2.4 Past Studies on Plate-Anchor Assemblies:-

The determination of moment-rotation characteristics foi common tj'pes of column anchor-

ages were presented b\ Salmon ct al [32], Upper and lowei bounds for maximum resisting

moment and maximum rotation were developed. The consideration taken for column an-

chorage failure are, (a) failuie in sheai resistance, (b) failure in moment resistance and (c)

failure m tensile resistance. The important variables taken for column anchorage were • (a)

the dimensions of the base plate
,
(b) dimension, location and stress-strain characteristics

of anchoi bolts
;
(c) dimension and stress-stiam characteristics of concrete base and (d) the

vertical loading Extension of anchor compression of concrete and bending of the base plate,

were considered as the causes of rotation. The authors have suggested that for a long em-

bedded steel bar pulled out of concrete, the bond is not effective over the entire length, but

effective over an approximate length of 24 times diameter of bar Shear was shown to have
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little effect on ultimate resisting moment, but has significant effect on maximum rotation

The effect of plate flexibility on the behavior of base plate assembly was studied by Diluna

and Flaherty [20] They concluded that the anchor tension and bearing pressure distribution

on concrete base depend on plate flexibility As the plate becomes more flexible, the distance

between the tensile reaction and centroid of compressive reaction tend to decrease thereby

increasing the bolt tension The prying effect caused by the flexibility of plate affect the

anchor tension It was observed that the increase m base stiffness by 10 times has only a

minor variation m the base plate behavior, while keeping the other parameters constant

Cannon et al. [10] prepared a guide for the design of anchor bolts and the steel em-

bedments The design guidelines developed were established from both expenmental and

analytical results

ASCB Nuclear Structures and Materials Committee, Matenals and Structural Design

Committee [4] has presented a state-of-art report to review and discuss the issues of selection

of embedment material, design and installation problems The report also include discussions

legarding the behavior of each type of embedment, their design criteria and design methods,

common to nuclear industry

DcWolf et. al. [19] have studied experimentally the behavioi of steel column base plates

subjected to axial loads and moments The experimental set-up consisted of lower half which

is a mirroi imago of upper half The \ ariables considered for the experiments were the anchor

bolt size, base plate thickness and load eccentricity The authors concluded that the actual

base-plate behavior is more closely modelled by Ultimate design method than Working stress

method The authors also concluded that the anchors do not attain their full capacity at low

load eccentricities, when they are large in relation to the plate dimensions. They suggested

the inclusion of the effect of confinement which occurs when the concrete area is greater than

the base plate area The authors also indicated that increase m the plate thickness beyond

the value obtained m design methods can lead to decreased capacity

Thambiratnam et al. [37] had also conducted experiments to study the behavior of

base plates under the action of axial loads and moments. The main parameters of the

study were thickness of the base plate and eccentricity of the load. They concluded that

the failure of base plate assembly was due to cracking of concrete at low eccentricities and
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for high eccentricities, the primary mode of failure was the yielding of base plate It was

also concluded that thick base plates tend to ride up (as rigid plate) on edge causing large

bearing pressure and consequent premature failure due to crushing of concrete

Cook et ai [15] studied experimentally the behavior of anchor connection, subjected to

\anous combinations of moment and shear. They used flexible and rigid base plates with

steel attachments, connected to concrete with threaded cast-in-plate or retrofit anchors The

authors concluded that the tension and shear force in anchors redistribute inelastically to

maintain equilibrium, if the resistance offered by friction is more than the applied shear,

anchors are not required to resist the shear; if the applied shear is more than the frictional

resistance, the anchois in compression resist the shear foicc along with friction and the

anchors in tension are assumed to develop full tension strength for moment resistance, if

the shear resistance offered by friction and anchors in compression are not sufficient, then

anchois in tension also resist the applied shear

Cannon [11) in his studv, obseived that the location of compressive reaction, redistribu-

tion of load to anchors are effected by the plate stiesses The effect of prcloadmg of anchors

on performance and capacity of anchorage was also studied The other observations made in

the study were legardmg the amount of redistribution that takes plate between the lines of

anchois. when subjected to sheai and mqmenl The author conluded that the redistnbution

depends on the base plate flexibility and the strain capacity of anchors; the yielding occurs

fii st in the base plate, when high stiength anchors are used allowing redistribution to start at

an caiher stage; the redistnbution reduces the load in maximum stressed anchoi and allows

the base plate flexibility to dominate

Chakrabarti and Tripathi [13] studied the significance of plate flexibility', anchor stiffness

and concrete base stiffness on the behavior of plate-anchor assembly. An idealised model was

prepared for a ty'pical embedded steel plate-anchor assembly' using finite element technique

The parameters considered for the analysis were the plate thickness, concrete base stiffness

and anchor stiffness The effect of tension in anchors, maximum bearing pressure in concrete

base and maximum equivalent plate stress, due to variations of parameters, were presented

The results were compared with ” Concrete Beam " analogy' method and a set of design

guidelines were suggested
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Kallolil [24] and Mishra [45] conducted experimental study on plate-anchor assemblies

Three full scale tests were conducted and the plan dimensions of plate; locations; number

and size of anchors, concrete base dimensions, material properties of concrete, anchors and

embedded plates were kept constant. They observed that the deformation of embedded

plate during loading and just prior to failure are m agreement with the pattern predicted

by existing methods for such plate-anchor assemblies A distinct fold line was observed in

each of the plate by the side of the compression face of the attachment, which gives a clear

indication of plate yielding

Mishra [45] has developed a mathematical model to study the Non-linear behavioi of

embedded plate-anchor assembly The effect of transverse shear deformation has been in-

corporated in the model The model can be used foi any type of loading and boundary

conditions The results using the model have been found to be in icasonablc agreement with

the available experimental and analytical results in respect of prediction of behavior and

capacity

Fiom the review of the past studies it has been observed that a definite need exists in

undertaking a systematic investigation for knowing the pattern of variation of strength and

serviceability characteristics of embedded plate-anchor assemblies based upon the realistic

model developed by Mishra It is expected that the results of such investigation will be of

help m updating the design guidelines of such assemblies with better lationalc

1.3 Objectives and Scope of the Thesis

The main objective of the thesis is to study the realistic behavior of the plate-anchor as-

semblies with the help of the model developed b> Mishra, and recommend design guidelines

for common types of loading It has been obsened that limited research data aie available

regarding the behavior of such assemblies Considering the importance of such embedded

plates in respect of their industrial application, a definite need exists for knowing the behav-

ior of these assemblies The plate flexibility, attachment effect and material non-linearities,

under any combination of loads, were taken into account for the development of the model.

The effect of various parameters m the assembly have to be studied in order to understand
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the behavior of the plate-anchoi assembly

With this in view the scope of the thesis is to study the behavior of the plate-anchor

assembly by varying different parameters of the plate-anchor assembly for different types of

loading The behavior of individual elements of the plate anchor assembly under different

loading conditions will be studied The moment-rotation characteristics of the assembly due

to variation of parameters will be investigated The capacity of the assembly at failure as

well as at collapse, due to different loading conditions, will be observed Finally, a set of

design guidelines will be developed for the plate-anchor assembly.

1.4 Organisation of Present Study

In chaptei 2, the development of the model, the modes of failure and the governing equations

aic discussed

In chapter 3, a detailed parametric study is presented varying the base and anchor stiffness,

for different plate thicknesses of plate-anchor assemblies subjected to compressive loading.

The behavior of the assembly when subjected to tensile and shear loading aie also stud-

ied. The dimensional analysis of all the design parameters in the plate-anchor assembly,

pci formed to develop the interaction diagrams and moment-rotation charts is piesented m

Appcndix-II. The bchavioi of the assembly when subjected to compressive loading in com-

bination with sheai loading, is also studied

In chapter 4, the analysis of the results are presented. The interaction diagrams, which

are used to obtain the load carrying capacity of the assembly aie developed for compressive

and tensile loading The moment-rotation charts, which are used to obtain the rotation

undergone by the assembly are developed. The evaluation of the interaction diagrams devel-

oped for compressive loading is presented for the cases, when the assemblies are subjected to

shear loading m combination with compressive loading Typical deflected shapes and stress

contours are presented

In chapter 5 Summary, conclusions and scope for future work are included



Chapter 2

MATHEMATICAL MODEL

2.1 Introduction

The behavior of the embedded anchor-plate assembly is a complex phenomenon and depends

upon a number of factors The present investigation regarding the behavior of embedded

plate-anchor assembly, has been conducted using the model developed by Mishra [45], The

model estimates the load carrying capacity of the assembly and also piovides other pertinent

information regarding the assembly behavior during its loading history.

The model has been developed in various stages and in each stage its reliability has

been tested The model was fhst der eloped foi lineal analysis(workmg stress), and then

updated for non-linear analvsis(ultimate load) A 9-noded Mindlm element was used to

account foi transverse slicai deformations in the plate Attachment size effect has been

included b\ increasing the plate stiffness m the area in contact with the attachment It

has been assumed that anchor-characteristics aie known either experimentally or can be

piedicted using available methods The model can predict the stage-wise development of

nodal displacements and resulting stress-resultants in each component. Out of the three main

sources of non-lmeanty, contacting area (support conditions), material non-linearity and

geometric non-linearity(due to large deformations), the first two are considered in developing

the model

A typical embedded plate assembly consists of three basic components, the plate, the

anchors and the base. It was necessary to understand the behaviour of these components
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separately and collectively, to model the system by making suitable assumptions A brief

account, of the various primary modes of failure observed in plate-anchor assemblies, is given

in the section to follow

2.1.1 Common Modes of Failures

In general a plate-anchor assembly is assumed to have failed if any of the three components

has reached the limiting value of stress-resultants The plate-anchor assembly may fail m

any one or a combination of three possible types of failure modes as given below,

• Concrete Failure - This type of failure is encountered when the concrete base support-

ing the plate/plate-anchor assembly starts cracking at advanced level of loading which

maj lead to collapse of the structure due to crushing of the concicte oi formation of

a mechanism This type of failure is brittle m natuie and occurs when the base pi as-

sure developed on the interface of the plate and base exceeds the permissible bearing

pressure of the base The effect of confinement is consideied for the resulting bearing

pressure at ultimate capacity [1.19]

• Plate Failure - This type of failure occurs when the plate stresses reach yield limit

m relatively thin plates and ma\ lead to collapse of the structure by formation of a

mechanism or crushing of conciete This type of failure is ductile in nature

• Anchor Failure - This type of failure is encountcicd m a plate-anchor assembly when

the anchors fail first and may lead to collapse either by formation of a mechanism or

crushing of the concrete. There are a number of factors which determine the behavioi

of the anchors [6,9,25,26, 30,40] The anchor failure can be any of the three types :

a) Anchor Material Failure - This type of failure is due to yielding of anchoi m tension

or a combination of shear and tension at relatively large eccentricity of loads The

anchors attain their full capacity and the failure is ductile m nature

b) Concrete Wedge Failure - This type of failure is a premature brittle failure and

occurs when the characteristic strength of the concrete is low. The anchor comes out

with a concrete wedge prior to attainment of its full capacity.

c) Anchor Bond Failure This type of failure is also a premature brittle failure and
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Figure 2 1. Embedded Plate-Anchor Assembly Model

is caused when sufficient bond length is not available for anchor to develop its full

capacity

The brittle failure of the anchors can be avoided by proper use of bond length and high

strength conciete, pioper edge distance and distance between the anchors in a group

The model developed has the capabilities of finding both anchor ductile failure as well

as brittle failuic of conciete

2.1.2 Governing Equations of the Structure

Considering the plate-anchor assembly model m Fig. 2 1, the bending strains in the plate

txx ~,xy vary linearly through the plate thickness and are given by the curvatures of the

plate using-

u — z6x (x y), v = — z8y (x,y) and w = w(x
i y) where x,v,z are the coordinates of a

point on the plate, u.v w are the displacements in the directions of x,y,z ,respectively and

3X . 3y are the rotations of the normal to the undeformed middle surface in x-z and y-z planes,

respectively. It may be recalled that m Kirchhoff’s plate theory ,where shear deformations
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are neglected ft = ff and ft = %
“ *"

d3x

dx

8QV
eyy

= Z
dy

88* 88v

Ixy dy fix

= zB
(
2 . 1 )

whereas the transverse shear strains are assumed to be constant through the thickness and

are given by.

