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ABSTRACT

krfill walls substantially influence the strength and stiffness characteristics of framed

structures, their energy dissipating capacity and considerably reduce the period of

oscillation. If frames are designed taking into account the presence of infill walls, the

walls might have a beneficial effect on their performance during earthquakes. This

resea¡ch is a theoretical investigation into the lateral response of reinforced concrete

frames with brick masonry infill panels. A review of the literature describes the main

trends in the solution of the problem of infitled frames. This research made use of the

two main approaches: the finite element method for static analysis and the diagonal strut

analogy for dynamic analysis. Eight models were investigated to qualitatively assess the

influence of the relative stiffness of the frame and the wall, the length to height ratio and

the presence of a construction gap on the overall response of the frame-wall system'

The static analysis was performed using the finiæ element program "Images - 3D" to

investigate the behaviour of the frame-wall system in the elastic range of the m¿¡sonry

material. However, non-linear spring elements modelled the frame-wall interface.

Strength and stiffness values of the wall panel at yield were derived from the results of

the static analysis and were later used in the non-linear dynamic analysis.

The dynamic analysis wÍts carried out using the non-linear analysis program

"Ruaumoko". A model of a reinforced concrete frame braced with one diagonal was

developed. The frame elements and the diagonal elements were able to develop non-

linear deformations thanks to the variety of non-linear hysteresis rules available in

"Ruaumoko". Two generalised types of models were developed: one for the case of

perfect fit (which was assumed to correspond to the realistic situation of a gap equal to

or less than 5mm) and one for the case of presence of a construction gap (which was

assumed to correspond to any gap size more than 5mm). The response of these models

under cyclic loading was verified by comparison with experimental results by other

researchers.
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Cbapter I - Introduction

CIIAPTER 1 - INTRODUCTION

Framed structures infilld with walls are a common form of consttuction. Usually the

design of the frame does not account for the presence of the infill w¿ùls and treats them

as non-structural elements. Besides their self-supporting and archiæctutal function, the

infill panels change dramatically the lateral resistance of the frame. Therefore, many

researchers have tried to solve the complex statically indeterminaæ problem of infilled

frames and evaluate the overall response to earthquake loading of the frame-wall system.

It has been known that the infill walls have strengthening and stiffening effect on the

surrounding frame but their failure might cause unexpected frame behaviour which

should be taken into account.

Provided out-of-plane wall failure does not occur first, the frame confines the wall and

the wall acts in a manner similar to a diagonal bracing for the frame. The mode of failure

of the infill watl governs the mode of failure of the frame. Different mechanical models

have been suggested to describe the complex mechanisms of failure in the wall which

cause different types of failure in the frame. Most of the models are based to a different

extent on the diagonal strut concept which approximates the role of the infill wall as

diagonal bracing. The confinement provided by the frame depends on many factors. The

major factors are: (1) the relative stiffness of the frame and the wall, (2) the length of the

wall and (3) the presence of initial gap between them.

This research is a theoretical investigation on the influence of the above mentioned

factors on the lateral response of reinforced concrete frames with brick masonry infill

panels. The investigation is divided in two stages: static analysis and dynamic analysis.

The static analysis evaluates the performance of infilld frames in the elastic range of the

materials and derives the properties which are used in the development of the dynamic

model. The dynamic model investigates the behaviour of the infilled frames in the

inelastic range and evaluates the overall performance under cyclic loading.



Chapter 1 - Int¡oduction

The model for the static analysis is based on the hniæ element method. Brick masonry is

a two phase material with oriented planes of weakness. Research in the past has proved

that masonry can be treated as a homogeneous orthotropic material. The tìnite element

mesh for the infill wall encorporated bricks and mortar joints. Failure in the wall was

assumed to occur when the shqar stress in a plate element reached 0.3 MPa.

The changes introduced in the behaviour of infilled frames by lack of initial fit of the wall

into the frame are of main concern in the analyses of infilled frames with ditÏerent relative

stiffness and length configurations.

The remainder of the thesis consists of the following main chapters:

o Chapter2 - A review of the literature which shows the major trends in research of

infilled frames is presented in chapter 2.

o Chapter 3 - This chapter shows the aims of this research and detines the geometry,

material properties and the initial assumptions for the eight theoretical models of

reinforced concrete frames with brick masonry infill panels.

o Chapter 4 - This chapter investigates the behaviour of the infilled frames in the elastic

range of the materials. Partial non-linearity was introduced by non-linear springs

which connect the frame and the wall. This part of the analysis determines the

influence of the relative stiffness of the frame and the wall, the length of the wall and

the initial gap on the strength and stiffness of the wall panel under static loading.

o Chapter 5 - In this chapter a dynamic model based on a single diagonal strut analogy

is developed. Results obtained with the help of the dynamic theoretical model are

compared with experimental results.

o Chapter 6 - The results from the investigation of the overall response of the eight

theoretical models under cyclic loading is presented in this chapter.

The thesis concludes with evaluation of the influence of the relative stiffness of the frame

and the wall, the length to height ratio of the wall panel and presence of a construction

gap on the overall response of infilled frames under lateral loading. The adequacy of the

presented dynamic model is also discussed.
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Chapter 2 - Literatu¡e review

CHAPTER 2 - LITBRATURB REVIEW

2.1. General review

The composite behaviour of infîlled frames with walls was investigated theoretically and

experimentally by many researchers during the last decades. The earliest attempts to

solve the complex problem of infilled frames were made by Polyakov in 1948. Since then

two main trends were developed for solution of the problem: diagonal strut analogy

which developed a number of variations and the finite element method employing

different degrees of deøiting of the system. Very often these two trends were followed

simultaneously by using the results from a finite element method analysis to define the

properties of the diagonal struts. Numerous experimental results were analysed to cope

with the versatility of the materials of the infitl and the frame, with the different types of

design of the two components of the system and the various boundary interface and

support conditions.

2.2.The diagonal strut concept

2.2.1. Simple one diagonal strut analogy

The diagonal strut model was originally suggested by Polyakov [1,2]. He carried out

experiments on a multi-storey multi-bay infltled frame and concluded that the infilled

frames behaved as a braced system and also suggested approximate values of the loads in

the infill using theory of elasticity. A simple strength of maærials method to evaluate the

ultimate load and deflections of an infilld frame using the diagonal strut analogy was

suggested by Holmes t3l. The width of the diagonal which he used was 1/3 of the infill

diagonal length.

Smith f4,5,6,71further developed the diagonal strut concept in the 1960s by suggesting

that the contact length between the frame and the wall was analogous to the contact
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Chapter 2 - Literature review

length of a beam on an elastic foundation. Using this principle he derived the values of

the contact length between the frame and the wall which was goveffìed by the relative

stiffness of the frame and the wall. He also suggested a parameter l,h, which related the

stiffness of the frame to the wall stiffness and could be used as a convenient measure for

evaluating the resistance of an infilld frame. For diagonally loaded frames he related the

mode of failure of the infill with certain values of 1,h: for l,Þ9.5 corner crushing was the

initial mode of failure with the infill still resisting considerable part of the load, for values

smaller than 9.5 the diagonal cracking was the failure mode of the inhll and for values

a¡ound 9.5 the mode of failure was a combination of both. These results were obtained

for steel frames and mortar infrll. The parameter was initially defined by equation (2.1)

and it w¿rs concerning square infilled frames.

7,"1

4EII
(2.r)

In the above equation E", t, I' are the Young's modulus, thickness and length of the wall

panel and E, I, I are the Young's modulus, moment of inertia and length of the frame.

This parameter was later improved to account for the length to height ratio llh [6] (the

investigation was for ratios of 1:1 to 2.5:1). Benjamin and Williams [8] had earlier found

that the length to height ratio of the panel had important influence on the lateral response

of infilled frames. The influence was included in equation (2.1) through the angle 0 which

the diagonal forms with the base of the wall and it was modified to equation (2.2):

Ertsin20
I (2.2)

4EII

2.2.2. Types of loading - diagonal and lateral

Both diagonal and lateral loading were used in theoretical and experimental

investigations. Most of Smith's investigation was of diagonally loaded frames, which

according to other researchers [9], was a different situation from the laterally loaded

infilled frames since rotation or slip could occur in a laterally loaded frame and the forces

and deflections should account for such condition. Recent tests canied out by Dukuze et

al. [10] revealed that the in-plane distortion of individual unreinforced masonry panels in

a three storey three bay reinforced concrete frame was similar to the one in a one storey

one bay diagonally loaded frame.

?,"1
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Chapter 2 - Literatu¡e review

Mainstone [11], who investigated infilld frames adopting the diagonal strut concept,

pointed out the importance of the following factors in the lateral response of infilled

frames:

. flexural stiffness of beams and columns;

o external restraints on the frame (such as neighbouring infilts);

o rotational stiffness of the joints of the frame;

o the extent to which the joints open under loading; and

o initial fit of the wall panel into the frame.

Another important factor in the lateral resistance of infilled frames, investigated by Liauw

and Kwan, wN the presence of shear connectors at the frame-wall interface. They

developed plastic theories for these two separate cases which were intetpreted as non-

inægral infilled frames where the contribution of friction had been neglected and

regarded as strength reserve and infitled frames with finite shear strength of the interface

Í12,131. An inærmediate case was also investigated which was defined as semi-integral

frames [14]. For the development of the above theories the stress distribution in the wall

panel under collapse had been investigated in advance using a non-linear finiæ element

analysis [15].

2.2.4. The diagonal strut analogy at high load

At different stages of loading the response of the system is completely ditl'erent. At high

loads the infill would develop the so called double arching effect (ftg. 2.1) (Smolira

t16l). The central region of the infill is cracked and the infill resists the lateral action by

an arching action of the neighbouring segments.

\
\
\

Fig. 2.1. Double arching effect of the infill at high loads

(after Smolira [16])
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Chapter 2 -Litenúre review

The anal¡ical procedure for evaluation of the behaviour of steel frames developed by

Islam et al. [1?] was based on the following typical stages from the lateral response (hg'

2.2):

o monolithic shea¡ wall - at very low lateral loads the wall acts as a whole cantilever

until cracks appeil at the boundary interface;

o diagonal compression strut - afær separation at the frame/wall interface the wall acts

as a diagonal strut for the frame;

o separation of individual segments of the infill and mechanism at failure - after

separation of the segments the behaviour is changed drastically and the braced length

of the column is different from the original one;

The short column effect which developed in such cases led to hinging of the unbraced

portion of the columns in steel frames and usually shear failure in reinforced concrete

frames.

Æ

co¡F€rE twÍ

¿ \_s$E ruE

El¡gtH

Fig.2.2. Force/displacement diagram for solid URM infrlled steel frame

(after Islam et al. [17])

Zarnich and Tomazevic [18] considered the infilled frame behaviour fur two stages:

response in the small deformation range and response in the large deformation range. For

behaviour in the large deformation range they suggested use of the model in fig. 2.3

which could account for the short column effect and the possible shear failure in columns

after the separation of the infill.
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H

'l
h

Ir r2

Fig.2.3. Mechanism of the infrlled frame behaviour

(after Zarnic and Tomazevic [18])

l,euchars and Scrivener [19] carried out tests which were in close agreement with the so

called "knee braced frame" concept suggested by Fiarato et al. (fig. 2.4). This concept

went away from the original diagonal strut and coped with the failure at the centre of the

panel and locking of the two segments in the corner regions. As a result shear failure in

the columns as well as flexural failure can be interpreted by the model.

T A

sllc à,rhge

ô
2 Ptq.

V.
ectod rlrope assutnêd

loî unbrocad column

Ideotized rqll ò¡occ

Fig.2.4. Knee braced frame model

(after Fiarato et al.)

The formation of a secondary mechanism within the panel after cracking along a diagonal

is an important stage of the behaviour of infilled frames at high load since the infrll still

resists a considerable part of the lateral load but in a different manner from the initial

mechanism. A model which accounts for cracking and separation in the panel confined by

a steel frame was suggested by Mander et al. t201. Secondary struts (Cz) were

introduced in the frame (frg. 2.5) to account for the loss of strength at the centre of the

panel followed by stess redistribution.

7
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Fig. 2.5. Secondary bracing of the frame

(after Mander et al. [20])

Thiruvengadam [21] suggested using multiple struts which came in contact with half of

the beam and ah contact length along the column where cr was in the range fiom 0.2 to

0.8 (fig. 2.6). This multiple strut model gave results which compared well with the

experimenøl results except for very short frames. The calculated frequencies using this

model were in good agreement with Finite Element Method (FEM) results.