7 =
7yz

Ixz

The state of stress in the plate corresponds to plane stress condition,!. e., ozz =0.

Considering an isotropic material we can thus write

&XT

a,vv

ory

E
I -!/2

1 // 0
83~
dx

V 1 0
fijy

Sy

0 0 ]-V
2

dPr _ fifiy

fiy fix

7%.

E
2(1 + ft

w-A,
£+A:

(2 . 2 )

(2 3)

(2 4)

lieie E is modulus of elasticity and // is Poisson’s ratio of the material

To establish the clement equilibrium equations wo now pioceed with principle of vir-

tual displacement, oi minimum potential II If q is the transverse loading per unit area,

P, Mxl , Mv , are concentrated loads,moments m x and y directions,! espectn ely, at pomts(a;t) i/,),

kb is base stiffness and kn are anchois stiffnesses, located at points (a;Q , ya), the total potential

II is gn en as below

n = 1 r r f / 2

2 -1a J-t/2 eyy lxy

Oxx

avy

TX y

dzdA + ^ JA w
2dA

dzdA + JA ui
2
6 (x - xa)6(y - ya)dA

- Sa “ Vt)dA - fA Mxipx6{x - x,)8(y - yt)dA

- JA ]\lyi 3y
6(x - x l)8{y - yt

)dA - }A wqdA

, ^ r ft /

2

+
2 h J-t/2

L , 1
lyz !zz

TVZ

J
Ecz

(2 5)
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v here ks is again a constant to account for the actual nonuniformity of the shearing stresses

Substituting from 2.1 to 2 4 into 2.5 we thus obtain

n = ±fA BTCbBdA + lfA7
TCs7dA + !ffA io

2dA

Ia “ Xa)5(y - ya )dA - JA wPx8(x - x x)8(y - yt)dA

- Sa Mxxpx6(x - x t)8(y - y t )dA - fA Myx(3y8{x
- x x )8(y - yx)dA

- JA wqdA

(2 6
)

where

Ch =
Et 3

12(1 - iP)

1 // 0 -

Etks
1 0

V 1 0 ' 9 ~
2(1 H- v) 0 1

0 0
1-1/

2

(2.7)

Equilibrium lequires that n is stationary
,
i.e ,511 = 0 where it must be recognized that w > ft

and pv aie independent variables Hence, in the finite element analysis of an assemblage of

the elements, we need to enforce interelement continuity on io,ft and
ft,

.which can readily

bo achieved in the same way as m the isoparametric finite element analysis of solids.

Using that the total potential must be stationary, we obtain

<m= {A 6B
TCbBdA + fA 5~TCsldA + fA 5wkbwdA+kQw8w\ Xo^

(2 .8 )

-Pt<H I|iVl
Mxl 8fix \ Xityi ^'dyi83y\x tty, Ia 8ioqdA = 0.

which may bo legarded as the principle of virtual displacement for the plate-anchoi assembly

Foi finite element analysis we use (refer Bathe [8]

w = £N
t
w t ; & = £ N,6'

y .
3
V - £ N, 6'

t (2 9)
1=1 1=1 1=1

w here the N, are the interpolation functions and n is the number of nodes of the element

iL't 0!;,.and 0 l

y
are nodal displacements at node T defined as Ul .

Now substituting B = BbUi, 7 = BSUX w = HUX

0
ON,
Dx

0

Bb = 0 0
a A~,

dy
(2.10)

0
8N,

dy
a A’,

dx
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Bs =
M
M
dx

0

-N,

-W,

0
(2 11

)

P = TV, 0 0 (2 12
)

We obtain the equation 2 8m the matrix form by substituting equation 2.10 to equation

2 12 as

[/a BlCkBbdA + fA BjCsBsdA + JA HTk„HsA + HTkaH\Xa ,y.\
U

^
— I

a

QH1 dA + (P, 4- Mxl + Myi )\Xuyt

In Eq 2 13 the first term on the L H S is the stiffness contribution of the plate element <luc

to bending alone,whereas the second term gives the contribution due to shear deformations

in plate The third term on L H S is stiffness contribution due to elastic base and it is only

in the direction of w at each node Similarly the fourth term gives the contribution due to

anchors in the direction of w only at the nodes where they are present The first term on

RHS gives the equivalent nodal loads due to distributed load of intensity q and the last

terms iepresent the concentiated load and moments at the nodes

2.1.3 Details of the Mathematical Model Adopted:-

The details legarding modeling of the three basic components aie as follows

• Plate.- The behavioi of a plate depends upon numbei of factors The following as-

sumptions are made in this regard.

(1) Plate deflections are small

(2) There are no restraints on the plate edges caused by embedding in the concrete

base.

(3) Plate material is perfectly elastic-plastic.

A number of finite element models have been suggested bj researchers for representing

the behavior of plates in bending [22). As given in Eq. 2.1 to 2 13 due to its simplicity

in application and to account for transverse shear stresses, the Mindlin plate element
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with 3-nodal degrees of freedom has been selected as shown in Fig 2 2 Four-noded

elements proved to be overly stiff as the displacement field represented is a bilinear

function of x and \, which may not represent the actual deformation field m most

of the cases, and, thus, a mne-noded quadrilateral element has been adopted for the

present study When Mindlin elements are used for very thin plates, the transverse

shear contribution dominates over the bending contribution resulting into mesh locking

To overcome this problem a reduced integration scheme has been used for very thin

plates [16] In general, nodal displacements converge very fast with respect to mesh

size but the convergence in stress calculation is rather slow when it is calculated at

the center of the element Near the fixed edges, where the stress gradient is steep, the

convergence is even slower. Provision has been made to calculate stresses at a variable

number of points within the element (refer Fig 2.2), and this has resulted in caily

convergence of stresses neai fixed edges too

The plate moment-curvature relationship is linear up to first yield (Von-Mises crite-

non) It then change its behavior by reducing the slope (stiffness) to one tenth of the

initial value till it becomes fully plastic and will not resist furthei moment as shown

m Fig 2 3. The yield moment, j\/
y/ ,

and plastic moment capacity, Mp ,
are calculated

b\ the expiessions given below:

M„i = Iyi76 (2.14)

M
v =V2

/

4

(2.15)

wheie fy is the yield stress of plate material m uniaxial tension and t is the thickness

of the plate

• Base - The base has been idealized as a Winkler base [16] in the form of uncorre-

lated elastic springs attached to each node in the plate having dimensional foundation

stiffness kb determined using tributary area method as suggested by Diluna and Fla-

herty [20]

kb — ACEC/L (2.16)
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e

Figure 2 3 Moment-Curvature Relationship for Plates

where,A c = tributary area of the concrete base

= 1.0 m pei unit aiea calculation

Ec ^modulus of elasticity of concrete

= 3700(/cO05
[23]

fcL = characteristic compressive strength of concrete

and L = Equivalent depth of embedment [32]

No leduction m the tributary areas of boundary nodes lias been made to compensate

foi the confining effect of suirounding concrete [13]. The tcnsionless character of the

base has been incorporated by making these springs active in compression only Only

if the node Y moves towards node ’j’ (refer Fig 2 2), the spring is introduced and

is active, otherwise, it is rendered inactive and deleted in subsequent iterations. The

stiffness of base is modeled as piecewise-lmear depending on the magnitude of base

pressure as shown in Fig 2.4 Up to a base pressure of 0.50 times the characteristic

strength of the base, the stiffness is constant and afterwards it is reduced to one tenth

of the initial \alue [6] Cracking in concrete base is assumed to be at a pressure of

0 65 times the characteristic strength of the concrete, and crushing is caused when

the pressure exceeds the permissible bearing value given m the American Concrete

Institute’s Building Code Requirements for Reinforced Concrete [l]. The resulting
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Figure 2.4 Idealised Stress-Strain Curve for Concrete Base

hearing stress at ultimate is’

fu = 0 8W«(A2/A l
)°* <17f' (2 17)

where, fu — permissible bearing stress at failuie

j[
— characteristic strength of concrete

= strength i eduction factor, equal to 0 70

A% — aica of the base plate in contact with base at failure

,4} = area of the base

• Anchor - Embedded anchors exhibit non-linear load-deflection behavior when subject

to pull-out and/or sheaiing forces [6,9], The exact behavior depends on the shape and

size of the anchor, properties of the concrete in which the anchor is embedded, and

the bonding resistance developed between the concrete and the anchor surfaces. Each

anchor is modeled as elastic spring in the specified directions to represent the ten-

sile/compressive and shear resistances offered by the anchors. The value of equivalent

spring constant have been derived from the available experimental load-deflection data

on J-shaped anchors [9]. If data is not available, the spring constant is assumed to be

twice that of anchor steel material alone to account for reduced force along the anchor

embedment due to concrete bonding effect [32] Up to the yield point the stiffness is
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strain

Figure 2 5 Idealised Stress-Strain Curve for Anchors

assumed to be constant and after the yielding has begun it is reduced to one tenth of

the initial value till it fails due to excessive deformation , The anchor stiffness in shear

is assumed to be half of that in direct tension [9],

• Attachment- Attachment welded to the plate for the puipose of transmitting load

to plate is supposed to make the plate highly rigid in the area of contact with the

attachment. To account for this increased rigidity of the plate, the thickness of the

plate is increased by an aibitian factoi of 10 or moie. Foi the purpose of the present

study only lectangulai attachments have been considcied.

Shear forces coming on the assembly aic first resisted by the frictional force on the

interface of the plate and the base.A value of coefficient of friction equal to 0 4 is used

foi concrete and steel interface [10,15] No slip is caused and anchors aie not requiied

to lesist shear in case the applied shear is less than frictional resistance. In case the

applied sheai is more than frictional resistance, anchors in compression are supposed

to develop full shear resistance to resist the excess shear force. In case the applied

shear exceeds the frictional resistance and shear resistance by anchors in compression,

the anchors m tension resists the unresisted shear. The tension anchors are checked

for combined shear and tension The strength of these anchors are limited by the

tension/shear interaction relationship of anchors [11,15,30] enditemize
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Behavior of Assembly : A

Parametric Study

3.1 Introduction

The behavior and capacity ol embedded steel plate-anchor assembly is dependent on the

relevant design parameters, c g ,
dimensions of the plate, size and numbei of anchors,

characteristic strength of concicte, stiess-stiain characteristics of the material, size of

the attachment and diffeient loadings on the assembly The important design variables

associated are anchor forces, plate sti esses, base pressure and rotation of the assembly

It is also pertinent to investigate the relative participation of different components

(c g plate, concrete base and anchors) of the plate-anchor assembly undei common

loading conditions. With all these in ueiv, following parametnc studies have been

performed to derive meaningful information for understanding the realistic behavior

and foi estimation of assembly capacity

— Stud} for the variation in anchor tension due to the variation in base stiffness and

anchor stiffness and plate thickness, for eccentric compressive loading on a typical

plate-anchor assembly
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- Study for the \anation m anchor tension assembly capacity, and associated inodes

of failure due to the variation in plate thickness, anchor size, anchor material, and

grade of base concrete, for tensile loading (with/without eccentricity) on a typical

plate-anchor assembly

- Study for the variation m assembly capacity due to the variation in plate thickness,

anchor size, anchor material, grade of base concrete for shear loading on a typical

plate-anchor assembly.