0.5 L
t,a La

A
¿

Fig.2.6. Multiple strut model for separating infill

(after Thiruvengadam [21])

Substitution of the traditional one diagonal bracing with three or more diagonals was an

improvement in the diagonal strut concept. One of these models (ftg- 2.7) developed by

Chrysostomou et al. 122) and also used by other researchers 123,241was for the dynamic

non-linear analysis of infilled frames with three diagonal struts in each direction with

degrading stiffness and strength.

A

7

cx,h

7
¿
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h

U GL

L

Fig.2.7. Three diagonals in each direction with degrading strength and stiffness

(after Crysostomou et al. [22])

2.2.5. Effective diagonal area

A very important characteristic of the diagonal strut was its effective cross-sectional

area. Researchers in the past have proposed different values for the width of the

diagonal. Holmes [3] suggested diagonal width equal to 1/3 of the length of the diagonal.

Hantburger l25l suggested diagonal width no greater than twice the thickness of the

masonry wall. Originally Smith [4,5,6] suggested the contact length between the frame

and the wall ,hence, the effective diagonal width, to depend on the relative stiffness of

the frame and the wall and the length to height ratio of the infill panel. Durrani et aI.[261

compared their results with formulae suggested by Mainstone. Mainstone's formulae

were for rectangular frames and the effective width was defined differently for different

stages: for effective secant stiffness, for ultimate strength and for first cracking strength

of the infill. Dunani et al. Í261found that the formula in the version for initial stiffness

gave different results from their finite element investigation because it was based on an

empirical approach which neglected the stiffness of the beam. However, their research

found that the effective width was more sensitive to the column stiffness than the beam

stiffness. The formula for the effective width for initial stiffness of the inhll suggested by

Durrani et aI. [26] (2.3) was based on the finiæ element analysis and also included the

stiffness of the frame and the wall and the angle of the diagonal with the horizontal 0:

T -'' =0.3
w¿

sin20 (2.3)
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Chapter 2 - Literature review

In the above equation w" is the effective width of the diagonal, w¿ is the diagonal length,

H is the storey height, Ei and t are the elastic modulus and the thickness of the inftll, E"

and L are the elastic modulus and the moment of inertia of the column and b is the infill

height The parameter m depends on the relative stiffness of the beam and the column.

As mentioned above the stiffness of the beam was not of primary importance to the

formation of the diagonal and its effective width (also[9]) and many researchers

(including Thiruvengadam [21]) adopted a contact length along the beam equal to half

the length of the beam.

2.3. Finite element method simulations

The FEM was very often used to compare theoretical results with experimentål and for

evaluation of the performance of existing buildings with infilled frames.

2.3.1. Type of elements used for the infill wall

Masonry is a two phase material with planes of weakness oriented along the bed joints.

Because of this peculiarity the strength and failure mechanisms of masonry are usually

predicted adopting æchniques from rock mechanics or soil mechanics. Two major trends

have developed for the representation of the infill walls by tinite elements as

distinguished by Lourenco et al. Í271: the micro-modelling and macro-modelling

æchniques.

Micro-modelling The micro-modelling technique concentrates on detailed precision of

presenting the individual components of the masonry wall and the cracking or crushing

phenomena which occur at their interfaces or within the materials. One material model

for brick masonry was developed by Page [28], where the elastic bricks were set in an

inelastic mortar matrix. The joint elements had very high compressive strength, low

tensile strength and shea¡ strength depending on the normal stresses on the bed joint.

The micro-modelling technique was usually preferred when the properties of the

brickwork have to be derived [29] or for investigating wall panels with large openings

1r)
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where the precision of the solution would be greatly influenced by both the choice of

type and number of elements. A detailed mesh hniæ element analysis was canied out by

Crisafulli [30] to verify a theory for the strength envelope of masonry. Zhuge et al. [29]

used this type of masonry modelling to obtain the behaviour of the brickwork under

static and dynamic loading.

Macro.modelling The macro-modelling technique incorporates bricks and mortar joints

into larger elements and introduces the cracking and separation phenomena at the nodal

points of the elements. Rectangular or triangular plate elements were used in those

models and the number of the degrees of freedom (DOF) were differcnt for different

models depending on the initial assumption. Most often rectangular elements with two

degrees of freedom at each node were used [31,32,33,24) however rectangular or

triangular elements with more degrees of freedom were also used (3 DOF at each node

[34,35,15] or 4 generalised DOF at each node used by Kost et al.[36]). In most of the

cases the brickwork was considered to be a linear-elastic homogeneous maærial. Rivero

et al. [37] introduced joint elements at the nodes of the wall to approximately represent

the cracking of the wall. A similar mechanical model was used by Shing et al. [38] where

interface elements were inserted at critical locations to present the sliding failure of the

mortar joints.

The macro-modelling æchnique is very convenient when analysing larger infilled frame

models (especially in multi-storey frames). It allows similar accuracy of the solution with

much less computational effort. This method has often been used for evaluation of the

deformation characteristics of the wall subassemblage and to define the parameters of

diagonal strut models. Many researchers have followed this methodology f24,3I,39,261.

2.3.2. Tvpe of elements used for the frame members

In one of the earliest solutions of the problem with the help of the finiæ element method

(Karamanski [40,41]) the frame was modelled using elements which canied only axial

forces. As a result the lateral forces on the frame were caried to the infill wall

unchanged, an assumption which is adequate only for very weak frames. Most often the

frame consisted of standard six DOF (two translational and one rotational at each node)

11
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elements. However, El Haddad [33] included the frame non-linearity and the effect of

shear deformations due to crack presence by cracked beam elements. Rivero et al. [37]

included non-linearity of the frame by possible hinging at tho nodes of the frame

elements. Youssef [42) canied out investigations to study the influence of the finiæ

element modelling assumptions concerning frame members, beam-column connections,

frame-infîll interface and vertical restraints on top of the wall.

2-3.3. Modellins of the frame-wall interface

There were various solutions for representing the frame wall inærface depending on the

various boundary conditions between the frame and wall. The transt'er of fbrces at the

frame-wall interface is affected by the following factors:

o presence ofshear connectors at the interface;

o existence of slip; and

o lack of initial fit of the wall into the frame.

Most often the inærface w¿Is represented by link or joint elements which had very big

compressive stiffness and very low tensile stiffness. Riddington and Smith [32] were the

fust to inûoduce the short stiff linking element. This type of element usually introduced

friction at an interface without shear connectors 132,34,35,151 or it was a simpler

representation of the compression and tension regimes at the interface [31,36]. Interface

elements which had shear and normal stiffness were used by King et al. [43] around the

four edges of the infill wall panel including the boundary interface at the base of the wall.

Another method, used by El Haddad [33], was based on introducing additional nodes

afær the appearance of a crack at the boundary and using a link element to connect the

two nodes. The contact length between the frame and the wall still shared common

nodes. Gergely et al. [24] used higher order finite elements which provided rigidity

ben¡veen the frame and the wall by three spring stiffnesses - two translational and one

rotational.

2.3.4. Lack of initial fit between the frame and the wall

It has been proven by test result, observations of actual earthquake damage and

theoretical investigation that lack of initial fit between the frame and the wall changes

12
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dramatically the lateral resistance of inf,itled frames. Dawson and Ward [31] tbund after

experiments of infilled frames with initial gap that there was no compression on the top

edge of the wall. To investigate the behaviour of such a frame they used fol the interface

gap-link elements which were essentially pin jointed struts which take into account the

gap. Kost et al. [36] introduced the influence of the gap by keeping track of the

horizontal (vertical) displacements of the peripheral nodes of the wall and the nodes of

the column (respectively beam). The gap closed when the difference of those

displacements became bigger than the initial gap size. Horizontal or veúical gap elements

were introduced at the frame-wall inærface by Rivero et al. [37] which ha<l low stiffness

in compression until the initial gap was closed and high stiffness in comprcssion after

that.

The simultaneous use of a coarse mesh of wall elements and detailed modelling of local

behaviour such as the crack appearance at the inærface and the cracked regions of the

wall requires the simultaneous application of two approaches: the smeared crack

approach and the discrete crack approach. Different levels of non-linearity in the frame

wall system are possible. Most often the frame and the wall elements were elastic while

the modelling of the boundary inærface provided the overall non-linear response of the

system. The model suggested by Rivero et al. [37] is one of the most precise models in

terms of representing the non-linear behaviour of the system and at the same time it did

not concentrate on each component of the frame wall assemblage. This model was able

to simulate the non-linearity of the frame members, the wall cracking and separation

phenomena and the non-linearity of the frame-wall interface. The model developed by

Shing et al. [38,44] also used the smeared-crack approach and the discrete-crack

approach. Smeared crack elements were used for the tension and compression behaviour

of the masonry units while inærface elements modelled the fracture of mortar joints, the

separation of the frame-panel interface and the shear in the concrete columns. This

precision in the finite element idealisation was necessary because of "the sensitivity of the

lateral resistance of infilled frames to the shear strength of the masonry inlill wall". This

type of model had excellent correlation with experimental results [44]. J¿nkulovski et al.

[45] also adopted similar approach for evaluation of the lateral resistance of masonry

walls using a combination of the Finite element method and Discrete element methods.

12
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2.4. Dynamic simulations and dynamic behaviour

Researches in the past have pointed out the importance of dynamic testing of infilled

frames compared to static. Scaletti et al. [46], after comparing the results from static,

shaking table tests and pseudodynamic tests, found that the behaviour of the infilled

frames was highly non-linear and the results from the static tests showed lower strength

which was probably due to the stress relaxation. Both the finiæ element method

f47,21,48,391 and the diagonal strut model Í39,211 have been used to simulate and

evaluate the behaviour of infilled frames under dynamic loading. Both methods were

usually used in two dimensional analyses. However, Manos et al. [49] pointed out that

the diagonal strut model is not able to cope with the stiffening effect in torsion of the

infill wall on a structure which is of considerable importance for torsionally flexible

structures

2.4.1. Hysteresis rule for masonry infilled frames

The hysteresis behaviour of infilld frames modelled with the help of diagonal struts

could be characterised by the Three Parameter Model which was used by Zarnic [50].

The Three Parameter Model was also used by El-Gazairly [51] to evaluate the resistance

of an existing structure. The Three Parameter Model was originally proposed by Park,

Reinhorn and Kunnath and used three parameters o, B and y, to define the stiffness

degradation, the strength deterioration and the pinching of the hysteresis. The program

used by 7-arnic t50l in the theoretical analysis was "DRAIN-2D". Frame members were

modelled by flexural longitudinal springs. The skeleton curves for the frame members

and the diagonal members and the composite hysteresis rule are shown in tig. 2.8.
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The envelope of an idealised hysteresis looked like the one on frg.2.9. The three slopes

correspond to different stages of cracking and lateral resistance of the inflled frame: H"

was the shear resistance at separation of the infrll and Hu was the ultimate shear

resistance of the infilled frame. K¡ wâ.S the initial stiffness of the inltlled frame, K was the

effective stiffness and K was the stiffness at attained ultimate shear resistance.

lateral

Hu

K, K"

story drift

Fig. 2.9. Linear idealisation of the hysteresis envelope

(after Zarnic [50])

The stiffness and strength of the infill wall influences the shape of the hysteresis

envelope. Schuller et al. [52] carried out tests to establish the influence of the relative

strength of the infill and the length to height ratio on the load resistance and the energy

dissipation capacity of infilled reinforced concrete frames. Two designs for the frame

were considered in the investigation: "weak" frame design which was only for wind

pressure and "strong" frame design which was only for equivalent static fbrces for zone 4

from the UBC (1991). Two infill cases were also considered: "weak" infill which was

hollow concrete blocks and "strong" infill which was solid concrete blocks. Some of the

envelopes from the result of the cyclic test are shown on fig. 2.10. The stronger panel

increased both the lateral stiffness and strength of a "weak" frame more than the weaker

panel. However after the ultimate load the drop in the lateral resistance was more rapid

in the strong infill than in the weak infill which was attributed partly to the shear failure

in the column and to the compression failure of the infrll. The stronger infill also had

better energy dissipation. For strong frame and strong infill combination the strength was

even higher and it gave better results that any other combination because the frame

confined the wall more effectively with a longer contact length causing diagonal action

H"

K"
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and shea¡ failure in the column was more unlikely to happen. From the results shown on

frg. 2.10 it can be seen that the length to height ratio had little imponance on the strength

and ductility of the specimens. It should be noted that the total vertical loads were the

same in all æsts.
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F19.2.10. Load/displacement envelopes from cyclic loading (weak frame)

(after Schuller et al. [52])

2.4.2. Damping and natural frequencies

According to Mallick and Severn [53] there are four factors causing damping in infilled

frames: material damping (inærnal friction), friction be¡ween the inhll wall and the

bounding frame, friction between the cracked surfaces of the infill and loss of energy due

to impact (when the panel rocks inside the frame under vibrations of high amplitude). In

view of the above mentioned factors a comparison [53] between infilld frame with shear

connectors and without shear connectors at the boundary interface showed that the

infilled frame without shear connectors had a smaller stiffness but greater damping

capacity.