- Study for the development of strength interaction diagrams (based on assembly

failure and assembly collapse) and moment-rotation charts considering variations

in plate thickness, plan-dimensions of plate, area of attachment, grade of base

concicte, size, locations and number of anchors, for eccentric compressive loading

on typical plate-anchor assembly

- Study for the development of strength interaction diagiams (based on assembly

failure and assemblv collapse) and moment-rotation charts considering variations

in plate thickness; plan-dimensions of plate, area of attachment, grade of base

concrete, size, locations and number of anchors, for eccentric tensile loading on

typical platc-anchor assembly

- Study for the evaluation of the interaction diagrams developed foi the cases of

eccentric compressive loading, when sheai loading is also present on the assembly

in combination

3.2 Study on Anchor Tension in Plate-Anchor As-

semblies subjected to Eccentric Compressive load-

ing.

Variation of anchor tension in plate-anchor assemblies subjected to eccentric compres-

sive loading, is studied bv varying base stiffness, anchor stiffness and plate thickness

For the present stud}, the various plate thicknesses considered are, 10mm, 12mm,
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14mm and 20mm The base stiffness variation is done by changing the grade of con-

crete as M25, M30, M35 and M40 The anchor stiffness is varied by using different

anchor diameters, 12mm, 14mm, 16mm and 18mm The base stiffness and anchor-

stiffness are calculated using the tributary area method as explained in the previous

chapter The trend for the variation m anchor tension is clearly demonstrated by con-

sidering the parametric variation as stated above The parametric study is carried

out using a typical embedded plate-anchor assembly (see Fig X 3) having 400mm X

250mm plate with 6 anchors of 12mm diameter, subjected to eccentric compressive

load (at eccentricity of 200mm) transferred through an attachment of size 100mm X

100mm

Following representative cases arc studied to make observations regarding the trend in

the variation of anchor tensions at collapse of the assembly

1 Variation of Anclioi Tension for Anchoi No 1 with Anchor Stiffness

2 Variation of Anchoi Tension foi Anchor No. 1 with Base Stiffness

3 Variation of Anchoi Tension for Ccntial Anchoi with Anchoi Stiffness

4 Variation of Anchoi Tension foi Cential Anchoi with Base Stiffness

Following observations aio made from the studies*

- As evident from Figs 3.1 and 3,2, it is observed that magnitude of anchor ten-

sion m outer anchor increases with increase in anchor stiffness, and decreases

with increase m plate thickness, for a particular base-stiffness. It is also observed

that the magnitude of anchor tension in outer anchor decreases with increase m
base-stiffness, as well as with increase in plate thickness, for a particular anchor-

stiffness.
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- As'observed from Figs 3 3 and 3 4, the magnitude of anchor tension in central

anchor increases with increase in anchor stiffness, and decreases with increase in

plate thickness, for a particular base stiffness It is also evident that the magnitude

of anchor tension in central anchor increases with increase in base stiffness, and

decreases with increase in plate thickness, for a particular anchor stiffness.
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Figure 3,1' Variation of Anchor Tension for Anchor No. 1 with Anchor Stiffness at Collapse
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Figure 3 1 Variation of Anchoi Tension for Anchor No 1 with Anchor Stiffness at Collapse
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Base Stiffness (kN/m /m) x 10
(d)

Figure 3.2 Variation of Anchor Tension for Anchor No 1 wih Base Stiffness at Collapse
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4
Anchor Stiffness (kN /m) x 10

(a)

(b)

Figure 3 3 Variation of Anchor Tension for Central Anchor with Anchor Stiffness at Collapse
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4
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(d)

Figure 3 3’ Variation of Anchor Tension for Central Anchor with Anchor Stiffness at Collapse
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Figure 3 4. Variation of Anchor Tension for Central Anchor with Base Stiffness at Collapse
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3.3 Study on Anchor Tension and Assembly Ca-

pacity in Plate-Anchor Assemblies subjected to Ten-

sile Loading.

Variation of anchor tension, assembly capacitj’ and associated modes of failure in plate-

anchor assemblies subjected to eccentric tensile loading, is studied by varying plate

thickness, anchor size, anchor material, and grade of base concrete For the present

study, the various plate thicknesses considered are 20mm, 50mm and 100mm The

base stiffness variation is done by changing the grade of concrete as M25, M30 and

M40 The anchor stiffness is varied by adopting different anchor diameters, 12mm,

lGmm and 24mm The anchor material is also varied by using materials having yield

stiengths of 250 N/mm2 and 415 N/mm2 The parametric study is carried out using a

typical embedded plate-anchor assembly (Fig 1 3) having plate dimensions of 400mm

X 250mm with 4 anchors subjected to tensile loading (at eccentricities of 0mm and

lOOimn) transferied through an attachment of size 100mm X 100mm

The lcsults of the study are presented in Figs 3 5 (a),(b),(c) and Table 3 1. provid-

ing information regarding anchor tension, assembly capacity and associated mode of

fell line, at collapse

Following obseivations aie made from the study

- The magnitude of anchor tension increases with increase in yield strength of an-

chors for given plate thickness and grade of concrete

- The variation in the magnitude of anchor tension with increase in plate thickness

is not appreciable

- The magnitude of anchor tension increases with increase in diameter the anchors

- The increase m the characteristic strength of concrete causes marginal increase in

the anchor tension

- The capacity of the assembly is decreased considerably with increase in the load

eccentricity
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Tensile Capacity of Anchors (e=0mm)

Thickness (mm)
(b)

Figure 3.5 Anchor Tension at Collapse for Axial Tensile Load
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Figure 3.5 Anchoi Tension at Collapse foi Axial Tensile Load

- In the cases of axial tensile loading (i.e tensile loading at zcio cccentncity), the

assembly capacity is marginally lowci than the magnitude of total tension in fom

anchors

- Assembh Collapse is primarily due to the failure of anchors.

- Anchors of lower yield stiength and lessci diameter cxpci ienced ductile failme at

assembh collapse

- Assemblies having thickei plates collapsed v lth ductile failure of anchors

- Assemblies with smaller plate thickness and laiger anchoi diameter collapsed with

buttle failure of anchors
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Table 3 1 Capacity of Plate-Anchor Assembly subjected to Tensile Loading

S No Plate

th

mm

fck

(N/mm2
)

fy

of anchors

(N/mm2
)

Dia

of anchors

(mm)

Anc.

Ten.

Assembly

Capacity(KN)

Type
of

failurem e=0 0 e=100 0

1 20 0 25 0 250 0 12 28 57 114 00 75 00 Anc

2 50 0 25 0 250 0 12 28 57 114 00 75 00 Anc

3 100 0 25 0 250 0 12 28 57 114 00 75 00 Anc

4 20 0 25 0 250 0 16 43 72 160 00 105 00 Con

5 50 0 25 0 250 0 16 52 07 208 00 130 00 Anc
G 100.0 25 0 250.0 16 52.07 208.00 130.00 Anc
7 20 0 25 0 250 0 24 75 21 210 00 142 50 Con

8 50 0 25 0 250 0 24 115 00 457 00 300 00 Anc

9 100 0 25.0 250 0 24 115 00 457 00 300 00 Anc

10 20 0 25 0 415.0 12 40.51 160 00 100 00 Con
11 50.0 25 0 415 0 12 48 32 192 00 120.00 Anc
12 100 0 25 0 415.0 12 48 32 192.00 120.00 Anc

13 20 0 25 0 415.0 16 66.22 176.00 125 00 Con

14 50,0 25.0 415 0 16 84 01 336 00 220 00 Anc

15 100 0 '25 0 415 0 16 84 01 336 00 220 00 Anc

1G 20 0 25 0 415 0 24 75.16 210 00 150 00 Con
17 50.0 25 0 415 0 24 125 00 457 00 380 00 Anc
IS 100.0 25 0 415.0 24 125 00 457 00 380 00 Anc
19 20 0 30 0 250.0 12 30 10 120 00 75.00 Anc

20 50.0 30 0 250 0 12 30.10 120 00 75 00 Anc
21 100 0 30 0 250.0 12 30 10 120 00 75.00 Anc
22 20.0 30 0 250.0 16 44 02 160 00 105 00 Con

23 50 0 30.0 250 0 16 52.01 208.00 130 00 Anc
24 100 0 30.0 250 0 16 52 01 208 00 130 00 Anc
25 20 0 30.0 250.0 24 85.00 210 00 147 50 Con

|

2G 50.0 30 0 250.0 24 115 00 457 00 300 00 Anc
27 100 0 30 0 250 0 24 115 00 457.00 300 00 Anc
2S 20.0 30 0 415 0 12 43 52 160 00 100.0 Con
29. 50 0 30 0 415.0 12 48.32 192 00 120.0 Anc

30. 100.0 30.0 415.0 12 48 32 192 00 120.0 Anc
31 20 0 30 0 415.0 16 66 70 176 00 105 00 Con
32 50 0 30 0 415.0 16 84 01 336 00 220.00 Anc
33 100 0 30.0 415 0 16 84 01 336 00 220 00 Anc
34 20 0 30 0 415 0 24 92 70 210.00

,
167 00 Con

35. 50.0 30.0 415.0 24 125.00 457 00 387 50 Anc
36 100 0 30.0 415 0 24 125.00 457 00 387 50 Anc
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table 3 1 (Contd
)

S No Plate

th

mm

fck

(N/mm2
)

Sy

of anchors

(N/mm2

)

Dia

of anchors

(mm)

BBlu^Bm Assembly

Capacity(KN)

Type

of

failureooIIa> e=100 0

37 mm 40 0 mSSm 12 30 09 120 00 MEM Anc
38 ml 40 0 12 30 09 120 00 Anc

39 ioo a 40 0 EH 12 30 09 120 00 75 00 Anc

40 20 0 40 0 REB 16 44 28 160 00 105 00 Con

41 50.0 40 0 250 0 16 52 01 208 00 130 00 Anc

42 100 0 40 0 250 0 16 52 01 208.00 130.00 Anc

43 ESI 40 0 250 0 24 90 00 210.00 135 00 Con

44. 199 40 0 250 0 24 115.05 457 50 300 00 Anc

45 100 0 40 0 250 0 24 115.05 457 50 300 00 Anc

46 20 0 40.0 415 0 12 43 43 160 00 100.00 Con

47. 50 0 40 0 415 0 12 48 32 192.00 125 00 Anc

48 100 0 40.0 415 0 12 48.32 192,00 125 00 Anc

49 20.0 40.0 415.0 16 75 22 184.05 105.00 Con

50 50 0 40 0 415.0 16 84.01 336 10 220 00 Anc

51 100.0 40 0 415 0 16 84 01 336 10 220 00 Anc

mm 20 0 40 0 415 0 24 95 03 210.00 140 00 ConH9 50.0 40.0 415.0 24 125.10 457 01 380.00 Anc
54 100.0 40 0 415.0 24 125 10

|

457 01 380 00 Anc

Anc Ten, Anchoi Tension at Collapse

th Thickness

Auc , Ductile Failure of Anchoi

Con. ' Biittle Failure of Anchoi associated with concrete.
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3.4 Study on Assembly Capacity in Plate-Anchor

Assemblies subjected to Shear Loading.

Variation of the Capacity of plate-anchor assembly subjected to shear loading is stud-

ied by varying the plate thickness, anchor size, anchor material and grade of base

concrete For the present study, the various plate thicknesses considered are 20mm,

50mm and 100mm The base stiffness variation is implemented by changing the grade

of conciete as M25, M30 and M40 The anchor stiffness is varied by using different

anchor diameters 12mm, 16mm and 24mm The yield strengths of anchors adopted

aie 250 N/mm2 and WhN/mm? The parametric study is earned out using a typical

embedded plate-anchor assembly having plate dimensions of 400mm X 250mm with 6

anchois subjected to shear loading transferred through an attachment of size 100mm

X 100mm Two scpaiate cases of shear loading are considered, one acting at the plate

level, and, the other one is located at a height of lOQmm from the plate top The plate-

anchor assembly considered is illustrated in Fig 3 6 The Table 3.2 presented has the

details of the capacity of the assembly subjected to two slieai load cases (li=0mm and

li=100mm) loi difieient plate thicknesses, characteristic strengths of concrete, yield

strength anchors and size of anchors

In the present study, it is consideied that the slieai strength of plate-anchor assembly is

denved from the Inctional resistance offered by the interface between plate and concietc

base, and the slieai stiength provided by the anchors. [45] If the shear strength offered

by the friction is greatei than the applied shear, then anchors aie not. required to resist

any shear foice If the shear force is greater than the frictional lesistance, then the

anchors carrying compression start resisting the shear force and the anchors subjected

to tension develop their full strength for moment-resistance If the shear foice is greater

than the combined resistance offered by friction and compression anchors, then tension

anchors will also resist the shear force

Following observations are made from the results presented m Table 3.2.
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- The Capacit} of the assembly increases with increase in the diameter of the an-

chors

- The increase m the characteristic strength of concrete does not have any appre-

ciable effect in respect of increase in the Capacity of the assembly.

- Increase in the yield strength of anchor has demonstrated considerable increase

in the Capacity of the assembly

- The increase in plate thickness does not have any influence in increasing the shear

resisting capacit) of the assembly

- For the cases of shear loading applied at a height (h=100mm) above the plate

top, the assembh capacity decreases considerably, compared to the values corre-

sponding to those for the shear loading applied at plate level

A

V

h

5*

Figure 3 6' Assembly subjected to Shear Loading
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table 3.2

mi
fck

(N /mm?)

fy

of anchor

(N/mm2
)

Dia Assembly Cap (kN)

of anchor

(mm) e=Q 0 ooorHIICD

hiHa 25 0 250 0 12 126.67 103 32

2 25 0 250 0 12 126 67 103 32

3 100 0 25.0 250 0 12 126 67 103 32

4 20 0 25 0 250 0 16 220.00 169 00

5 50.0 25 0 250 0 16 220 00 173 32

6 100 0 25 0 250 0 16 220.00 173 31

7 20 0 25 0 250 0 24 473 35 280.00

8 50 0 25 0 250 0 24 473 35 386 68

9 100 0 25.0 250 0 24 473.35 386 68

10 20 0 25 0 415 0 12 200.00 269 98

11 50.0 25 0 415 0 12 200 00 269 98

12 100 0 25.0 415 0 12 200.00 269 98

13 20 0 25 0 415 0 16 353 48 272 05

14 50 0 25.0 415 0 16 353 48 288 50

15 100 0 25 0 415 0 16 353 48 288 50

16 20 0 25 0 415.0 24 792 00 408.25

17 50.0 25 0 415.0 24 792 00 640 00

18 100 0 25 0 415 0 24 792 00 640 00

19. 20 0 30 0 250 0 12 126 67 105 00

20 50 0 30 0 250.0 12 126 67 105 00

21 100 0 30.0 250 0 12 126.67 105.00

22. 20.0 30 0 250 0 16 220 00 144 00

23. 50.0 30 0 250 0 16 220 00 174.00

24 100 0 30 0 250.0 16 220 00 174 00

25 20 0 30 0 250 0 24 473 35 280.00

26 50 0 30.0 250.0 24 473 35 384.25

27. 100.0 30 0 250.0 24 473 35 384 25

28 20.0 30 0 250 0 12 200,00 168.15

29 50.0 30.0 250 0 12 200 00 168.15

30 100 0 30 0 250.0 12 200 00 168.15

31 20 0 30 0 250 0 16 353 00 234.05

32 50 0 30.0 250.0 16 353 00 288 35

33 100 0 30.0 250 0 16 353 00 288 35

34. 20 0 30 0 250.0 24 792 00 408 00

35 50.0 30 0 250 0 24 792.00 640 25

36 100 0 30.0 250 0 24 792.00 640.25

37 20 0 40 0 250.0 12 126.67 104.00

38 . 50.0 40.0 250 0 12 126.67 104.00

39 100 0 40.0 250 0 12 126.67 104.00

40. 20 0 40 0 250 0 16 220 00 144.25

46
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table 3 2 (Contd.)

S No Plate th

mm

Jck

(N/mm2
)

Sy

of anchor

(N/mm2
)

Dia

of anchor

(mm)

Assembly Cap.(kN)
|

ooII
QJ e=100 0

41 50 0 40 0 250 0 16 220 00 180 85

42 100 0 40 0 250 0 16 220 00 180 85

43 20 0 40 0 250 0 24 473 35 280 00

44 50 0 40 0 250 0 24 473 35 392 25

45 100 0 40.0 250 0 24 473 35 392 25

46 20 0 40 0 250 0 12 200 00 168 00

47 50 0 40 0 250 0 12 200 00 168 00

48 100.0 40 0 250 0 12 200 00 168 00

49 20 0 40 0 250.0 16 353 00 234 25

50 50.0 40 0 250 0 16 353 00 288 00

51 100 0 40 0 250 0 16 353 00 288 00

52 20 0 40.0 250 0 24 792 00 40S 00

53. 50 0 40 0 250 0 24 792 00 640 00

54 100 0 40.0 250 0 24 792 00 640.00

Note . Assembly Collapse was observed to be primarily due to ductile of anchors

3.5 Study for the Development of Strength In-

teraction Diagrams and Moment-Rotation Charts

for Plate-Anchor Assemblies subjected to Eccen-

tric Compressive Loading.

Considering the possible variations in the different design parameters of a plate-anchor

assembly subjected to eccentric compressive loading, a study is made for the develop-

ment of relevant strength interaction diagrams and moment-rotation charts for such

assemblies In order to embrace realistic variations, the study includes the variations in

plate thickness, plan dimensions of plate, area of attachment, grade of base concrete,
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and size, location and number of anchors To facilitate the availability of information

regarding reserve strength of the assemblies m post-failure phase, failure and collapse

interaction diagrams are developed

The different mild steel plate (yield strength of 300 N/mm2

)
thicknesses considered are

10mm, 12mm,14mm, 16mm, 18mm, 20mm, 25mm, 32mm and 40mm The compression

load eccentricity is increased from zero upto a value such that the loading becomes

almost equivalent to a pure moment one, followed by the case of only uni-axial moment

The mild steel anchors (yield strength of 330 N/mm2
)
are considered to be placed at

am spacings (but, same between consecutive anchors in one direction) m two dnections

with plate edge distance of twice the diameter of anchor. The ratio of the concrete

base area to the plate area is taken as 2 5 considering the same to be commonly

adopted in actual application The ratio of cross-sectional area of single anchoi (Aanc)

to the product of the spacings m two directions (sq and s2 ) is taken as 0 0032, this

is selected based on observations made while carrying out the study, to facilitate the

dc\elopment/usage of the interaction diagrams. The ratio of area of attachment {A alci/)

to the area of plate {A
p iaLe )

is taken as 0 1 and 0 2. these ratios are considered to be

i epresentative for most of the actual cases

The interaction diagiams and moment-rotation (see Fig 3 7) chaits are presented

non-dimcnsionallv The details legal ding the back-ground dimensional analysis are

presented in Appendix-II

The basic details regarding the development of interaction diagrams and moment-

iotation charts are typically piesented m the following.
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Size of the plate (DXB)~ 400mm X 250mm

Yield Strength of Plate (/y )= 300 N/mm2

Size of attachment (dXb)— 200mm X 100mm

Thickness of plate (t)= 10mm

Spacing of anchors in longer direction (si)= 175mm

Spacing of anchors in shorter direction (s2)= 200mm

Edge distance of anchor (d!) = 25mm

Characteristic Strength of concrete (JCk)— 25 N/mm2

Yield Strength of Anchor (/y)= 330 N/mm2

Area of anchor (A anc)= 113 09 mm2

^otch/Apiatc— 0 2

‘^anc/s l s2 — 0 0032

SNo Load

eccentricity

(mm)

Load

at

Collapse (kN)

Load
at

Failure (kN)

1 0 00 1919 00 813 88

2 25 00 1560.00 597 82

3 50 00 1360 01 449 82

4 75 00 1050 00 300 11

5 100 00 700 00 217 62

6 125.00 485 00 152 45

7 150 00 372 00 115 11

8 175 00 288 00 92 55

9 200.00 235 00 70.79

10 225 00 206.67 57 03

11 250 00 160 00 47 73

12 275 00 137 50 41.04

13 300 00 129 98 35 99

14. 325 00 109 34 31 97

15 350.00 98 67 28.69

16 375 00 92 67 26 03

17. 400 00 88.00 25.63

18 425.00 70 00 24 12

19 450 00 62 01
|

22 45
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SNo Moment
(kN-m)

Rotation

(in rads

)

S No Moment
(kN-m)

Rotation

(m rads
)

1 0 00 .000 24 38 58 00577395

2 7 14 00075349 25 40 01 00631452

3 8 57 .00090427 26 41 44 00690261

4 10 00 00105505 27 42 87 00758288

5. 11.43 00120584 28. 44 30 00845576

6 12 86 00135662 29. 45 73 00952115

7 14.29 00150741 30 47 16 01068330

8 15 72 00165819 31. 48 58 .01187281

9 1715 00180897 32. 50 01 01307122

10 18 58 00195976 33. 51 44 01431607

11 20 00 00211054 34. 52 87 01573141

12. 21 43 00226133 35. 54 30 01714G75

13 22 86 00241211 36 55 73 01859512

14 24 29 00256289 37 57 16 02006501

15 25 72 00274929 38 58.59 .02153490

16 27 15 00297321 39 60 02 02300826

17 28 58 00321243 40. 61 45 .02448162

IS 30 01 00348951 41 62.87 .02595497

19 31 44 .00376659 42 64 30 03142830

20 32 87 00405823 43 65 73 .03809560

21 34 29 00441460 44 67 16 04112249

22 35 72 00483092 45 68 59 04268114

23 37 15 00530244 46 70 02 05083060

47 71 45 06422982

concrete
base

Figure 3 7* Rotation of Assembly

The details and the analysis regarding the interaction diagrams and moment-rotation
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charts are presented in the following chapter

3.6 Study for the Development of Strength In-

teraction Diagrams and Moment-Rotation Charts

for Plate-Anchor Assemblies subjected to Eccen-

tric Tensile Loading.