The presence of infill walls reduces the period of vibration and ductility of the frames and

introduces changes to the mode shapes. For example, El-Gazairly [51] found that the

presence of infill walls in a case study building reduced the period of the building by a
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mÐ(mum of 6l.5Vo. Dawson and Ward [31], after investigating the behaviour of a four

storey frame, found that the presence of infill walls removed the peaks in the

displacement/frequency diagram which are from the second and third mode of vibration.

Removing of the bottom wall reintroduced the second mode of vibration in the response

spectrum (fig.2.11).
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Fig. 2.11. Power spectral density of displacement for a four storey frame

(after Dawson and Ward [31])

2.5. Clay brick masonry properties

The wall panel material in infilled frames investigated by other researchers varied from

mortar infill to brick and concrete masonry walls which in some cases were reinforced.

The effect of the reinforcement on the lateral resistance has also been previously

investigaæd. The present research concentrated on the influence of unreinforced clay

brick masonry infill. Here, the properties of masonry panels was required to be defined ø

príori.

2.5.1. Young's modulus of masonry

It has been found through the years that Young's modulus of masonry varies within a

very large range of values. For example, Base and Barker [54] cited a value of 22 546

T7
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MPa for Young's modulus of solid brick masonry running horizontally (the theoretically

predicted value was 21 235 MPa). In research by Page [28] and Dhanakesar [55,56] the

reported value was 5800 MPa for solid brick masonry. However, in another paper [57]

the value which was assumed was 7000 MPa and Poisson's ratio V=0.2. It had been

found that those values depend on the orientation of applied load to the bed joint. Zhuge

et al. [29] suggested a formula for calculation of the Young' modulus based on results

from finite element method analysis for dynamic and static loading conditions. The

formula included the values of the Young's modulus of the brick and the mortar in a

specific ratio:

Eo = cE6 * Q- c)E* (2-4)

In the above equation:

Eu=14700 MPa - Young's modulus for brick;

E^=740O MPa - Young's modulus for mortar;

c=0.8 - coefficient for static loading, hence E"=I3240 MPa; and

cd).5 - coefficient for static loading, hence E"=11050 MPa.

The value obtained from theoretical and test results by Klopp [58] was 1065 MPa and is

the suggested value for solid brick masonry for South Australia. Calvi [46] obtained a

similar number of 1000 MPa from static in-plane shear tests (v=0.25).

2.5.2. Failure modes and failure surfaces of brick masonry

Masonry walls confined in frames can suffer the following modes of fäilurc: shear failure

at a horizontal bed joint or a series of bed joints; tensile failure of the brick; and crushing

of the brick and the mortar. These modes of failure depend on the relative stiffness of the

frame and the wall and the length to height ratio of the inf,rll wall panel.

Depending on the detailing of the masonry theoretical models, several failure surfaces

have been suggested. Coulomb failure criterion was used most often to represent the

shear strength of masonry. Mann Mullers's theory which is based on equilibrium

conditions was modihed by Crisafulli et al. [30] to represent the strength envelope of

masonry.
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For macro-modelling approaches where a relatively coarse mesh was used for the

masonry, the failure surface was defined in two ways. Some failure surfaces were based

on the principal stresses and their orientation to the bed joint, others on the stresses

parallel and perpendicular to the bed joint and the shear stress on the bed joint. A failure

surface consisting of three elliptic cones and derived for the stlesses parallel and

perpendicular to the bed joint and the shear stress on the bed joint wâs suggested by

Dhanakesar et al. [55,56]. Von Mises failure criterion is usually used for crushing failure.

Shing et al.l23,Ml used Von Mises failure criterion and Rankin type cut-off surface for

the smeared crack elements. Lourenco et al. f27) suggested for micro-modelling the

failure surface of the inærface elements to consist of a combination of tension cut-off,

Coulomb and elliptical cap regimes. For macro-modelling the failure surtãce consisæd of

Hill and Rankine type yield surfaces.

2.6. Behaviour of the frame members

Priestly [60] identified that some of the possible types of failure of inflled reinforced

concrete frames include:

o tension failure of columns;

o diagonal failure of the infill wall; and

. shear or bending failure of the column or beam-column joint following sliding failure

of the infill.

Conclusions concerning the strength of infîlled frames may be drawn by these modes of

failure concerning the forces in the frame. Firstly, that the presence of the infill may

increase considerabty the ærial forces in the columns. This was also observed by

Hamburger et al. [25]. Second, measures should be taken against flexural or shear failure

of the column, especially against shear failure which is the more undesirable type of

failure. Kato et al. t61l carried out cyclic tests on four infilled frames with different ratio

of the shear and axial reinforcement of the columns. One frame had heavy ¿xial and shear

reinforcement, another had heavy axial and poor shear reinforcement, the third had heavy

shear and poor axial reinforcement and the fourth had poor a,rial and poor shear

reinforcement. The test results showed that the overall hysteresis rules and the modes of
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failure were different and were highly dependant on the percentage reinfolcement of the

column. The results from their investigation can be summa¡ised as fbllows: increased

æciaÌ reinforcement of the column can improve the load carrying capacity of the masonry

wall and adequate shear reinforcement can avoid shear failure in columns. Kato et al.

[61] also defined an important goal for the investigation of infilled fiames design:

"adequate reinforcements in confined frames are indispensable to improve the earthquake

resistant capacity of confined masonry building, the subjects in seismic design are to find

better combinations of two factors, ie. the ratio of axial reinforcement and that of shear

reinforcement".

2.7. Retrofit

The research investigations of infilled frames are very important for the evaluation of the

seismic resistance of infilled frame buildings and their retrofit. The evaluation of framed

buildings should take into account the presence of the infill since it changes the demand

on column axial loads as compared to those for the frame without infill [25]. Proper

evaluation of the damping characteristics of infilled frame buildings is also important

when their retrofit includes introducing viscous dampers in the infilled frames to improve

the damping of the system [62]. Theoretical techniques aÍe a powertul tool when

improving the performance of the infrll panel by coating of the wall [18,20]or grouting of

the damaged regions tlSl. A seismic rehabilitation study was carried out by Comartin et

al. t63l on unreinforced masonry buildings which included an infilled fi'ame structure.

The proposed procedure included replacement of the masonry infill above or above and

below windows with concrete. The diagonal strut model was shown to be a powerful

methodology to present and evaluate the dynamic performance of existing infilled frame

structures

2.8 Conclusion

To investigate the complex statically indeterminate problem of infille<t frames, two main

concepts have been developed: the diagonal strut concept and various models employing

finite element methods. The accuracy of the models and the solutions of the problem
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usually depend on the initial assumptions and simplifications input in the philosophy of

each model. The finiæ element method gives a precise methodology to cope with the

problem. It is able to model with great complexity the stress distribution and the modes

of failure of the models under different levels of loading. In contrast, diagonal strut

models are an approximation of the problem which usually give reeu;onably accurate

solutions of the problem. These two types of methods are very often usecl together. It

has ofæn been discussed which one gives better results in terms of the effbrts involved in

the development of the model and final precision of the solution. The problem of infilled

frames is complex and highly dependant on the initial conditions and assumptions.

Therefore, Homes [3], who proposed a relatively simple solution, agreed with Benjamin

and Williams who stated that: "Numerous studies were made involving exact

mathematical procedures. The results were in no way better or more reliable than the

most elementary procedures of strength of materials."

This research adopted the diagonal strut model for the overall evaluation of the response

of infilled frames. The composite behaviour for the case of perfect fit and lack of initial

fit between the frame and the wall was considered to be dramatically dit-terent. Although

the use of one diagonal for the case of a construction gap is questionable, for the sake of

simplicity of the solution, the diagonal strut model with a single brace was used in this

analysis. The single diagonal strut analogy appears to have many disadvantages,

however, its main advantage is the simple and in most practical cases satisfactory

performance in basic analyses. As other researchers have stated: "The complexity and

uncertainty of the inhll materials justifies the use of approximate material modeling"f23f.

The finite element method will be used to derive the properties of the diagonal struts.
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CHAPTER 3 . AIMS AND BASIC DEFINITIONS

3.1. Aims of this research

The main purpose of this research was to study the influence of the masonry wall on the

overall dynamic response of reinforced concrete frames with brick masonly infill panels.

In particular, the analysis attempted to establish the importance of the tbllowing factors

on the behaviour of the frame-wall system:

. the relative stiffness of the frame and the wall, initially estimated by the parameter l,h;

o the length to height ratio of the wall panel llh; and

o the presence of a construction gap between the frame and the wall and the size of this

gap.

The changes introduced by presence of a construction gap will be of main consideration.

Other factors which influence the lateral resistance of infilled frames are: beam and

column relative stiffness, the detailing of the reinforced concrete frame joint, reinforcing

of the masonry wall and strengthening and repair of the infill, method of construction

(building the wall before the frame or subsequently after the frame) and openings in the

wall. The influence of these factors was not investigated in this research. The masonry

infill walls considered were unreinforced and without openings. All models used the same

cross-sectional area for the beams and the columns. The infill walls were considered to

be built after the frame, thereby, introducing a gap between the frame and the wall.

3.2. Definitions of the geometry and design of the infilled frames

The parameter of relative stiffness, as suggested by other researchers [6], was used for

ttre initial evaluation of the wall to frame stiffness and is given below in equation (3.1):
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Ertsin20
tt

4EcI8h

In the above equation (see also fig. 3.1):

E* - Young's modulus of the clay brick wall;

t - thickness of the clay brick wall;

0 - angle between the diagonal of the wall and the horizontal;

h' - height of the column;

h - height of the wall;

E" - Young's modulus of the reinforced concrete frame; and

I, - moment of inertia of the column cross-section.

h

ìvh' (3.1)

h'

Fig. 3.1. Basic definitions

Obviously, formula (3.1) accounts not only for the stiffness of both the frame and the

wall but also takes into account the length to height ratio of the infill panel. Therefore,

these parameters will be altered separately in the models' geometry in order to study

separately their effect on the overall response.

Eight models were investigated. The geometry of these models is summarised in Table

3.1. The geometry of the models was chosen so that maximum possible variations of the

relative stiffness parameter l,h and the length to height ratio (/h) were achieved. Models

M2, M3, M6 and M7 hetd the frame moment of inertia constant and Àh varied from 4.63
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to 3.86 (due to changing length to height ratio //h from 1.33 to 2.66). Models M3, M4

and M5 had constant lJh =1.5 and variable relative stiffness values (tiorn 4.20 to 2.52)

due to changes in the moment of inertia of the frame. All calculations tbr the relative

stiffness parameter Àh used the gross moment of inertia Ir.

Model Ml was a square infilled frame. The reinforced concrete frame had a very small

stiffness by itself. The columns of the frame were slender and the frame, by itsell did not

comply with design code requirements. Therefore, the interest in this model was only for

investigation of extreme case of a very "weak" frame with a very "stfong" infill wall

(l.h=6.36).

Model M8 was a full size model of a reinforced concrete frame investigated by Wong

[64] with respect to the joint detailing. The response to lateral loading of the frame when

infrlled with brick masonry wall was investigated in this research.

Table 3.1. Geometry of the models

Note: The cross-sectional area is equal for the columns and the beams for all models

except for model M8. For model M8 the table shows the column properties, the beam

moment of inertia is I*=l14.3 x108 mma and the cross-section is 700mm/400mm.

model Frame Inftll l,h

h'(m) l'(m) I, x100,

mmo

cross-sec

tion, mm

h (m) I (m) ah sin 20

M1

M2

M3

M4

M5

M6

M7

M8

3.100

3.165

3.165

3.225

3.300

3.165

3.165

3.150

3.20

4.33

4.83

5.00

5.10

6.33

8.33

6.00

r.33

9.88

9.88

26.58

90.00

9.88

9.88

2t.3

200t200

330t330

330t330

4s0t350

600/500

330/330

330t330

400/400

3.0

3.0

3.0

3.0

3.0

3.0

3.0

2.8

3.0

4.0

4.5

4.5

4.5

6.0

8.0

5.6

1.0

1.33

1.5

1.5

1.5

2.0

2.66

2.0

1.000

0.960

0.923

0.923

0.923

0.800

0.660

0.800

6.36

4.63

4.20

3.34

2.52

4.05

3.86

3.36

24



Chapter 3 - Aims and basic definitions

The material properties of the brick wall were modelled by treating the brick masonry as

an isotropic material. Based on results from Page et al. [65] the properties were taken as

follows: Young's modulus of masonry E*-5800 MPa and Poisson's ratio v=0.23. The

tlrickness of the wall was 110 mm for model Ml and 220 mm for all other models.