Embedded Plate-Anchor Assemblies are commonly subjected to eccentric tensile load-

ing in actual applications. As depicted in case of eccentric compressive loading, a

similar stud} is performed for the development of relevant strength interaction dia-

giams (failure and collapse) and moment-iotation charts

The material properties and the ratios of different design paiamctcis that woie adopted

in the case of eccentric compressive loading, aie also applicable in the piesent case

The needed dimensional analysis for presentation of interaction diagiams and moment-

lotation charts in non-dimensional form, aie furnished in Appcndix-II

The basic derails regarding the development of interaction diagrams and moment-

ictation chans are topically piescnted in the following

liBRARI
KANPUR



Load Load

at at

Collapse (kN) Failure (kN)

0 00 165 00 46 46

25 00 154 25 46 35

50 00 141 43 ' 46 08

75 00 128 32 42 25

100 00 115 72 38 38

125 00 106 75 35 67

150 00 94 28 31 91

175 00 87 45 29 81

200 00 79.99 27 20

225 00 75 27 24 89

250 00 70 86 23 75

275 00 66 12 22 50

300 00 61 72 20 01

325 00 57 85 18 89

350 00 34 30 18 01

375.00 52 67 18.01

400 00 50 01 17 14

425.00 48 00 16.00

450 00 46 25 15.01
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SNo. Moment
(kN-m)

Rotation

(in rads )

1 0 00 000

2. 2 14 00111303

3 2 57 00133577

4 3 00 00155851

5 3 43 00178125

6 3 86 00200399

7 4 29 00222673

8 4 72 00244947

9 5 15 00267221

10 5 57 00289495

11 6.00 .00311769

12 6 43 .00334043

13 6.86 00370506

14 7 29 .00406968

15 7 72 .00445194

16 8 15 00493989

17 8.58 00560378

18 9 01 00647025

19 9 44 ,00771378

20 9 86 01023964

21 10 29 01276744

22 10 72 01476372

23 11 15 .02082765

24 11 58 03077335

25 12 01 .03554219

The details and the analysis regarding the interaction diagiams and moment-rotation

charts arc presented in the following chapter

3.7 Study for the Evaluation of the Interaction

Diagrams for Plate Anchor Assemblies subjected to

Eccentric Compressive Loading and Shear Loading

Considering the different design parameters for possible variations of a plate-anchor

assembly, subjected to shear loading combinedly with eccentric compressive loading,
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a stud}' is made for the evaluation of the interaction diagrams which were earlier

developed for such assemblies subjected to eccentric compressive load. As explained

earlier in section 3 4, the shear force is resisted by the frictional resistance offered by

the interface between the plate and concrete base unless the anchors are also effective

in resisting shear when the applied shear goes beyond the magnitude of frictional

resistance

The different mild steel plate (yield strength of 300 N/mm 2

)
thicknesses considered

are 10mm, 12mm, 14mm, 16mm, 18mm, 20mm, 25mm, 32mm and 40mm The plan

dimensions of the plate considered are 400mm X 250mm, with 6 mild steel anchors

(yield strength 330 N/mm2
) of 12mm diameter The load is transfeied through an

attachment of size 100 mm square The characteristic strength of base concietc is

adopted as 25 N/mm2

For each thickness of plate, the ecccntncit\ of the compressive load (P) is varied and

the Shcai force (H) is applied at the plate level. The ratio of shear foice (H) to axial

compicssivc load (P) is varied foi each value of eccentricity for a particular thickness,

and the capacity of the assembly is obsened The details of the results of the study

aic shown in Figs, 3 8-3 12.

Following observations axe made fiom the Figs 3 8-3 12

- For all the cases, assembly capacity is observed to be constant upto certain ratio of

shear foice to axial compressive load
(
H/P ), beyond which the capacity decreases

with mciease in the ratio (H/P) of shear force to axial compressive load The

value of the specific ratio of shear force to axial compressive load upto which the

capacity is constant, increases with increase in compressive load eccenti lcity, for

a give plate thickness

- Foi a given plate thickness, at higher compressive load- eccentricities, the assembly

capacity remains almost constant.

- There is a trend of convergence of assembly capacity varying within a very narrow

band at relatneh higher ratios of shear force to axial compressive load (
H/P

)
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H/P

H/P

Figure 3 8 Assembly Capacity at Collapse Vs H/P Ratio
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Figure 3 9 Assembly Capacity at Collapse Vs H/P Ratio
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Figure 3 11 Assembly Capacity at Collapse Ys H/P Ratio
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Chapter 4

ANALYSIS OF RESULTS

The results of the studies on the plate-anchor assembly subjected to common type

of loadings aie obtained and presented in the form for strength interaction diagiams

and moment-rotation charts The dimensionless terms obtained after performing the

dimensional analysis (for details refer Appcndix-II) are used to develop interaction

diagrams and moment-rotation charts The interaction curves arc useful foi estimation

of the capacity of the assembly at failure and at collapse The moment-rotation charts

aie useful to estimate the magnitude of the rotation undergone by the assembh due

to applied loads. The dimensionless terms (for details see A.ppendi.\-II) considered for

the interaction diagrams using all the vanables of the plate-anchor assembly are.

1/B . -d Gnc/(S1S2) t fy/ fck i

M/UckBD 2
) . P/(JckBD

)

;

Aaldl/A plole ,

d'/D . f'y/fck .
Abase/BD

Analysis was carried out for the -\ariation of each dimensionless term while keeping all

the others as constants, in order to derive the range of assembly behavior and capacity

After the completion of the analysis, interaction diagrams (as typically shown m Fig

4 1) are developed from the results of the analysis As illustrated m Fig. 4 1, all the

design parameters are included. Interaction diagrams are developed for different plate
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thicknesses The term d jb is taken into consideration by providing an edge distance of

twice the diameter of the anchor from the plate edges Mild steel plates and mild steel

J-anchors of yield strength 300 N/mm2 and 330 N/mm2 respectively are used for all

the interaction diagrams The ratio of area of concrete base to plate is taken as 2 5

The ratio of cross-sectional area of the single anchor to the product of the spacings

in two directions is taken as 0 0032. The ratio of area of attachment to the area of

plate is taken as 0 1 and 0 2, these ratios are considered to be representative of most

of the actual cases Generally, the ratio of area of attachment to area of plate may

lange from 0 1 to 0 5, but for the purpose of developing the interaction diagrams arid

moment-rotation charts, only 0 1 and 0.2 arc considered

4.1 Plate-Anchor Assemblies subjected to Eccen-

tric Compressive Loading

As explained m chaptei 3, study was performed foi plate-anchor assemblies subjected

to eccentric eompiessive loading The thicknesses considered foi the analysis aic 10mm,

12mm, 14mm 16mm, 18mm, 20inm, 25nim, 32mm and 40mm The interaction dia-

grams and moment-rotation charts are cle\ eloped using the dimensional analysis (lor

details see Appcndix-II) foi different design parameteis as mentioned eailicr, These

interaction diagiams and momcnt-iotation charts can be used to analyse/design the

plate-anchor assemblies, satisfying the requirements of strength and serviceability con-

ditions The usage of these interaction diagiams and moment-rotation charts aie ex-

plained in detail in Appcndix-I.

4.1.1 Interaction Diagrams

The interaction diagrams at failure and collapse are given m Figs. 4,1 -4 4 From the

curves of the Interaction Diagrams, it is observed that for all possible load-eccentricities,

the capacity of plate-anchor assembly increases with increase in plate thickness. For
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developing a single curve of a particular thickness, the eccentncitj is varied at regu-

lar intervals (refer section 3 5) The points on M/f^bcP of the interaction diagram

denote the capacity of the assembly subjected to pure moment (no axial compressive

load) The points on P/fCkbd of the interaction diagrams indicate the capacity of the

assembly subjected to pure axial compressive load The intermediate points on an

interaction curve give the capacities of the assembly in respect of failure/collapse load

and moment

Fnstly, the ratio of area of attachment {Aatch) to area of plate (Ap /atc )
is taken as 0 1

and the ratio of cross-sectional aiea of single anchor (Aanc )
to product of spacmgs in

two dncctions (sicmds2 ) is taken as 0 0032. The interaction diagrams are developed

separately for failure and collapse condition of the assembly in order to indicate the

icsoive strength of the assembly The failure of the assembly can take place due to

clacking of concrete, yielding of plate or yielding of anchors. The failuie load ol the

assembly does not mean the collapse of the structure The assembly still has the reserve

strength aftci failure has occurcd in one or more of the components The ultimate load

at which, the collapse of the assembly occurs can be due to crushing of concrete, fail uie

of anchors oi complete yielding of plate along v ith failure of anchors

Thoie is no such distinct region in the interaction diagram to explain the type ol

material failuie occurcd in the plate-anchor assembly. The collapse of the assembly

at zero eccentucitv occurs due to crushing of concrete and as the load eccentricity

mci cases, the collapse of the assembly can be due to failure of anchors oi complete

\icldmg of plate along with failure of anchors From the interaction diagrams for

both collapse and failure of assembly, it is observed that the capacity of the assembly

based on collapse is appreciably higher than that based on failure (for illustration see

Appendix-I)

Similar anahsis is done for the ratio of area of attachment to area of plate as 0.2

and the ratio of cross-sectional area of single anchor to product of spacings m two

directions as 0 0032. The increase in the area of attachment, increases the capacity

of the assembly considerably keeping all the other design parameters constant. It is



CHAPTER 4 Analysis 63

observed that Assembly Capacity increases with the increase in the ratio of area of

attachment to area of plate (illustrated in Appendix-I)

f y =300 N/mrr?

fy =330 N/mn?

d ’ = 2 x dia. of anchor

Figuie 4,1: Inter act ion Diagram for Eccentric Compiessne loading at Failure
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f y
- 300 N / mn?

fy = 330 N / mn?

d ’ = 2 x dia. of anchor

f ckBD 2

Figure 4 2 Interaction Diagiam for Eccentric Compressive loading at Collapse
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4.1.2 Moment-Rotation Charts

The moment-rotation charts developed m the study are presented in Figs 4 5 and 4 6

The moment-rotation characteristics of the plate-anchor assemblies are important in

respect of satisfying the rotational stiffness requirements from the mew point of ser-

viceability The moment-rotation charts are developed for the same design parameters

as adopted for the interaction diagrams The rotation caused due to the eccentric

compressive load at every stage of incremental loading till the assembly collapses, is

computed The moment (in terms of dimensionless quantity, M/f^bd2
)
-rotation (6)

charts for a given plate thickness arc provided considering the incremental variation in

load eccentricities from a leasonably low value upto a case of pure moment

Firsth, a sot of charts is provided for different plate thicknesses in Figs 4 5 (a),

(b), (c) foi the ratios (A nlciJ

A

v i alc )
and (.4 afic/sis 2 )

as 0 1 and 0 0032, respectively.

Subsequently, another set of charts is provided in Figs 4 6 (a), (b), (c) for the ratios

(AatcijApiaic) and as 0 2 and 0 0032, respectively

li is obscivod that the assembly lotation increases with the increase in load-eccentricity,

while keeping the moment same This is possibly due to the diminishing effect of ax-

ial conipiessive load against rotation with increase in load eccentricity The assembly

lotation gets i educed with incicase in plate thickness for the same le\el of eccentric

compiession load, this is mainly due to the increase in plate stiffness It is noted typi-

cally that foi a given plate-anchor assembly the late of increase of rotation with respect

to incicase m moment is relatively much lower initially (till failure of plate/anchor)

than the same observed in the post-failure phase of plate/anchoi. Also, it is evident

that the slope of the moment-rotation curves become increasingly flatter with increase

in load-eccentricities.

For increase in the \alue of the ratio (A atCA/Apfate )
from 0 1 to 0.2, it is observed that

the rotation decreases substantially for the same le\el of eccentric compressive load,

this is possibly due to influence of large area of attachment in enhancing the plate

stiffness
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Figure 4 5 Moment-rotation Charts for Eccentric Compressive loading {Aalch/
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0 0 01 0 02 0 03 0 04 0 05 0.06 0 0 01 0.02 0 03 0 04

rotation (in radians) rotation (in radians)

rotation (in radians) rotation (m radians)

(a)

Figuie 4.6 Moment-rotation Charts foi Eccentric Compressive loading {A atch/AplQie = 0 2)
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0 0 01 0.02 0 03 0 0 005 0.01 0 015 0 02 0 025 0 03

rotation (in radians) rotation (in radians)

rotation (in radians)

0 0 005 0.01 0.015 0 02 0.025 0 03

rotation (in radians)

(b)

Figure 4 6; Moment-rotation Charts for Eccentric Compressive loading {AaLch/Apiate = 0 2)
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rotation (in radians)

(c)

Figuic 4 6 Momcnt-iotation Charts for Eccentric Compressive loading (AalcijAplale = 0.2)
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4.2 Plate-Anchor Assemblies subjected to Eccen-

tric Tensile Loading

As explained m chapter 3, a study was performed for plate-anchor assemblies sub-

jected to eccentric tensile loading All the design parameters considered are the same

as taken for assemblies subjected to eccentric compressive loading The interaction di-

agrams and moment-rotation charts are developed using the dimensional analysis (see

Appendix-II) for different design parameters as stated earlier These interaction dia-

grams and moment-rotation charts are useful in analysing/designing the plate-anchor

assemblies satisfying the strength and serviceability criteria The usage of the interac-

tion diagrams and moment rotation charts are explained in detail in Appendix-I

4.2.1 Interaction Diagrams

The interaction diagrams at failure and collapse are given m Figs 4 7-4.10 From the

curves of the interaction diagram, it is observed that for all possible load-eccentricities,

the capacity ol plate-anchor assembly increases with increase in plate thickness Fol

developing a single cuive, for a particular plate thickness, the eccentricity is varied

at tegular intervals (lcfci section 3 6) The points on M/f^bd2 axis of the interac-

tion diagram denote the capacity of the assembly subjected to pure moment (no axial

compicssive load). The points on P/fCkbd axis of the interaction diagrams indicate

the capacity of the assembly subjected to pure axial compressive load The interme-

diate points on an interaction curve give the capacities of the assembly in respect of

failurc/collapsc load and moment.

The interaction diagiams are developed separately for failure and collapse conditions

of the assembly in ordei to indicate the reserve strength. The failure of the assembly

can occur due to cracking of concrete, yielding of plate or yielding of anchors Beyond

failure, the assembly has its reserve strength till collapse The ultimate load at which

the collapse of the assembly takes plate, may be due to the failure of the anchors, or

complete yielding of plate along with failure of anchors Collapse of the assembly due
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to the crushing of base concrete is appearing practically impossible, as the moment

due to eccentric tensile load is never capable to induce concrete crushing

It is apparent from the interaction diagrams for eccentric compressive loading (see Figs

4 1 - 4 4) and the present ones for eccentric tensile loading, that the load carrying

capacity of a plate-anchor assembly is considerably reduced in the case of the latter

one (excepting for the case of pure moment) This is possibly due to the fact that m

eccentric tensile loading, the participation of the concrete base m resisting the load is

insignificant, and the load is mainly resisted by anchors and plate

When the load eccentricity is zero, the assembly capacity at failure is dictated by

yielding of anchors and the same at collapse is due to failure of anchors. As the load

eccentricity inci eases, the moment acting on the system is resisted both by plate and

anchors Unlike the case of assemblies subjected to eccentric compressive loading, in

the present case, with increase in load-eccentricitv, the magnitude of failure/collapse

load decreases while the failure/collapse moment mci eases continuously upto the case

of pure moment. This can be attributed to the increasing influence of load eccentricity

U e moment) to cause the failure/collapse of the assembly

4.2.2 Moment-Rotation Charts

The moment-rotation chaifcs developed in the study are presented in Figs 4.11 and

4 12. The moment (in terms of dimensionless quantity M/f^BD2
) - rotation (0)

cnarts for a given plate thickness aic provided considering the incremental variation

in load-ecccntricity from a reasonably low value upto a case of puie moment. The

moment-rotation charts arc developed for the same design parameters as adopted for

the interaction diagrams The rotation caused due to eccentric tensile loading at every

stage of incremental loading till the assembly collapses, is computed

Firstly, a set of charts is presented for different plate thicknesses in Figs. 4 11 (a),

(b), (c) for the ratios (Aaich/AplaLe )
and (Aanc/slS2) as 0 1 and D.0032 respectively

Subsequently, another set of charts is presented in Figs. 4.12 (a), (b), (c) for the ratios

! Aaich/Aplate) and {Aanc/Sl s2 )
as 0.2 and 0 0032, respectively
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f y » 300 N / mn?

fy = 330 N / mm

d ’ = 2 x d«a. of anchor

Figure 4 7 Interaction Diagram for Eccentric Tensile loading at Failure
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It is observed that the assembly rotation decreases with the increase in load eccentricity

while keeping the moment same, which is reverse to the case of eccentric compressive

loading When the load is compressive, the anchor tension is due to moment acting on

the system only, whereas in case of tensile loading, the anchor tension is caused due to

both axial tensile force and moment As the load eccentricity increases, the effect of

axial tensile force in causing rotation decreases as compared to the effect of moment

acting on the system It is to be noted that for a particular plate-anchor assembly,

the moment rotation curve for pure moment condition (i e e = emax case) lies in the

middle of the curves of the curves for eccentric compressive loading (lying above the

pure moment curve) and the curves for eccentric tensile loading (lying below the pure

moment curve, as illustrated typically in Fig 4 13 )

As the thickness increases, the rotation of the assembly decreases, for the same value

of moment of a curve of particular load eccentricity Also, it is apparent that the

slope of the moment-rotation curves become increasingly flatter with decrease m load-

eccentncity

For increase in the value of the ratio (Aotch/AvlaU ) from 0 1 to 0 2, it is observed that

the rotation deci eases substantially foi the same le\el of eccentric tensile loading, and

this is possibly due to the influence of larger area of attachment in enhancing the plate

stiffness
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(c)

Figure 4 11* Moment-rotation Charts for Eccentric tensile loading (Aa iCh/Ap i
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Figure 4 12 Moment-rotation Charts for Eccentric tensile loading
(
Aalch/Apiale = 0 2)
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Figure 4 13 Moment-rotation Chart for Eccentric Compressne and Tensile Loading
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4.3 Evaluation of Interaction Diagrams for Eccen-

tric Compressive Loading combined with Shear Load-

ing.

The results of the assembly subjected to shear force in addition to axial compressive

load and uniaxial moment are presented in the previous chapter The objective of the

study was to evaluate the already developed strength interaction diagrams for eccentric

compressive loading for the condition when the plate-anchor assembly is also subjected

to shear load in combination

It is observed that the capacity of the assembly remains constant upto some ratio

of shear force to axial load for different load eccentricities As the load eccentricity

increases, the assembly capacity remains constant for higher values of ratio of shear

force to axial load When the load is purely axial, the horizontal resistance due to

friction is fiP (ft is coefficient of friction between plate and concrete base) When the

moment is acting additionally, the assembly undergoes rotation When the frictional

resistance alone is not capable to resist the shcai, the anchors participate in resisting the

shear force As stated m Section 3 7 of chapter 3. up to a specific value of H/P ratio foi

a given assembly, the interaction diagrams (refci Figs 4 1-44) can be adopted without

an) modification The individual values of the H/P ratio for different assemblies are

obtainable from Figs 3.8-3.12

4.4 Deflected Shapes and Stress Contours

The deflected shape of the embedded plate of the assembh is presented in Fig. 4 14

The deflected shapes are obtained for different eccentricities for a particular size of

the plate The typical stress contours for equivalent stress at different eccentricites are

presented in Fig 4.15
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Figure 4,14 Typical Deflected Shapes of Embedded Plate





Chapter 5

Summary and Conclusions

5.1 Summary

In many Engineering applications, the cast-in-place embedded steel plates are used to

support machines, equipment, pipelines etc The plate-anchoi assembly consists of steel

plate, anchors and concrete base The behavior of embedded plate anchor assembly

has been studied using the mathematical model developed The model estimates the

load carrying capacity of the assembly and also provides othei pertinent information

regarding the assembly behavior during its loading history

The behavioi and capacity of plate-anchor assembly is dependent on relevant design

parameters, e g dimensions of the plate, size, location and number of anchors, char-

acteristic strength of concrete, yield strength of plate and anchors, stiess-stiain char-

acteristics of materials, size of attachment and different loadings on the assembly The

factors mentioned above have an influence on the anchor forces, plate stresses, base

pressure and rotation of the assembly

A siudv is performed to observe the behavior of anchors due to variation in base

stiffness, anchor stiffness and plate thickness for eccentric compressive loading The

behavior of anchors and assembly capacity subjected to tensile loading, is studied

A similar type of study is earned out for shear loading also. A study is made for

the development of the interaction diagrams and moment-rotation charts for eccentric
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compressive loading and eccentric tensile loading Evaluation of interaction diagrams

developed for the case of eccentric compressive loading, is made when shear loading

is also present on the assembly m combination Dimensional analysis is performed to

develop the interaction diagrams and moment-rotation charts Interaction diagrams

and moment-rotation charts are developed adopting different ratios of dimensionless

terms The curves of the interaction diagram are useful to estimate the magnitude

of the assembly capacity at failure and at collapse The moment-rotation charts are

useful to estimate the magnitude of rotation undergone by the assembly

5.2 Conclusions

Following aie the conclusions made from the present study

“ Anchor stiffness and Base stiffness of the plate-anchor assembly influence the

magnitude of anchoi tension considerably.

- The mciease in anchoi stiffness increases the magnitude of anchor tension and

increase in plate thickness decreases the magnitude of anchoi tension.

- For tensile loading, increase in yield strength of anchors increases the magnitude of

anchor tension, wheicas, the increase in plate thickness does not have appreciable

effect in the increase of anchor tension

- Anchors of lower yield strength experience ductile anchor failure when the diam-

eter of anchors are small

- In case of shear loading, increase m diameter and yield strength of anchors cause

increase in the assembly capacity

- Thicker plates cause increase in assembly capacities for both eccentric compressn e

and tensile loading.

— In case of eccentric compressive loading, the failure of the assembly may be due

to cracking of concrete, yielding of plate or yielding of anchors, and the collapse
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of the assembly may be due to crushing of concrete, complete yielding of plate

along with failure of anchors or failure of anchors only

— At low eccentricities of compressne loading, the failure/collapse will be due to

cracking/crushing of concrete.

— At higher eccentricities of compressive loading, the failure may be due to yielding

of anchors or yielding of plate and the collapse may be due to complete yielding

of plate along with failure of anchors or failure of anchors only

— The capacity of the assembly at collapse is much higher than the failure load of

the assembly

— Increase m area of attachment increases the assembly capacity considerably

— Increase m load eccentricity increases the assembly rotation considerably, m case

of eccentric compressive loading

— Increase in thickness of the plate reduces the rotation of the assembly

— Increase in area of attachment reduces the rotation of the assembly

— The rate of increase of rotation with respect to increase m moment is relatively

much loucr initially (till failure of plate/anchor) than the same observed in post-

failuie phase of the plate/anchoi

— In case of eccentric tensile loading, the failure of assembly can occur due to crack-

ing of concrete, yielding of plate or \ieldmg of anchors. The collapse of the

assemblv may be due to failure of anchors or complete yielding of anchors along

with failure of anchors

— At low eccentricities of tensile loading, the assembly failure/collapse is dictated

by yielding/failure of anchors

— The load carrying capacity decreases considerably in case of eccentric tensile load-

ing m comparison to eccentric compressne loading

— In eccentric tensile loading, the rotation caused decreases with the increase m

eccentricity
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— Thicker plates and increase in area of attachment, decrease the rotation of the

assembly in eccentric tensile loading.