The detailing of the reinforced concrete cross-section and material propel'ties of the

frame are summa¡ised in Table 3.2. The table shows the assumed percentage

reinforcement which was used later for calculating the strength line of the beams and

columns of the frame. Due to insufficient design data the area of reinforcement was

chosen from average values of steel proportion for the beams and the columns, as

required by AS 3600 [66].

Table 3.2. Concrete material properties and reinforcement percentage

The influence of the slab on the beam cross-sectional properties was ignored. In the

calculations for the static (linea¡ with partial nonlinearity) analyses, a value of 507oI, was

used for the beams and the columns of the infilled frames. For the dynamic (nonlinear)

analyses, 257oI" and 3O7oI" for the beams and the columns were used for the bare frame

and for the inf,illd frame, respectively, to account for the stiffening effect of the wall on

the frame characteristics.

model E., MPA f.' MPa beam column

p=AJAs(%o) A, mm' p=AJAc(Vo) A*, mmt

M1

M2

M3

M4

M5

M6

M7

M8

25000

25000

34500

34500

34500

34500

34500

34500

20

20

40

40

40

40

40

40

1.65

r.7t

I.7I

r.7l

1.60

r.7I

t.7l

t.7L

660

1860

1860

2700

4800

1860

1860

4800

3.10

2.94

2.94

3.18

2.50

2.94

2.94

3.10

1240

3200

3200

5000

7500

3200

3200

5000
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CTIAPTER 4 . STATIC ANALYSIS

4.1. Introduction

It has previously been shown by researchers that the frnite element method can be used

to give accurate results for evaluating the behaviour of infilled tiames even with

relatively simple finite element configurations. The static finiæ element analysis

performed in this research used orthotropic material properties for the ilúill wall and a

linear elastic constitutive law for the materials to evaluate the strength and stiffness of

the infill wall as a function of the relative stiffness parameter ,Àh, the length to height

ratio of the panel !h, and the gap size between the frame and the wall. The results of the

static analysis reported here are used in chapter 5 for the development of a non-linear

dynamic model.

In this chapter the minimum number and type of elements for the wall ¿re established

frst and then an improved finite element model is developed. With the help of the

improved model the stress distributions in the panels, the contact lengths between the

frames and the walls and the properties of the diagonal struts are found. Finally, the yield

strengths and the stiffness for the elastic range of the infill walls are found for the

investigaæd models.

4.2. Development of the models for static analysis based on the finite element

method

The program used to analyse the infilled frames under static loading was "Images - 3D" -

Finite Element Analysis Program [67]. The program is able to pertbrm static and

dynamic analyses assuming linear elastic material properties. Partial non-linearity can be

represented through the use of non-linear spring elements.
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The models were developed as shown in fig.4.l. Standard rectangular plate elements

(element type 1) were used to model the wall and standard beam elemenls (element type

2) were used to model the frame. Non-linear spring elements (element type 3) were used

to model the frame-wall inærface and linear springs represent the fiiction in the crack

which first appeared at the base of the wall.

3 2

Fig. 4.1. Finite element model

4.2.1. The wall elements - minimum number and type

Model Ml was investigated for the minimum number of plate elements required for

accurate solution. The results showed that the height or length of each element should be

2 to 2.5 times the thickness.

Model4 was investigated to hnd out the sensitivity of the results to the element pattern.

Keeping the dimensions of the wall and the frame constant the following cases were

investigated:

o model M4 - standard rectangular plate elements;

o model Ìtd44 - standard rectangular plate elements with increased number of elements

in the loaded and diagonally opposite corners;

o model MMa - riangular plate elements forming a grid as shown in fig. 4.2 with the

same number of nodal points as for model M4 but double the numher of elements;

and

F

I
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model l'l4y'lb - triangular plate elements which differ from model Nf44¿ only in the

way they are ananged into a grid (frg.4.2).

a

M4 M44a M44b

Fig. 4.2.Influence of the type of grid for the wall

The following results, summarised in Table 4.1, were obtained from these analyses:

1. The shear stresses in the wall were considerably higher in the models with triangular

elements (the maximum difference was about 507o).

2. The stiffness of the wall was the same inespective of the type of elements.

3. The forces in the left hand (directly loaded) column drop about 3 times for the

models with triangular elements.

Table 4.1. Comparison of the results for different types of elements

M44

KN

Fwall ,

mln

Awall , k*"¡,x107

N/m

model applied

force,kN

maxl,

MPa

Fl"ft .ol '
KN

Fright 
"ol ,

KN

94

94

94

94

0.2563

0.2989

0.3913

0.3648

-1.922

-1.895

-0.648

-0.733

4.301

4.084

4.04r

4.026

91.612

91.811

90.607

90.707

0.2019

0.2010

0.1978

0.r952

45.38

45.68

45.69

46.47

M4

I0,l44

Ìvl44a

M44b

o+
For applied force at the top of the left hand column of the frame the terms used in the

table above are defined as follows: Fl"ft 
"or 

- force in the left column below the contact

region; F.ieht.or - force in the right column above the contact region; Fway - force in the

wall equal to the difference of the applied force minus the forces in the columns; Â*"r -

displacement at the top right hand corner of the wall; and kwar = F*"r/Â*uu.
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The finiæ element method in plane analysis is "finding the stresses and displacements in

continua by dividing it into finite number of elements connected only at their nodal

points"[68]. Consequently, the displacement function used for determining the

displacements within the element which better fulfils the continuity requirement along the

edges of the element will give more accurate results. The displacement function for

triangular elements results in constant strain distribution throughout an element while

rectangular elements ¿tssume linear strain distribution over an element. The program uses

standard finite elements and it was expected the results obtained from the models with

rectangular elements to be more accurate for a mesh with the same number of nodes.

One of the models was solved for solids used for the wall. It was found that the use of

solids did not improve considerably the accuracy of the results. For such a plane model,

the use of solids and the associated increase in computational time were found to be

unjustifred.

4.2.2. The beam elements

The beam elements were def,rned using the properties from Table 3.1 and Table 3.2.The

constitutive law for the material used in the program had a linear stress-strain

distribution. Appearance of cracks in concrete members reduces their gross moment of

inertia. Therefore, a moment of inertia equal to 50Vo I, was used in the analysis.

4.2.3. The nonlinear spring elements

The spring elemenß at the frame-wall inærface were required to model the appearance

and progress of cracks between the frame and the wall and adequately rnodel the load

transfer mechanism between them in the contact areas. The stiffhess of the spring

elements in tension was 0 (actually, 10e-8 due to requirements of the program) and more

than 10e6 times the stiffness of the nodes in the required direction. The stiffness of the

non-linear elements in compression provided deformation compatibility of corresponding

nodes from the frame and the wall (fig. 4.3). The stiffness of the nodes from the frame

was calculated from the flexural stiffness of a beam element, which is given by:

*.=nZ (4.1).'l-to 
P
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The stiffness of a node from the wall in x-di¡ection is given by the following equation

(4.2):

k* = oL\orp-r 
+ adzsp) (4.2),

where the values of d11 and d33 were calculated by:

d,,=# and d,,=# Ø3)

a
and p - - (a-horizontal, b-vertical dimension of an element).

Chapter 4 - Static analysis

length,

{

Force
tenslon

gap Displacement

KC KC

NL springs
compressr0n

frame elemnts B

Fig. 4.3. Stiffness of the non-linear springs

(A-perfect fit between the frame and the wall, B-gap between the frame and the wall)

4.2.4. Linear sorins elements

The inærface between the base of the wall and the supporting beam or tbundation was

modelled using linear springs and the friction was assumed to be constant along the

whole length of the wall. Therefore, the stiffness of the springs was linear and

corresponded to a mean shear bond strength of 0.3 MPa in the brickwork. Each node at

the base of the wall was rigidly connected to the foundation in vertical direction and

restrained by the linear springs in horizontal direction.

The results from the stiffness calculations of the linear and non-linear springs for all

frames are summarised in Table 4.2. In ttris table the stiffness for the nodes from the

A

plate
el-ts
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Chapter 4 - Static analysis

frame was calculated using the gross moment of inertia Is, KC is the stiffness in

compression of the non-linear spring elements and K is the stiffness of the linear springs.

Table 4.2. Node and spring stiffness (all numbers in N/mm)

Á.) S Frrrther im cnf nf the model inere.ssinø the nllm nf clampntc in fhp

loaded corner and diagonally opposite corner

The number of elements in the loaded and diagonally opposite corners was increased as

shown in fig. 4.4. This provided more detailed information in the regions of stress

concentration. For the cases when gaps were introduced between the frame and the wall

this model was more sensitive to the deformations of the frame antl better defined the

contact length between the two components of the composite system.

Fig. .4.Improved model with more elements at the loaded ancl

diagonally opposite comers 
I

model MI M2 M3 M4 M5 M6 M7 M8

ka.." oo¿"x 10E

kn"lloo¿" x 105

KC(NL springs)

K (L springs)

0.50

6.20

1014

9000

0.87

11.74

l0r4

33000

t.22

1r.74

10r4

33000

2.07

1T.74

10r4

33000

7.00

rt.14

3.5x10r4

33000

r.22

t1.74

1014

33000

t.22

11.74

10r4

33000

11.04

11,.74

1.1x10r5

33000

3l
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42.6. Assumotions and restrictions of the finite element model

The accuracy of the results depend on the assumptions made while creating the hnite

element model. The assumptions and restrictions of the program were as tbllows:

o The constitutive law for the maærials was assumed to be linear. Hence, the tensile

cracks which appear in the masonry panel were ignored and only the stresses along

the diagonal were subjected to zuralysis. Redistribution of stresses within the panel

was not considered in these analyses. Consequently, the strength and stiffness of the

infill wall were slightly overestimated.

o Non-linear effects were modelled with the help of non-linear spring elements. The

equations at each iteration were not solved for deformed configuration of the system.

'When deformed configuration was used, the solution did not reach convergence

which was probably because a solution for the deformed configuration turned the

system into a mechanism.

o In the cases where a gap was modelled, the distance between the fiame centre line

and the wall remained constant as in the case of no gap (where it was equal to half

the depth of the column cross section). Moving the frame out at a distance half

column cross section height plus the gap size slightly increased the forces in the

frame but the stiffness and the strength of the infill wall were essentially the same.

o Loads were applied only as a single concentrated force at the upper corner of the

frame. Distributing the forces in a series of nodes along the beam did not

substantially improve the accuracy of the results and for static analysis the applied

load conhguration was clearly adequate.

o Due to insufficient design data, it was assumed that no vertical loacls acted in the

plane of the frame coming from upper storeys or self weight. If vertical loads were

imposed, they would confine additionally the infill panel and increase its strength and

stiffness. Thus, the results from these analyses give lower bound estimates of the

strength and stiffness of the infill wall.

The hniæ element model without the additional elements in the corners was used for

preliminary analysis and development of the model. All frnal results and conclusions are

based on the improved model which used more elements at the loa<led and diagonally

opposite corners.
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4.3. Results from the static analysis

The purpose of this analysis was to find the value of the applied horizontal load which

induced shear stresses in the panel equal to 0.3 MPa. This value was assumed to be the

shear strength of the panel and was equal to the mean shear bond strength determined by

Dhanasekar et al. [56]. The use of this value was even more relevant for the walls with

gaps since rto vertical forces were transferred from the beam and the wall panel was

actually unconfined under this condiúon.

4.3.1. Stress distribution within the panel

Typicat stress distributions in the panel are shown in fig. 4.6. Fig. 4.-5 shows the positive

directions of the in-plane stresses acting on an element. The highest vertical and

horizontal stresses are concentrated in the loaded and the diagonally opposite corners of

the masonry wall. The maximum shear stresses occur along the diagonal frorn the loaded

corner to the opposite corner at the base of the wall. The stress distribution contìrms the

diagonal bracing action of the masonry wall. The distribution of normal stresses was

essentially the same for all models, irrespective of the different values of l,h or llh.