— In case of eccentric compressive loading combined with shear loading, the capacity

of the assembly remains constant npto some ratio of shear force to axial load for

different load eccentricities

— For combined loading of eccentric compressive loading and shear force, the as-

sembly capacity remains constant for higher values of ratio of shear force to axial

compressive load

— There is a trend of convergence of assembly capacity varying within a very narrow

band at relatively higher ratios of shear force to axial compressive load,

— The strength interaction diagrams and moment-rotation charts developed in the

present study can be used for analysis/design of plate-anchor assemblies

5.3 Future Scope of Work

The model developed has the capability of predicting the behavior of the assembly,

v hen subjected to bi-axial moments Interaction diagrams and moment-rotation chaits

can be developed for bi-axial moments also The interaction diagiams and moment-

lot anon clun Is aic presently developed foi some limited ratios of the design parameters

Moie nitei action diagiams and moment-rotation chaits ma\ be provided to have bettei

design guidelines The moment-iotation charts can be modified with the help of regres-

sion analysis to have a characteristic cur\e or equation instead of providing curves for

diffeicnt eccentricities and thickness Study can be performed for assemblies subjected

to a combination of tension and shear
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Appendix-I

The usage of the interaction diagram and the moment-rotation charts, that are devel-

oped m the present study are demonstrated through the following design examples for

embedded plate-anchor assemblies

Aaich = Area of Attachment,

Aplate = Area of Plate,

Aanc — Area of Anchor,

6'i,a'2 = Spacing of Anchors in either direction,

P = Axial Load,

M = Uni-axial Moment,

jdi = Characteristic Strength of Concrete

fy = Yield Strength of Plate,

j‘
y
= Yield Strength of Anchor,

B, D
)
t — Dimensions of the Plate,

6 = Rotation of the Assembly,

Example 1 (
For a Plate-Anchor Assembly subjected to Eccentric Compressive

Loading

)

Design of an embedded plate-anchor assembly with base-concrete of characteristic

strength 25 N/mm2
,
steel plate of yield strength 300 N/mm2 and M.S. anchors of
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yield strength 330 N/mm 2
subjected to an eccentric compressive load of 1000 kN at

an eccentricity of 100 mm at failure

P =1000 kN

M= P x e

= 1000 x 0 1

= 100 kNm

Assuming Aatch /

A

p iale = 01 and Aanc/sis -2 = 0 0032 and using the interaction diagram

for failure load. (Fig 4 1)

Consider a plate size of 600 mm X 400 mm

M/ fckBD2 = 100.0/(25000x0 4x0 G
2
)

= 0.0277

P/JckBD = 1000 0/(25000x0 4x0 6)

= 0 167

Fiom the interaction diagram piovided for the ratios mentioned eailiei, a thickness of

40 mm is obtained

Plate dimensions

Area of Attachment

Assuming the Anchor diameter

Edge distance

s2

• 600 mm x 400 mm x 40 mm
= 0 1 x 600 x 400

= 24000 mm 2

= 12 mm
= 2x 12

= 24 mm sa\ 25 mm

= (400 - 25 - 25)/2

= 175 mm
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si = Aanc/s2 x 0.0032

= 113 00/(175 x 0 0032)

= 201 mm

Provide 4 anchors in long direction at a spacing of 183 mm c/c and at an edge distance

of 25 mm

Now, for the designed plate-anchor assembly, the capacity at collapse can be estimated

using the interaction diagram (Fig 4 2) as per the following *

Dimensions of Plate from failure load criteria = 600 mm x 400 mm x 40 mm

From the envelope of 40mm thick plate in Fig 4 2 (interaction diagram at collapse for

eccentric compressive loading)

JcuBD

fdBD2

Selecting P/(fckBD)

P

Corresponding

M

M/P

Hence, Selecting

P

= 25000 x 0 4 x 0 6

= 6000 kN

= 25000 x 0.4 x 0 62

= 3600 kN - m
= 04

= 0.4 x 6000

= 2400 kN

M/(fckBD2)= 0 0094

= 0.0094 x 3600

= 338 4 kN - m

= (338 4/2400.0)

= 0.141 > 0 1

P/(UBD)= 0 5

= 0 5 x 6000



APPENDIX 100

Corresponding M/(fckKBD2)—

M

M/P

3000 kN

0 00833

0 00833 x 3600

300 0 kNm

(300 0/3000 0)

01

We can observe that the size of p]ate 600 mm x 400 mm x 40 mm has the the capacity

equal to three times the failure load at collapse

For the same loading condition, the ratios considered are different i e (Aalcfl /

A

piatc=0 2

and Aanc/ S\ S2 ==0 0032), the interaction diagram used is for failure load (Fig 4 3) sub-

jected to loads, P=1000 kN and M=100 kNm

Consider a plate size of 500 mm X 300 mm

M/fekBD7 = 100 0/(25000x0 3x0 5
2

)

= 0 053

P/jckBD = 1000 0/(25000x0 3x0 5)

= 0 267

From the interaction diagram provided for the ratios mentioned earlier, a thickness of

40 mm is obtained

Plate dimensions . 500 mm x 300 mm x 40 mm

Area of Attachment = 0,2 x 500 x 300

= 30000 mm 2

Assuming the Anchor diameter

Edge distance J

= 12 mm
= 2x12
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= 24 mm, say 25 mm
S2 — (300 - 25 - 25)

= 250 mm

si = Aanc/s2 x 0 0032

= 113 00/(250 x 0 0032)

= 141 25 mm

Provide 4 anchors in long direction at a spacing of 140 mm c/c with an edge distance

of 40 mm

Now, for the designed plate-anchor assembly, the capacity at collapse can be estimated

using the interaction diagram (Fig 4.4) as pei the following

Dimensions of Plate from failure load cntena = 500 mm x 300 mm x 40 mm

From the cm elope of 40mm thick plate in Fig 4 4 (interaction diagram at collapse for

ecccntnc compiessiw loading)

fcxBD - 25000 x 0.3 x 0.5

= 3750 kN

fcxBD 2 = 25000 x 0 3 x 0 5
2

= 1875 kN - m

Selecting P/{fckBD) = 06

P = 0 6 x 3750

= 2250 kN

Corresponding M/(fckBD2
)

= 015

M = 0 15 x 1875

= 281 25 kN - m

M/P = (281 25/2250 00)
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Hence, Selecting P/ (fckBD)

= 0.125 > 0 1

= 07

P = 0 7 x 3750

Corresponding M/(fckBD 2
)

= 2625 kN

= 0 14

M = 0 14 x 1875

M/P

= 262 5 kNm

= (262 5/2625)

= 0 1

We can observe that the size of plate 500 mm x 300 mm x 40 mm has much higher

collapse load than the failure load

For the same designed plate-anchor assembly, the estimation of assembly rotation at

failure and at collapse, can be made as per the following .

From strength criteria, foi a load P=1000 kN and M=100 hNm at failure, a plate

is designed having dimensions 600 mm x 400 mm x 40mm* considering the ratios

{AatcJl /Apiate -=0 1 and Aanc/s]S2
= 0 0032)

M/

f

ckBD2 = 0 0277 (calculated earlier)

e = 100 mm

For the same ratios, the maximum rotation can be obtained from moment-rotation

charts provided For thickness of 40 mm and the ratios mentioned above, the moment-

rotation chart is provided in Fig 4,5 (c) The rotation possible for the plate is 0.0015

radians

Now, for this designed plate-anchor assembly, the rotation at collapse can be estimated
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using the moment-rotation chart Fig, 4 5 (c) The moment resisted by the plate 600

mm x 400 mm x 40 mm at collapse is 300 kN — m

M/UBD2 = 300 00/(25000.0 x 0.4 x 0 62
)

= 0 0833

The rotation possible for the plate is 0.0102 radians

For the ratios of AaLch j

A

v { ale —Q 2 and Aanc/s 1 s 2=0 0032, and the plate dimensions from

strength criteria are 500 mm x 300 x 40 mm, the moment-rotation charts is provided

in Fig 4 6 (c) for thickness 40mm

M/fckBD2 = 100 0/(25000 0 x 0 3 x 0 5 2
)

= 0 053

The lotation possible for the plate is 0.001 ladians

Now, for this designed plate-anchor assembh, the rotation at collapse can be estimated

using the moment-rotation chart Fig 4 6 (c) The moment resisted by the plate 500

mm x 300 mm x 40 mm at collapse is 262.50 kN — m

M/UBD2 = 262 50/(25000.0 x 0 3 x 0 5
2
)

= 0 14

The rotation possible for the plate is 0.012 radians
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Example 2 ( For a PI ate-Anchor Assembly subjected to Eccentric Tensile

Loading.)

Design of an embedded plate-anchor assembly with base-concrete of characteristic

strength 25 N/mm2
,
steel plate of yield strength 300 N/mm2 and M.S anchors of

yield strength 330 N/mm2 subjected to an eccentric tensile load of 150 kN at an

eccentricity of 100 mm at failure

P =150 kN

M = P x e

= 150 x 0.1

= 15 kNm

Assuming Aalch /

A

plaU = 01 and Aflnc/S]S2 = 0 0032 and using the interaction diagram

for failure load (Fig 4 7)

Consider a plate size of 600 mm X 400 mm

M/UBD 2 = 15 0/(25000x0 4x0.6
2
)

= 0.0041

P/fckBD = 150.0/(25000x0 4x0 6)

= 0.025

From the interaction diagram provided for the ratios mentioned earlier, a thickness of

25 mm is obtained

Plate dimensions

Area of Attachment

600 mm x 400 mm x 25 mm

= 0 1 x 600 x 400
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Assuming the Anchor diameter

Edge distance d

S2

si

= 24000 mm2

= 12 mm
= 2 x 12

= 24 mm, say 25 mm

= (400 - 25 - 25)/2

= 175 mm

= *40nc/S2 ^ 0 0032

= 113 00/(175 x 0 0032)

= 201 mm

Provide 4 anchors in long direction at a spacing of 183 mm c/c and at an edge distance

of 25 mm

Now, for the designed plate-anchor assembly, the capacity at collapse can be estimated

using the interaction diagram (Fig, 4 8) as per the following :

Dimensions of Plate from failure load criteria = 600 mm x 400 mm x 25 mm

From the em elope of 25mm thick plate in Fig 4.8 (interaction diagram at collapse for

eccentric tensile loading)

fckBD

fckBD2

Selecting P/{fcKBD)

P

= 25000 x 0 4 x 0 6

= 6000 kN

= 25000 x 0 4 x 0 62

= 3600 kN — m
= 0.05

= 0 05 x 6000

= 300 kN

Corresponding Ml(fckBD2
)
= 0 024
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M = 0 024 x 3600

= 86 40 kN — m

M/P = (86 40/300 00)

= 0 288 > 0 1

Hence, Selecting P/(fckBD) = 0 075

P = 0 075 x 6000

= 450 kN

Corresponding M/(fc^BD 2

)
= 0 0125

M = 0 0125 x 3600

= 45 kNm

M/P = (45 0/450 0)

= 01

We can observe that the size of plate 600 mm x 400 mm x 25 mm has the the capacit\

equal to three times the failure load at collapse

For the same loading condition, the ratios considered are different i e [Aaichj

A

piale
~0.2

and .4flUC/siS2=0 0032), the interaction diagram used is for failure load (Fig 4 9) sub-

jected to loads, P=150 kN and M=15 kNm

Consider a plate size of 600 mm X 400 mm

M/JekBD2 = 15 0/(25000x0 4x0 6
2
)

= 0 0041

P/fckBD = 150 0/(25000x0 4x0 6)

= 0.025

From the interaction diagram provided for the ratios mentioned earlier, a thickness of

16 mm is obtained
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Plate dimensions

Area of Attachment

Assuming the Anchor diameter

Edge distance d

s2

si

600 mm x 400 mm x 16 mm
= 0 2 x 600 x 400

= 48000 mm2

= 12 mm
= 2 x 12

= 24 mm, say 25 mm

= (400 - 25 - 25)/2

= 175 mm
= Aanc/s 2 X 0 0032

= 113.00/(175 x 0 0032)

— 201 mm

Pro\ ide 4 anchors in long direction at a spacing of 183 mm c/c with an edge distance

of 25 mm

Now for the designed plate-anchor assembly the capacity at collapse can be estimated

using the interaction diagram (Fig 4.10) as pei the following .