Ãx,a2

I --:'
7

olol

7

Fig. 4.5. Stresses on a plate element - positive directions

It was also found that the shear stress contours did not vary much with changes of Àh

due to increased frame stiffness. The shear stresses distribution, however, changed

significantly with increases in the llh ratio. For comparison, fig. 4.7 shows the shear

stress contours for model M4 and model M7. For model M4, the angle between the

diagonal and the base was closer to 45 degrees than the diagonal of model M7. Hence

a

o2
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o1 stress contous
1 - -0.130 MPa
2 - -0.304 MPa
3 - -0.478 MPa
4 - -0.652 MPa
5 - -0.826 MPa
6 - -1.000 MPa
7 - -1.170 MPa
I - -1.350 MPa
9 - -1.520 MPa
10 - -1.700 MPa

o2 stress contours
I - +0.0496 MPa
2 - -0.056 MPa
3 - -0.161 MPa
4 - -0.267 MPa
5 - -0.372MPa
6 - -0.478 MPa
7 - -0.583 MPa
8 - -0.688 MPa
9 - -O.794MPa
l0 - -0.899 MPa

shear stress contou¡s
I - 0.235 MPa
2 - 0.211 MPa
3 - 0.187 MPa
4 - 0.163 MPa
5 - 0.140 MPa
6 - 0.116 MPa
7 - 0.092 MPa
8 - 0.069 MPa
9 - 0.045 MPa
10 - 0.021 MPa

74 {z
t--¿

r{

/\

1 a

1

I

Fig. 4.6. Stress contours in the wall panel for model M4
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Chapter4 - Static analysis

the stress contours followed strictly this diagonal and were relaúvely symmetrical about

it. In contrast, the stress contours for model M7 followed a 45 degree line down from

the loaded corner and were obviously unsymmetrical in regard of the main diagonal. The

higher shear stresses towards the loaded corner, even in the case without a gap, were a

consequence of the linear material properties used by the program. The fine cracks due

to ænsile normal stresses which in practice appear in the region below the loaded

diagonal were not introduced in the model. In practice, these cracks would cause stress

redistribution within the masonry wall resulting in better defined diagonal action and less

frequent changes in magnitude of the shea¡ stresses along the main diagonal.

S ÈN \

s EI\r çS \

\; \"_

ì
\ì

shea¡ stress contours for model M4

shear stress contours for model M7

Fig.4.7 - Changes in the shear stress contours depending on the llhrat\o
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4.3.2. Analysis of the loaded springs

It was possible to estimate the contact length and the magnitude of the force transfer

benveen the frame and the inhll panel through the forces in the non-linear springs. The

mechanism is illustrated in fig. 4.8. The deflections in the frame cause compression in

some of the springs and tension in others. The negligibly small tensile spring forces (due

to the very small almost zero stiffness in tension) indicate crack opening while the

compressive spring forces correspond to the panel forming an effective diagonal strut

which transfers a considerable part of the load in the manner of a diagonally braced

frame.

contact len Ygrh

1 - loaded springs along the column, forming contact length X

2 - loaded springs along the beam, forming contact length Y

3 - springs with no load

Fig. 4.8. Formation of the diagonal strut

After analysing the forces in the springs for each model, the values of the contact length

and the corresponding effective cross-sectional area for the diagonal strut were found.

Fig. 4.9 gives a summary of the results for the case of no gap in all models. The numbers

on the diagrams are the maximum values of the forces in the springs for the load which

caused 0.3 MPa maximum shear stress in the wall panel, at which point local cracking

w¿ts ¿ìssumed to occur. When calculating the contact length Y (fig. 4.8) the small values

of the spring loads along the beam were ignored (springs far from the loacled corner and

2

I

3

r

2zz',-
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M1

l2.l kN

M2

39.3 kN

M3

44.1 kl.I

6.74 kN

6.1 kt¡

22.2k1.1

KN

25.6 kN

Fig 4.9. Forces in the compression springs - no gap
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M4

42.6 kN

49.5 kN

M6

44.7 kl.I

26.7 kN

ktI

30.7 kN

8kN

25 kN

Fig 4.9. Forces in the compression springs - no gap

(continued)
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24.8 kN

,14.8 kN

KN

M8

22.01 kN

40.85 kN

KN

Fig 4.9. Forces in the compression springs - no gap

(continued)

with small compressive force) since their effect in comparison to the large loads

transferred by the compressed springs near the comer was negligible.

4.3.3. Effective diagonal area

On the basis of the above results, the column-wall (X) and the beam-wall (Y) contact

lengths were calculaæd. It was found that the contact length along the beam was 1.2 to

2.33 time.s the column-wall contact length. Table 4.3 gives a summary of the results for

the beam-wall and column-wall contact lengths. The effective diagonal cross-sectional

area was calculated directly from the contact lengths for all models for the case of no gap
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be¡¡¡een the frame and the infill wall. As shown on model M3 fig. 4.9, the width of the

diagonal was taken to be equal to A=m+n from the right angle triangles.

Table 4.3. Contact length and effective diagonal area for perfect fit between

the frame and the wall (see also fig. 4.8 and fig. 4.9)

It should be noted that the stiffer frames had a larger effective cross-sectional area for

the diagonal strut. For example, the model M5 strut was 1.5 times biggel in cross-section

than the M3 strut.

The axial diagonal stiffness (Table 4.3) is much smaller than the stiffness calculated for

the infill wall in Table 4.4 (page 44) for the case of no gap. This is a result of one or a

combination of the following reasons: (1) the effect of springs with small compressive

loads along the beam-wall interface was ignored, (2) for the longer models the effective

diagonal formed an angle closer to 45 degrees, hence, the length of the diagonal should

be smaller and the cross-sectional area bigger and (3) widening of diagonal at the center

of the panel which would result in a bigger value of A. The value of the cross sectional

area calculated in Table 4.3 is the minimum value.

model X, mm Y, mm Ylx A=m*lì,

x103 mm2

laiug, rn EM¿¡",,

x106 N/m

M1

M2

M3

M4

M5

M6

M7

M8

136

2t4

429

429

643

429

429

400

273

500

500

150

750

500

500

600

2.00

2.33

t.I7

r.75

T.T7

t.r7

t.t7

1.50

31.79

t03.62

139.48

170.06

209.22

t33.54

126.94

t37.72

4.243

5.000

5.408

5.408

5.408

6.708

8.544

6.26r

43.46

r20.20

r49.59

182.39

224.39

t15.46

86.17

r27.58

40



Chapter 4 - Static analysis

4.3.4. Moment and shear force distribution in the columns

The presence of the infill wall changes the moment and shear force distribution in the

frame. Typical moment diagrams for the columns of the infiltd frames are shown on fig.

4.10. The moment diagram for the directly loaded column resembles the moment

diagram of a beam on an elastic foundation loaded with a point load, especially in the

contact region. This is consistent with the analogy used in previous research [5,6] for

calculation of the contact length using beam on an elastic foundation methodology. The

maximum and minimum values of the moments in the columns varied from model to

model with the variation of column stiffness but the shape of the diagrams was essentially

the same for all models.

The shear force distribution in the columns was strongly influenced by the relative

stiffness of the frame and the wall. In comparison to the shear force distribution for a

frame without infill where the shear forces have the same direction in both columns and

do not change over the height of the columns, the shear force in the lett hand column

below the contact region was in the opposite direction to that in the right hand column

for all the infilled frames. Model M5 was the only exception where the shear forces in

both columns had one and the same direction over the height of the columns due to the

very large stiffness of the frame.

Moment
diagrams

Shear force
diagrams

Fig. 4.10. Moment and shear force diagrams for the columns of an infrlled frame

(no gap between the frame and the wall)
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4.4. Behaviour of the inflrlled frame in the case of an existing construction gap

When a gap was introduced between the frame and the infill wall, the loads in the non-

linear springs changed dramatically from those for the case of no gap. Irrespective of the

gap size, only one spring was active in transferring force into the wall (the gap was

empty - no shear connectors or elastomers in the gap). There were no loaded springs

along the beam wall inærface and as such there were no normal forces to confine the

wall. Therefore, the behaviour of the wall was expected to be similar to that of a free

standing wall loaded with a horizontal point load. The failure mechanism for this type of

load would follow the mortar joints which are the planes of weakness in the masonry

wall and the failure load would be the one which causes shear stress in the panel equal to

0.3 MPa.

The resulting stress contours (ft9.4.11) confirmed the above result. The maxrmum

stresses were mainly concentrated in the loaded corner and the shear stress contours

showed initial formation of a diagonal only at the loaded corner. Fig. 4.11 shows the

stress contours for model M4 with a 12 mm gap. The difference between the stress

contour diagrams in fig. 4.11 and the previous diagrams (fig. 4.6) highlights the benefits

of wall conhnement.

The moment and shear force distribution along the columns was very similar to the

pattern seen for a frame without infill. Since the wall was not significantly confined, it did

not greatly influence the frame.
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o1 stress contours
1 - +0.007 MPa
2 - -0.2l2MPa
3 - -0.431 MPa
4 - -0.650 MPa
5 - -0.869 MPa
6 - -1.090 MPa
7 - -1.310 MPa
8 - -1.530 MPa
9 - -1.740 MPa
10 - -1.960 MPa

d2 stress contours
1 - +0.529 MPa
2 - +0.443 MPa
3 - +0.357 MPa
4 - +0.271 MPa
5 - +0.185 MPa
6 - +0.099 MPa
7 - +0.013 MPa
8 - -0.073 MPa
9 - -0.159 MPa
10 - -0.245 MPa

shea¡ stress contours
I - 0.267 MPa
2 - 0.234MPa
3 - 0.201 MPa
4 - 0.168 MPa
5 - 0.136 MPa
6 - 0.103 MPa
7 - 0.070 MPa
I - 0.037 MPa
9 - 0.0045 MPa
10 - -0.028 MPa

zti

i-\,/' \

0

Fig. 4.11. Stress contours for the wall panel for model M4 - 12 mm empty gap
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4.5. Stiffness and strength of the masonry infill wall

The main aim of the static analysis was to determine the stiffness and strength of the infill

wall in relation to: (1) relative stiffness of the frame and the wall (Àh), (2) the

lengtMheight ratio of the infill (/h) and (3) the gap size. The results of these analyses

were subsequently used in the development of a non-linear diagonal strut model. Table

4.4 gives a summa.ry of the results for the applied load and how it was resisted by the

elements of the infilld wall. It gives: the value of external load, Fn , which caused

mocimum shear stress in the panel equal to 0.3 MPa; the portion of the load resisted by

the wall alone, F*"r = Fr-( Fr"r, *r * F¡gr,t 
"or), 

at this level of shear stress; the displacements

of the top right hand corner of the wall, A*u, and the effective stiffness of the wall, k*"x

= F*"u/Âo,"u, for the case of no gap between the frame and the wall and for a non-zero

gap- Also in this table Fr"n.or is the force in the left column below the contact region and

F¡gbt 
"or 

is the force in the right column above the contact region. The size of the gap

(provided it is empty - no elastomers or shear connectors in the gap) was varied through

the analyses from 4 mm to 16 mm. From this series of analyses it was observed that the

strength and stiffness of the infill wall remained constant for all non-zero gap sizes. The

positive directions of the forces are shown infrg. 4.I2.

Table 4.4. Stiffness and strength of the infill wall

model NO GAP GAP

Fa,

KN

Ft"ft 
"ol 

,

KN

Fnrn.

"ot, 
kN

Fwall

KN

Âwall ,

mm

kwall

xl06 ,

N/m

Fwall ,

KN

Awall ,

Ílln

k*uu

x106,

N/m

M1

M2

M3

M4

M5

M6

M7

M8

19.00

61.50

77.45

96.00

153.00

78.70

79.r0

86.70

-0.2r

-1.31

-t.54

-1.80

3.51

-1.72

-1.78

-3.O7

0.r2

0.98

1.56

4.36

r7.33

1.63

r.76

5.1 1

19.10

6r.83

77.43

93.44

132.20

78_79

79.r2

84.66

0.17

0.17

0.18

0.20

0.26

0.14

0.11

0.14

111.5

368.5

432.1

458.9

499.3

566.4

725.2

587.5

13.23

40.97

40.83

40.94

41.00

41.09

40.93

38.60

0.23

0.21

0.18

0.18

0.18

0.12

0.09

0.t2

57.70

196.12

23t.79

23t.82

23r.75

336.30

47t.50

314.40
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Fr.

Friglrt colunrn

Fíg.4.12- Positive force sign convention in the static model

In some of the models the force in the wall was greater than the applied force which is a

result of the very small flexural stiffness of the frame columns compared to the very large

stiffness of the infill wall in this statically indeterminate system.

Table 4.5 gives a summary of the results of the percentage of the ratio of the total load

to the load resisted by the infill wall. The percentage varied considerably with variations

in the stiffness of the frame while changes in the //h ratio did not affect the load resisted

by the wall. Model M5 had the stiffest frame and the frame's contribution to the lateral

Ioad resistance was the biggest. For the infilld frames with varying //h ratio, the lateral

load was mainly resisted by the wall which can be explained with the fact that the frame

was not stiff enough to resist that load by itself.

With the introduction of a gap between the frame and the wall, the strength and stiffness

of the infill dropped considerably. In the static analysis the size of the gap ìvvas not of

primary importance. It should be noted again that for the infîlled frames (models M3, M4

and M5) the stiffness and strength of the infilt wall were almost constant. This highlights

the fact that the confinement of the wall was inadequate due to the presence of a gap and

the wall's strength and stiffness corresponded to that of a free standing wall irrespective

of the frame stiffness.
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Table 4.5. Strength and stiffness changes depending onhJl,l,h and presence of a gap

Toclarify the effectof the relative stiffness, Àh, and the length to height rttio,llh, on the

load distribution and the wall strength and stiffness the results from the above table were

plotted in fig. 4.13. Models M2, M3, M6 and M7 had varying //h ratios and constant

moment of inertia of the frame while models M3, M4 and M5 had constant //h ratios but

changing moments of inertias of the frame.

The results can be summarised as follows:

o for the same geometry, changes in the stiffness of the frame influence considerably

the strength and stiffness of the infills;

o changes in the /h ratio, unless accompanied by changing moment of inertia of the

frame, do not influence the strength and stiffness of the infilled wall; and

o the strength and stiffness of the wall panel drops considerably with the introduction

of a gap. The relative stiffness parameter then loses its primary importance in

determining the behaviour of the wall.

model t//infrll î,h NO GAP GAP

FtÆ*"u decrease of strength

of the wall

decrease of stiffness

of the wall

M1

M2

M3

M4

M5

M6

M7

M8

3m/3m

3ml4m

3ml4.5m

3m/4.5m

3ml4.5m

3m/6m

3m/8m

3.15m/5.6

6.36

4.63

4.20

3.34

2.52

4.05

3.86

3.36

99.487o

99.47Vo

100.03Vo

102.74Vo

115.737o

99.89Vo

99.97Vo

I02.4lVo

30.73Vo

33.74Vo

47.27Vo

56.l8%o

68.99Vo

47.85Vo

48.27Vo

54.4l%o

48.27Vo

46.787o

46.367o

49.48Vo

53.597o

4(l.63Vo

34.98Vo

46.49Vo
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Load resisted by the wall

Models M2, M3, M6 and 7M

101

99

50

40

30

20

50

45

40

35

30

Models M3, M4 ancl M-5

F ¡tF nu11VoFçtF*^yVo

ô-¡#'

Th

3,75 4 4.25 4,5 4.75

7odæreuse
of strengtlt

Àh

Vodentease

of stiffuess

3,75 4

125

115

105

95
f,h

4,52.5 3

Todentease

2.5

3.5 A

Strength decrease of the wall after introducing the gap

Models M2, M3, M6 and M7 Models M3, M4 and M-5

70
ó5
ó0
55
50
45

strengthof

33,75 4 4.25 4.5 4,75 3,5 4

3 3.5 4

4.5

Stiffness decrease of the wall after introducing the gap

Models M2, M3, M6 and M7 Models M3, M4 and M5

Tode,crease

of stiffuess

4.25 4.5 4.75 2.5

Fig.4.l3. Summary of the static results
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4.6. Comparison with results from previous investigations

The results presented in frg. 4.14 were used to compare the results of the strength of the

infill. The diagram is based on the theoretical investigation by B.S. Smith [5] on

diagonally loaded square inf,rlled frames (sæel frame and mortar infill). In his research the

contact between the frame and the wall was considered to be analogous to that of a beam

on an elastic foundation. A triangularly distributed reaction was assumed to act over the

contact length. It was found that for ?,"h < 5, the frame stiffness contributes to the

overall response. The results obtainet by Smith [5] are consistent with the results for

model Ml, the square infill frame. For the other models the increasing //h ratio adds

more to the watl stiffness and even for values of Àh=3.86 (M7) the infill has primary

importance in the resisting the lateral load due to the increased length.

il6
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il0
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t0 t5 30

v¡rue or \C

Fig.4.l4. P/R as a function of l"h (after B.S. Smith [5])

Test observations by Zarnic [50] showed that nearly all the initial loacl was carried by the

masonry wall in reinforced concrete infilld frames in the elastic range of the response

and only about 2Vo werc carried by the frame. This result is consistent with predictions

for the high percentage of the load resisted by the wall obtained from the theoretical

analysis of the present study.
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Absence of transfer of vertical forces from the beam into the wall tbr the case of a

construction gap was conhrmed by the theoretical and experimental investigation of

Dawson and Ward [31].

4.7. Conclusion

The finite element method was used to develop a model with linear elastic material

properties and non-linear spring elements to represent the interaction between the frame

and the infill wall. The behaviour of the infilled frames with varying relative stiffness ratio

(l,h) and length to height ratio (/h) was investigated. The influence of a construction gap

on the lateral response was also evaluated. The results from the static analysis are

consistent with results reported by previous researchers. The effective elastic stiffness

and strength of the infill walls were obtained from the static analysis for use in the next

stage of the research, non-linear modelling of the infilled frames using an equivalent

diagonal strut analogy and dynamic loading.
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CIIAPTER 5 . DYNAMIC ANALYSIS . MODEL

5.1. Introduction

The dynamic analysis reported in this chapter was carried out using the program

"Ruaumoko" [69]. This is a non-linear analysis computer program which allows various

rules for representation of the nonJinearity in the elements of two-dimensional

structgres. It also allows the following options for elastic or inelastic analysis: static (only

elastic), dynamic due to ground acceleration and dynamic due to time varying force

excitation.

The model developed for ttris study in "Ruaumoko" was a single storey single bay

diagonally braced frame with two diagonals. The node and element numbedng is shown

in hg. 5.1. The two diagonals were used to model the infill masonry wall in the

reinforced concrete frame. The diagonals were modelled to reprcsent as close as

possible: (1) - the stiffening and strengthening effect of the infill on the frame; (2) - the

process of cracking of the wall; and (3) - the infill's strength and stiffness reduction. This

model was able to evaluate the overall response of infilled frames due to dynamic

loading.

3

3

Fig. 5.1. Diagonal model of an infilled frame

2
2

I
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5.2. Development of the dynamic model

5.2.1. Parameters governing the solution

The dynamic analysis was an inelastic time-history analysis and used Newmark's beta

method of constant average acceleration [70]. The diagonal mass mattix which was used

was a result from the consistent masses of the frame and the diagonals (the infill wall

mass included as self weight of the diagonals) and the concentrated masses at nodes 2

and 3. These lumped masses represented the approximately evaluated dead load from

beams and slabs from an adjacent level and imaginary second storey above the

investigated frames. The values of the lumped masses varied from model to model

depending on the geometry. Damping was introduced in the structure using linear

variation of damping with frequency which was an altemative to Rayleigh damping

model [70] that could also be used in the analysis. The percentage of <lamping for the

first and the second mode of vibration was assumed to be 3Vo and it was the same for all

models for the bare frame, for the infilld frame without a gap and tbr the infilled frame

with a gap. This assumption was made for simplicity of the model, howeveL, in reality the

percentage of damping would be different for bare frames and ilrfTled tì'ames with

varying relative stiffness and length to height ratio. For reinforced concrete with

considerable cracking and working stress no more than about 0.5 of the yield point

recommended values are in the range from 37o to 57o [71]. For steel infilled frames

without shear connectors recommended values ranged from 6Vo to 8.5Vn [53]. For

numerical stability of the solution the iteration time step should be less than 0.1 of the

period of the highest mode of vibration.

5.2.2. Member type

The program allowed different types members for modelling the structure. For the

diagonally braced frame, the type of members used were frame members for the

reinforced concrete frame and spring type members for the two diagonals. Several

options could be considered for the diagonals in the braced frame following models from

other researchers as discussed in the literature review (chapter 2), such as one loaded

diagonal in each direction or multiple diagonals in each direction for the small

deformation range. Another option was to introduce elements which would cause shear
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as well as flexural type of failure on the frame for the large deformation range. A model

with one diagonal strut in each direction was chosen for this research. This offered a

simpler definition of the problem and excluded uncertainties associated with parameters

which require experimental evaluation.

5.2.3. The reinforced concrete frame

Concrete beam-column type members were used to model the reinfbrced concrete

frame(members 1, 2 and 3, fig. 5.1). Various hysteresis rules were available in the

progrÍLm to describe the non-linearity and plastic hinge formaúon in the frame. The

program required calculation of the strength interaction diagram for a reinforced

concrete section. The values which were needed in the input hle were the axial force and

bending moment at balanced failure (PB, MB), the yield moments at 213 PB and 1/3 PB,

the yield moment in pure bending MO and the axial compression and tension yield forces

(PYC, PYT) as shown itt fig. 5.3. The influence of a slab was not included in the

calculations of moment of inertia.

P, axial force

PYC

PB, MB
2/3 PB, MlB

I/3 PB, M2B

MO M
bending momentPYT

Fig. 5.3. Strength interaction diagram for concrete bean-column member

The moment of inertia for the initial stiffness of the frame members was taken as 257o1,

for a frame without infill and 30%ol" for a frame with infill wall irrespective of the gap

presence or its size. The value for the bare frame members was assumed on the basis of
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comparison with the modelling of a reinforced concrete joint and frame by other

researchers [64]. The increase of the momsnt of inertia for the infilled frame was made

assuming that the infill's stiffening effect on the frame would cause less cracking in the

frame members. The experimental hysteresis rules of tested infilled frames I72l are

consistent with this assumption. Although the stiffness in the hysteresis rule used for the

frame elements was degrading, this rule was a relatively simple representation of the

complex behaviour of the reinforced concrete members.

5.2.4. The diagonals

As discussed previously, the diagonal strut action of the brick infill was modelled using

spring type members. The properties of the spring elements were chosen to represent the

behaviour of the masonry infrll with reasonable simplicity and accuracy. Generally, a

spring type element in "Ruaumoko" can have stiffness in the longitudinal and transverse

directions and rotational stiffness as shown in hg. 5.4. The model with the spring

elements would probably perfectly match the brick inhll action if these three stiffnesses

were used.

Fig. 5.4. Spring member stiffness

In this research, only the axial effect of the spring members was used. The stiffness in

rotation could be used to develop a more precise model, which would represent the

rocking of the infrll wall within the frame. However, this idea was abandoned due to

insufficient data to define the parameters for rotational stiffness and rotational yield

moment. Similar difficulties existed with the yield and ultimate force values for the

transverse direction. Thus the simplified action of the diagonals was axial tension and

axial compression or only compression. It should be noted that the diagonals work only
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in compression for the case of no gap between the frame and the wall ancl in compression

and tension for the cases of existing gap as it is explained in detail later in section 5.2.I0.

The failure surface for the spring elements ignored interaction of the X, Y or Z

components (fig. 5.5). The notation for the spring member interaction surtace (fig. 5.5)

follows the notation from "Ruaumoko"'s manual. The values of interest from this failure

surface were the yield forces in axial tension and compression. The cracking force in

compression (PX-) was calculated (as shown in the following section 5.2.5) from the

results of the finite element analysis with elastic material properties (chapter 4) for the

force which caused shear stresses in the panel equal to assumed mean shear bond

strength of masonry of 0.3 MPa (chapter 4).

shear force
Y di¡ection

PY*

PX- * shear force
X direction

PY

Fig. 5.5. Failure surface of a spring type element without interaction

of X and Y components (notation follows manual [69])

5.2.5. Relation between the static finite element model and the dynamic diagonal strut

model

Considering only the strut action of the wall panel, the forces transferred into the wall at

the loaded corner can be represented as shown itt fig. 5.6. The horizontal tbrce È*u1 was

taken to be equal to the sum of the forces in the loaded springs along the column and the

vertical force F *^t was set equal to the sum of the forces in the loaded springs along the

beam. The result¿nt of these two forces is F d*"u which forms angle 0 with the horizontal

as shown in fig. 5-6. The angle 0 is usually different from the angle cr which the diagonal

forms with the base of the wall (fig. 5.7). All the calculations from "Images - 3D"
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(chapter 4) showed that with a gap beween the frame and the wall there was no vertical

force transfer in the springs connecting the beam and the frame. This result from the

static analysis required two cases to be considered separately: case 1 - prcsence of a gap

and case 2 - no gap between the frame and the wall.