Dimensions of Plate from failure load criteria = 600 mm x 400 mm x 16 mm

From the envelope of 16mm thick plate in Fig 4 4 (interaction diagram at collapse for

eccentric tensile loading)

ScxBD

UBD 2

Selecting P/(fckBD

)

P

= 25000 x 0 4 x 0 6

= 6000 kN

= 25000 x 0.4 x 0 62

= 3600 kKm

= 0 08

= 0 08 x 6000
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480 kN

Corresponding M/(fCkBD2
)
= 0 01

M = 0 01 x 3600

= 36 kNm

M/P = (36 0/480 0)

— 0 075 < 0 1

Hence, Selecting P/(fCkBD) 0 075

P — 0 075 x 6000

= 450 kN

Corresponding M/(fckBD2
)
= 0 0125

M = 0 0125 x 3600

45 kNm

M/P = (45.0/450 0)

— 01

We can observe that the size of plate 600 mm x 400 mm x 16 mm has the capacity

equal to thrice the failure load at collapse of the assembh

For the same designed plate-anchor assembly, the estimation of assembly rotation at

failure and at collapse, can be made as per the following

From strength criteria for a load P=150 kN and M=15 kNm at failure, a plate

is designed having dimensions 600 mm x 400 mm x 25mm, considering the ratios

{Aatch/Apiate-0A and -4anc/sis2=0 0032).

M/fckBD 2 = 0 0041 (calculated earlier)

e 5= 100 mm

For the same ratios, the maximum rotation can be obtained from moment-rotation
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charts provided For thickness of 25 mm and the ratios mentioned above, the moment-

rotation chart is provided m Fig 4 11 (b) The rotation possible for the plate is 0 001

radians

Now, for this designed plate-anchor assembly, the rotation at collapse can be estimated

using the moment-rotation chart Fig 4.11 (b) The moment resisted by the plate 600

mm x 400 mm x 25 mm at collapse is 45 kNm

M/fckBD2 = 45 00/(25000.0 x 0 4 x 0 6
2

)

= 0 0125

The rotation possible for the plate is 0 005 radians

Foi the ratios of AaLch/Apiaie=0 2 and AQnc/s 1S2=0 0032, and the plate dimensions from

stiength critena are 600 mm x 400 x 16 mm, the moment-rotation charts is piovided

m Fig. 4 12 (a) for thickness 16mm.

M/fckBD2 = 15 0/(25000 0 x 0 4 x 0 62 )

= 0 0041

The rotation possible for the plate is 0 0004 radians

Now, for this designed plate-anchor assembly, the rotation at collapse can be estimated

using the moment-rotation chart Fig 4 12 (a) The moment resisted by the plate 600

mm x 400 mm x 16 mm at collapse is 45 kNm

.
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M/fckBD2 = 45 0/(25000 0 x 0 4 x 0 6
2
)

= 0 0125

The rotation possible for the plate is 0 004 radians

Example 3 (
For a Plate-Anchor Assembly subjected to Eccentric Compressive

Loading along with Shear load
)

Design of an embedded plate- anchor assembly with base-concrete of characteristic

strength 25 N/mm2
,
steel plate of yield strength 300 N/mm2 and M S anchors of

yield strength 330 N/mm2 subjected to an eccentric compressive load of 800 kN at an

eccentricity of 100 mm in combination with a shear force of 320 kN at Collapse

Axial Compressive Load (P) = 800 kN

Shear Force (H) = 320 kN

Ratio of H/P = 320/800

= 04

= 800 x 0 1

= 80 kNm

Referring Figs 3 8-3.12, the embedded plate has to be designed for e=100mm, H/P

as 0.4, and P=800 kN A size of 32 mm thick plate of dimensions 400 mm x 250 mm

is obtained from Fig 3 11

Dimensions of the Plate = 400 mm x 250 mm x 32 mm
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The same design can be obtained from the interaction diagram provided m Fig 4 2

{at collapse) Considering the size of plate as 400 mm x 250 mm

Axial Compressive Load (P) = 800 kN

Moment (M) = 80 kNm

P/{fckBD) = 800 0/(25000 x 0.25 x 0 40)

= 0.32

M/UckBD 2 = 80 0/(25000 x 0 25 x 0 402
)

= 0.08

For the above values, the thickness obtained is 32 mm from the interaction diagram

and the plate dimensions are 400 mm x 250 mm x 32 mm

From the Fig 3 11, foi H/P ratio as 1 0 developed for 32mm, it is observed that the

Assembly Capacity is 250 kN i.e P=250 kN, H=250 kN and e=100mm

M = P x e

= 250 x 0 1

= 25 kNm

From the interaction diagram (Fig 4 2),

P/UckBD) = 250 0/(25000 x 0 25 x 0 4)

= 0 1

-V/{fckBD2
)
= 25.0/(25000 x 0 25 x 0 42

)

= 0.025

The thickness obtained from the interaction diagram is 10mm i e., the plate dimensions

are 400 mm x 250 mm x 10 mm



APPENDIX 112

This indicates that for higher ratios of H/P (as mentioned in Section 3 7), interaction

diagrams which are developed for eccentric compressive loading cannot be used, when

shear force is acting combinedly with eccentric compressive loading
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The dimensional analysis deals with the process of involving all the important fac-

tors of a physical phenomenon in a systematically organised manner m the form of

dimensionless terms After doing the dimensional analysis, the problem is generalised

and the need for a particular system of units is eliminated. The various parameters

involved in the plate-anchor assemblies are stated below and the dimensions of these

quantities are stated in brackets in Forcc-Length-Time (F-L-T) system

t = thickness of the plate [L]

B — breadth of the plate
[
L

]

D = length of the plate \L]

Aalch = Area of the attachment [L
2

]

Abase — Area of concrete base [L
2

]

Apiatc = Area of plate [I
2

]

-4
flnc = Area of anchor [L2

]

a'i , So = spacing of anchors m either directions of the plate [L]

fy = yield strength of plate {FL~2
\

fy
~ vield strength of anchor [FL~ 2

]

fck — characteristic strength of concrete [FL~2
]

d = edge distance of anchors from plate boundary [L]

P = Axial Load [F]

M = Moment [FL\

The dimensional analysis is done with the help of Buckingham’s tt-theorem The
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number of primary dimensions among all the parameters are only two, namely the

Force and the Length The total number of parameters are 14

total number of parameters(m) = 14

Number of primary variables(n) = 2

Number of dimensionless terms = m - n

= 12

77 = [repeating variable} 7*
[repeating variable] q [non — repeating variable

]

Considering the breadth of plate 'B' and characteristic strength of concrete '/c*/ as

repeating variables, p and q are the constants to be determined to establish a rela-

tionship between various parameters. Among other variables, each one is taken as

non-repeating in turn and various priman dimensions of the equation are equated to

zero in each tuin In each of the equations below, the first term on the RH S is the

primary dimension of the breadth of the plate, the second term is the characteristic

strength of concrete 'fk and the third term lepresents the primary dimension of the

non-repeating variable 't' The details of the non-repeating variables are shown in

brackets for all the equations

= mp \fl-2
y w

p- 29 + 1 = 0, g = 0, p=-l, "1 = t/B

*2 = [LY [FL-1}< [L]

p- 2g + l = 0; g = 0; p=-l, s

r

s = d/B,

7T3 = [LY [FL-*V [L1
1

ment 'Aaich '

)

p - 2g + 2 = 0, g = 0, p = -2; tt 3 = Aatt/B
2

(thickness 'f
)

(• 1 )

(length of plate 'd' )

(
2
)

(Area of attach-

es)
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*« = ILY

1A plate )

IFL-*}* [L2
] (Area of plate

p — 2q + 2 = 0, 9 = 0, p=- 2, 7T4 = A
p
/i3

2

(4)

7T5 = [L]p

^6ase')

[FZ,
-2

]’ [Z,
2

]
(Area of base

p - 2q + 2 = 0, 9 = 0, p = -2, *5 = Abas& l

B

(5)

ttg = [LY

’AaJ)

[Fir2
]’ [L2

]
(Area of anchor

p - 2<7 + 2 = 0, 9=0, p = —2, *6 = Aanc/B (6)

7T7 = [L]»

V)
[FL-2

]" [L] (Spacing of anchor

p - 2q + 1 = 0, 9 = 0, p = -1; 7T7 = (7)

7T8 = [L]P

V )

[FL-2
]’ [I] (Spacing of anchor

p - 2q + 1 = 0, 9 = 0, p=-l, 7T8 = S2/B (8)

TTg = [Lf

plate

[FL-2]’ [FL-2
]

(yield strength of

p — 2g - 2 = 0, 9 + 1 = 0, 9 = ~
1; P = 0) TTg = fylU (-9)

*10 = [Lf [F
F~ 2

)
g

[£] (edge distance ‘d* )

p — 2q + 1 = 0, 9 = 0; p = -i; TTlO = c//S (10)

TTn = [Lf’ [FL~2
}1 [F] (Axial Load 'P'.)

p — 2g — 0; g + 1 = 0; q - -1, p = 0. ttu = P/(IckB
2
) (•ID
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tti 2 — [L]p [FL 2

]

q [FL] (Moment M))

P — 2g + 1 = 0, <?+'1 = 0; q = -1; p = 3, tt 12 = M/(/c*£
3

) (.12)

The product or reciprocal of tt terms are also non-dimensional The various 7r-terms

involved m the analysis are -

7ri = t/b, 7r2 = d/6; 7t3 = ria (C/t/6
2

,
7T4 = rip/B 2

;

7T5 = Abase/B2
) 7Te = Aanc/B2

,
ir7 = Sj/B; 7T e ~ s2/S;

7rg = /y//cfc, 7T10 = d
/

/B, 7rn = P/(/cfcB 2
), tti2 = M/(/c*£

3

)

Considering the importance of different parameters, the product and division of differ-

ent 7r-terms aie done to have a realistic relation between the parameters

7Tn/7T2 = P/(fckBD )

7r,2/-2
2 = M/UclBD2

)

7TG/(7T77r8 )
— ri0Jlc/(S] S2 )

773/77 J
= A-aiph /Apiaic
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