> F""nrp.,og.

I Foon,

springs

Fig. 5.6. Relation between the forces in the wall for the static and dynamic models

Results from the calculations for no gap between the frame and the are summarised in

Table 5.1. For models Ml to M3, e approaches cr with increasing frame stiffness and

0=ø for model M3. After ?,.h=4.2 (M3) e becomes larger than a and approaches a 45

degree angle. With increasing //h ratio (models M3, M6, M7, M8) e approaches a 45

degree angle and is much bigger than the angle of the diagonal with the base of the wall.

In summary: the angle of the maximum force transferred by the wall approaches a 45

degree angle with increasing frame stiffness and //h ratio.

ct
Foo

Fd

Fno

Fig. 5.7. Relationship between the angle of the diagonal and

the angle of the maximum force in the wall

I

FtwallN F$"0

F*"t
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model É*"[, kN Fu*"u, kN É*"tl,kN cos e e c[ l.h

M1

M2

M3

M4

M5

M6

M7

M8

19.098

61.831

77.43r

93.435

t23.2W

78.792

79.121

84.660

13.614

42.r50

51.600

63.784

9.4.836

54.572

59.505

77.849

23.454

74.831

93.049

1 13.130

r55.474

95.845

98.999

115.012

0.814

0.826

0.832

0.826

0.792

0.822

0.799

0.736

35.48

34.28

33.68

34.32

37.59

34.7r

36.9s

42.60

45.00

36.87

33.69

33.69

33.69

26.57

20.52

26.57

6.36

4.63

4.20

3.34

2.52

4.05

3.86

3.36
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Table 5.1. Forces in the wall panel from the finiæ element analysis

For the case of no gap, it was assumed that the horizontal component of the force in the

diagonal from the dynamic model, É¿ , is equal to the horizontal force ilr the wall from

the static analysis, É*"u , (fig. 5.6). Obviously this assumption affects the calculated

values of the vertical forces in the wall and the normal forces in the columns of the

frame. For a single storey frame these changes in the magnitude of the normal forces

were not of primary importance to the lateral response of the infille¡l frame. This

assumption allowed a simple and adequate rspresentation of the horizontal forces in the

system due to lateral loading. Table 5.2 shows the comparison between the forces in the

wall and in the diagonal at yield for the case without a construction gap.

Based on the results from chapter 4 there was no vertical force transfer into the wall

from the beam for the case of an existing construction gap. For this case it was assumed

that the horizontal component of the force in the diagonals was equal to half of the

horizontal component of the force in the wall from the finite element analysis (the total

horizontal component of the forces in the two diagonals was equal to the total force in

the wall). As described later in section 5-2.10 each diagonal carried h¿lf of the horizontal

force - one in tension and one in compression. As a result the axial forces in the columns

of the diagonal model for a construction gap did not conespond exactly to the realistic

situation. Since only the horizontal component of the wall force from the static analysis

was used in the dynamic analysis it is subsequently referred to as F*o¡¡ everywhere in the

text and is the same as F,,u¡¡ in chapter 4).
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Table 5.2. Comparison between the forces in the wall and in the diagonal

Note: wall =

On the basis of the above assumptions and fig. 5.8 the stiffness of the diagonals was

calculaæd as follows:

Ld = LwattcOsC[ (5.1)

Fd

kd

hau
cosct,

F¿_
Ld 02

(s.2)

(s.3)
cos

A*rtt

A,l

Fig. 5.8. Relation between the displacements of the wall

and shortening of the diagonal

Ë*"ll , kN F*u , kN F¿,kN F",""¡ , kN Fua , kN Àhmodel

13.614

42.r50

51.600

63.184

94.836

54.572

59.505

77.849

19.098

46.312

51.620

62.290

82.r33

39.40s

29.678

43.339

6.36

4.63

4.20

3.34

2.52

4.05

3.86

3.36

M1

M2

M3

M4

M5

M6

M7

M8

19.098

61.831

77.431

93.43s

r23.200

78.792

79.12r

84.660

23.454

74.83r

93_049

1 13.130

155.474

95.845

98.999

Its.Or2

27.009

77.288

93.061

ttz.295

148.068

88.096

84.504

94.657
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In the above equations cx, was the angle between the diagonal and the horizontal in the

dynamic model. Frame center line distances were used in the dynamic moclel. This value

was slightly different from cr in the static model because the nodes from the edge of the

wall did not coincide with the nodes from the centre line of the frame in the finite

element model.

5.2.6 - Hvsteresis rules

There are thirty hysteresis rule available in the "Ruaumoko" proglam. Two of the

hysteresis rules were considered for the frame members. The selection of the best

hysteresis rule for the spring members was of main importance in this analysis. All the

options were investigated to establish which rule best represented the infill wall

behaviour. Two main cases were considered: overall behaviour for the case of no gap

and for the case of gap between the frame and the wall. The behaviour for the case of no

gap w¿ts represented by appropriate hysteresis rules for the frame member.s and hysteresis

rule for the diagonals which allowed diagonal action only in compression. For the case of

construction gap between the frame and the wall both diagonals were working - one in

tension and one in compression each loaded with half of the total lateral tbrce expected

in the infrll wall panel. The theoretical model in this case was trying to simulate the

overall response hysteresis behaviour of the frame-wall system rather than the behaviour

of its individual components.

5-2.7 - Hvsteresis rules used for ttre frame members

A bi-linear inelastic hysteresis rule (like the hysteresis rule i" fig. 5.9 but k,=ko) was used

for the reinforced concrete members in the preliminary analyses for evaluation of the

response of the system while developing the model and defining values for different

parameters. A degrading bi-linear hysteresis rule (f,tg. 5.9) was used in the hnal analyses.

It modelled the degradation of the stiffness of the frame elements. The Mehran

Keshavarzian hysteresis rule (fig. 5.10) was used by Wong t64l in a detailed model for a

reinforced concrete joint and a frame. It has degrading stiffness at unloading and

reloading. In this analysis it was used only in model M8 to evaluate the sensitivity of the

results to the type of hysteresis rule for the frame members. The three hysteresis rules

also allowed for strength degradation.
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Fig. 5.9. Degrading bi-linear hysteresis
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Fig. 5.10. Mehran Keshavarzian hysteresis
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5.2.8. Hysteresis rules used for the spring members

As was found by other researchers, the hysteresis rule of an infilled frame can be defined

by a three-linear envelope and it also has a pinched region (fig. 2.8 and tìg. 2.9, chapter

2). The presence of a construction gap should also be accounted for when specifying the

input parameters for the hysteresis rule. Two hysteretic models were consiclered for the

spring members which allowed with different degree of accuracy representation of the

infill wall behaviour.

Bi-linear with slackness hysteresis (fig.5.11) - This rule was used in the preliminary

investigation of the problem. The unwanted action of the diagonals in tension with this

hysteresis rule was avoided by introducing a very large gap in tension which would not

close at any stage of the analysis (fig. 5.12). Thus, the diagonals were loaded only in

compression. The value of the yield force in tension was not important in this case and

the stiffness did not degrade with increase of the load. This hysteresis rule worked well

for loads which caused forces in the diagonal in the vicinity of the comprcssion yield

force. When forces in the diagonal were much bigger than the compression yield force,

the model was inaccurate because as shown in fig.5.12 the accumulated inelastic

deformation caused the effective gap to become very large.

F

Fr*

Fy-

Fig. 5.11. Bi-linear with slackness hysteresis

h
d

h
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Fig. 5.12. Force/displacement diagram for a diagonal element

Wayne Stewart Degrading Stiffness hysteresis (fig. 5.13) - This model was developed

by previous researchers [73] to represent the behaviour of timber framed structural walls

sheathed in plywood nailed to the framework. This hysteresis rule was used in this study

for evaluating the response of the infilled frames because of the sitnilarþ of the

mechanism which develops under lateral loading. It has been observed from many

experimental results that the strength and stiffness of masonry degrades after cracking.

The rate of degradation depends on the stressed condition - the normal stresses as well

as the shear stresses. The different confinement of the wall defines the parameters for

degrading strength and stiffness.

F

+

F
v
+ u*h

Fy

F,

Fig. 5.13. rü/ayne Stewart Degrading Stiffness Hysteresis
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In order to define this hysteresis model the following parameters are u.sed

ko - initial stiffness

r - bi-linear factor

F" - ultimate force or moment

Fi - intercept force or moment

Pui - tri-linear factor beyond ultimate force or moment

Pu - unloading stiffness factor

Gap* - initial slackness along positive axis

Gap- - initial slackness along negative axis

p - beta or softening factor

cr - reloading or pinch power factor

This hysæresis model appeared in two versions throughout the analysis - one for the case

of no gap and one for the case of a gap between the frame and the wall. It should be

emphasised that the case of no gap in reality corresponds to a very small gap between the

frame and the wall which is closed by the thickness of shear connectors and mortar

particles trapped in the process of construction. Theoretically the limit value of this

"small" gap w¿rs assumed to be 5 mm. This case corresponded to contact between the

frame and the wall from the very first stages of loading. The case of a construction gap

(assumed gap bigger than 5 mm) benveen the frame and the wall was investigated using

a generalised model. This allowed development of a region with lower contact rate in the

hysæresis which, in practice, is due to the transfer of forces through the shear connectors

between the frame and the wall. Table 5.3 gives the values of the parameters used to

define the hysteresis model for the case of no gap and for the case of a construction gap.

The next two sections of this thesis explain how the values of the parameters were

obtained for these two cases.
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Parameter Requirement of

the program

Value used by

Wayne Stewart

Value in the

case ofno gap

Value in the

case of a gap

r

n
Fr

Prri

P*rt

Gup*

Gap-

p

c[

>0.0

>0.0

>1.0

>0.0

<0.0

> 1.0

<1.0

1.5 Fy

0.25 Fy

0.0

1.45

1.09

0.38

equation (5.7)

equation (5.4)

l0N<<Fy

0.0

r.001

0.2 (0.3) m

- 0.0001 m

r.02

0.6

equation (5.7)

equation (5.4)

0.5 Fy

0.0

1.001

0.0001 m

-0.0001 m

1.02

0.4

Chapær 5 - Dynamic analysis - model

Table 5.3. Values of the parameters for Wayne Stewart degrading hysteresis rule

no saD

Some of the parameters used to def,rne the hysteresis rule were calculated using

equations defined later in the text and some were found using a trial and error approach.

The hysteresis response of the masonry wall in this case was based on compression only

diagonal action. The aim was to produce theoretical hysteresis loops of a similar shape to

the experimental loops reported by other researchers. The hysteresis loop itt fig. 5.14 is a

typical result for a vertically confined masonry wall under quasistatic cyclic loading [74]

when confinement of the wall with a vertical load was equal to 16.6%, of the ultimate

compressive load on the wall. These experiments were canied out on masonry wall

specimens (950x970x110) from cored extruded clay bricks. The shape of the hysteresis

rule for the wall for the case of no gap was developed similar to the loop from this

experimental result because of the strong conf,rnement from the frame. In the flrst cycles

of this test (fig 5.14) before yield the wall was very stiff and produced very narrow

loops. As the load increased and pushed the wall into the inelastic region the stiffness

dropped slowly and the loops gradually opened but the overall hysteresis showed very

stiff response of the brick wall.
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Fig. 5.14. Experimental hysteresis for a masonry wall

(after E. Jankulovski et aJ. Í741)

The ultimate strength of the wall panel F, could be roughly calculated as a shear failure

force

Fu = th (5.4),

where t and I are the thickness and length of the wall and t is the maximum shear stress.

On the other hand, the value of the ultimate force is dependant on the confinement of the

panel from vertical forces coming from the vertical springs. The failure mechanism

develops along the main diagonal with a length l¿,,r confined by normal stresses

developed bythe composite action of the frame and the wall (fig.5.15). This length is

equal to the contact length along the beam in the calculations from the static analysis.

Knowing the vertical forces from the same analyses, the compressive stresses along the

diagonal can be calculated:

T_Jd-

&

(5.5).
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Fig. 5.15. Ultimate strength of the diagonal

The formula for the calculation of the ultimate strength of the wall fu-r shear (SAA

Masonry code [75]) is:

F

V¿ 3 C^f*, A¿, + kul¿A¿*

where A¿* = tl¿*

(5.6),

and the characteristic shear strength of masonry is f,*'-0.25 MPa. The following Table

5.4 gives the results from the calculations for the ulúmate strength of the masonry walls

for each of the eight models considered in this study.

Table 5.4. Calculations for the ultimate strength of the masonry wall

'@fd
lo*t

model IFv.¡sp.ne

KN

l¿*t ,Ilìffi Aq*r ,

2mm

f¿, MPa Vr,kN Vz,kN q

M1

M2

M3

M4

M5

M6

M7

M8

t3.614

42.t50

51.600

63_784

94.836

54.572

59.s05

77.849

273

500

500

750

750

500

500

600

30030

1 10000

I 10000

165000

165000

I 10000

r 10000

132000

0.4533

0.3832

0.4691

0.3866

0.5748

0.4961

0.54r0

0.5898

94.377

233.165

287.823

263.320

3r9.216

394.456

549.648

402.790

99.000

264.000

297.000

297.00tJ

297.00rJ

396.000

528.000

369.600

0.9533

0.8832

0.9691

0.8866

r.0748

0.9961

1.0410

1.0898
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The value of the ultimate shear force Vr=V¿ was calculated using the tbrmula from AS

3700 (equation (5.6)) while Vz was calculated using the approximate equation (5.4)

Vz=tlt. The value of the shear stress T was assumed to be 0.3 MPa. The calculation of Vr

was a little conservative because the self weight of the panel and the normal forces from

dead load and live load of the slab were not included in f¿. The two values of the ultimate

V
shea¡ force in the table were related with a coefficient q = j. For the calculations of

v2

the ultimate strength of the wall F" in the dynamic analysis for infilled frames without a

gap the approximate equation and the values of V2 were used and these were multiplied

by an approximate value of the factor g. The value used for models Ml to M4 was 1.0

and 1.1 for models M5 to M8. For the longer frames the limiting value after which the

ultimate shear force should be multiplied by a factor of 1.1 was considered to be llh=2.

The bi-linear factor r was calculated from the equation:

Futt - Fy

, _ Lutr-- Ly 
6.7),

lro

where the value of the maximum elastic displacement was obtained from the results from

the static analysis and the displacement at ulúmate load Åurt wâs 0.5Vo of the height of the

wall - an experimental result obtained by other researchers U4). This was an

approximate value for compressive load on the wall larger than I07o of the ultimate

compressive strength.

The intercept force Fi wâs assumed to be a very small number due to requircments of the

hysteresis rule when the action in tension of the diagonals is excluded through the

introduction of a very large gap. The tri-linear factor P¡i, the unloading stiffness factor

P*,,, F and c were selected to achieve similarity with experimentÂl results within the

restrictions of the hysteretic model. The gap size in the tensile direction was set to a

relatively big value (300 mm) to ensure that the diagonals were never loaded in tension

and the gap size along the negative axis was set to a very small number (0.1 mm) to

ensure immediate contact with the diagonals in compression.
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As a result of the above settings for the parameters, each diagonal had a hysteresis rule

simila¡ to the one shown in fig. 5.16. Note that each diagonal works only in compression

in each direction. Thus, the cross-braced system was able to replesent the overall

hysteretic response of an infilled frame under laæral loading.

Fig. 5.16. Force/displacement diagram for a diagonal member

for no gap between the frame and the wall

a eao between the frame and the wall

For the case of an existing gap the same hysteresis rule was used for the diagonals and

represented behaviour of tension and compression since both diagonals were

simultaneously carrying the lateral load in the infill wall. The aim was to choose the

parameters for this hysteresis so that the overall frame-wall response was represented

adequately. A second experimental hysæresis model (fig. 5.17) from the same series of

tests performed by Jankulovski et al. [74] was used as a guide for the case of an infill

frame with a gap. The vertical load of the wall specimen was 5-5Vo of the ultimate load.

The stiffness of the wall was large in the very initial cycles but the wall was not very

strong due to the low compressive load. Hence, the wall response quickly went into the

inelastic region where the stiffness degraded quicHy and the force/displacement loops

opened considerably in comparison to those for the first cycles. In the infilld frame

model, the normal forces coming from shear connectors and self weight provided

F

d

67



Chapter 5 - Dynamic analysis - model

insufficient confinement of the wall so the theoretical hysteresis was similar to the one in

frg.5.L7.

Spec 6-E

N=97 <N (5.52 or N dl.)

50i

-200
-23 -t5 0 -505

DSPLA(S{ENT ',rD.r¡J

Fig. 5.17. Experimental hysteresis for a masonry wall

(after E. Jankulovski et aI. U4J)

For the case of a construction gap between the frame and wall the ultimate shear strength

of the masonry wall F" was calculated with equation (5.4). The shear strength was

assumed to be 0.3 MPa. This value of F, was multiplied by a factor of 0.6 (SAA

Masonry code [75]) to account for variability of conditions, workmanship and poor

confinement of the wall panel. The influence of the self weight on the shear strength was

ignored here as well.

The value of the intercept force F¡ was assumed to be 50Vo of the value of the yield force

F, for each diagonal. This assumption was not based on any experimental or theoretical

findings because of the uncertainty of the conditions. It was simply a parameter which

was used to adjust the hysteresis loop to take account of the forces transf-erred through

the shear connectors between the frame and the wall before the gap compleæly closed.

The gap size along the positive and the negative axis was a very small number. As a

resulg both diagonals came in contact and resisted forces immediaæly after loading.
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The bi-linear factor "C' was calculated from the same equation (-5.7) as in the model

without a Eap. As before, the maximum elastic displacement was obtained from the

results of the static analysis (chapter 4) but the displacement at ultimate load Âurt was

I.07o of. the height of the wall. This was ¿ur approximate value based on the results from

tests by Jankulovski et al. Í74) where the compressive load on the wall was smaller than

lÙVo of the ultimate compressive strength.

The theoretical hysteresis loop for the case of a gap between the frame and the wall was

similar to the one shown itt fig.5.18. Each of the diagonals was working in both

directions - one in tension and one in compression. The diagonally braced system was

symmetric and the vertical components of the diagonal forces were in equilibrium with

each other. Hence, the normal forces in both columns were equal in magnitude in the

diagonally braced model.

0.5F,*

0.5Fy*

0. +

0.5Fy-

0.5F"-

Fig. 5.18. Hysteresis for each diagonal of the braced frame

for a gap between the frame and the wall

5.2.11. Overall hysteresis rule for an infilled frame

The system hysteretic behaviour was a superposition of two hysteresis rules - that of the

frame and that of the diagonal. The shape of the idealised hysteresis loop is shown in fig.

s.19.

F

d
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Force

Fig. 5.19. Idealised hysteresis rule for inhlled frames

The initial pinched region was the response of the frame before it contacted the wall.

Due to the presence of the shear connectors and particles trapped in the gap, the wall

would actually be expected to resist some part of the horizontal load tiom the very start.

For the case of perfect fit ben¡¿een the frame and the wall, the pinched region would not

be present. However, the main role of the wall came when there was transfer of forces

along a contact length between the frame and the wall. The stiffness and strength of the

combined system was increased considerably over that of the individual components. The

response of the frame and the wall acting together corresponded to the region with the

thicker line in fig. 5.19. The stiffening effect of the infill wall consisted of increasing the

stiffness of the frame itself kn and increasing the stiffness of the whole system. The wall

also increased the strength and improved the energy dissipating capacity of the whole

system.

5.2.12. Applied loads and lumped weights

The theoretical loading history applied to the frame was a sine wave with increasing

amplitude which started with a 40 kN amplitude and increased by 40 kN every cycle. For

model M5, the amplitude started and increased with 50 kN (60 kN for the model without

a gap). The horizontal displacement of node 3 was coupled to that of node 2 to exclude

the effect of axial deformations in the beam. Lumped weights were applied at nodes 2

and 3 to account for dead load coming from upper storeys. The plot of loading/time

history applied to the models is shown in fig. 5.20.

ç.
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Force, kN

320

240

160

80

-80

-160

-240

-320

time,sec

**
T=10 sec (constant)

Fig. 5.20 Dynamic loading
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5.3. Improvement of the model and comparison with experimental results of

infilled frames tests

Experimental tests were carried out by R. lúaura Í721 at the University of Adelaide to

evaluate the lateral load resistance of infilld frames in respect to the gap size between

the frame and the wall. In this section comparisons are made between some of the results

from these experimental tests and the hnal hysteresis loops for the theoretical models.

Disadvantages of the theoretical model are discussed as well as its adequacy to represent

the behaviour of infîUd frames under lateral loading with the presence of construction

gaps.

/ ua 172) tested four l/2-scale frames. One of the frames was without infill and the

other three had infill panels with construction gaps between the frame ancl the wall of 5,

10 and 15 mm respectively.The frame dimensions were 5000 mm - length and 1800 mm

- height. The infrll thickness was 50 mm. These frames were first investigated using the

finite element method. The results from the static analysis were then processed to be

used in a dynamic model developed using the Wayne Stewart degrading stiffness

hysteresis rule for the diagonals. The parameters describing this hysæresis rule were

chosen as described in section 5.2 for the two cases - an infîlled frame with a gap and an

infilld frame without a gap. Minor adjustments were made to some of the values to

improve the correlation with the shape of the hysteresis from the experiment.

Comparisons were also made between the results of the frame hystelesis from the

theoretical model and the experimental test.

5.3.1. Laæral resistance of a single storey single bay frame

A single storey single bay reinforced concrete frame without masonry inhll wall was

tested under cyclic loading. Figure 5.21. gives a comparison between the hysteretic

behaviour from the experimental results and the theoretical resulls. The moment of

inertia was chosen to be equal to ZSVoIr. This value was used to calculate the initial

stiffness of the frame and the hysæresis rule taking into account the stiffness degradation

due to cracking.

72



Chapær 5 - Dynamic analysis - model

The load applied at the frame in the theoretical model was a sine wave with 20 kN

amplitude and increasing by 20 kN at each subsequent cycle. The maximum number of

cycles was 5 where four hinges were formed in the frame. The loading history of the

experimental model was a monotonously increasing cyclic loading by 10 kN at each

cycle.

Comparison of the two hysteresis loops indicated a modest correlation between the

results from the test and the theoretical model (fig. 5.21). The load at which complete

failure of the frame occurred was approximately 83 kN from the analysis and the

maximum load of the last cycle of the test was about 82 kN. The stiflness of the frame

from the analysis was 5.19x106 N/m while the test hysteresis had stiftness approximately

equal to 8x106 N/m in the positive direction and 5x106 N/m in the other direction.

It should be noted that the analytical hysteresis rule used for the frame was very simple

and did not produce loops to account for the energy dissipation by the tì'ame. That is

why the theoretical hysæresis loops were very tight. However, the stitÏness and strength

were reasonably consistent with the test results using even this simple rule.
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Load vs Deflectlon ChaÉ
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Fig. 5.21. Comparison of the frame hysteresis
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< 2 t I ofarol mcictannp nf on infillarl frqme trti+h ( ññ f,oñ hofrrroon tho f'c,rmo.-.{ llto

wall

The theoretical model for this frame was developed as described in section 5.2 for a

model with no gap. The ultimate shear force capacity for the brick wall was tbund using

formula (5.4) without multiplying the value by a coefficient of 1.1. The loading history of

the theoretical model was a sine wave \r/ith an amplitude increasing by 20 kN in each

cycle starting with 20 kN in the first cycle. The load applied to the experimental frame

differed from the analytical sine wave and looked as shown in frg. 5.22. The load in the

experiment was increased to a maximum of 140 kN and each cycle afær the first one was

repeated three times with a certain magnitude of the force.

Force, kN

Figure 5.23 shows the force/displacement hysteresis loops for the theoretical and

experimental results tested for the first cycles at four different amplitudes. The values of

the displacements are in Table 5.3. The experimental displacements are from the first of

the three cycles with the same amplitude.

As can be seen from Table 5.3, the results for the displacements show reasonable

agreement for loads of 80 kN and less. The theoretical predictions are not so accurate for

loads of 100 kN and more. The shape of the lrst four to five cycles were also reasonably

similar although the loops of the theoretical model were bigger - a result of the large

stiffness at unloading of the diagonals. The energy dissipation was mainly due to the

hysteresis of the diagonals rather than the hysteretic behaviour of the fì'ame elements.

60

40

20

-20

-40

-60

Fig.5.22. Loading history of the test infilled frame
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Force, kN 20 40 60 80 100 r20 140

experim.

Â, mm

+0.21

-0.6

+1.51

-2.3

+3.61

-3.4

+4.8 +8.5/

-6.0

+13.31

-13.0

+23.01

-20.5

max 58.0

theory

Á, mm

1{.4 +1.3 +2.9 +4.2 +5.7 +7.2 +10.-5 max22-6

Chapær 5 - Dynamic analysis - model

Table 5.5. Comparison of the displacements for the infilled frame with -5 mm gap

For the largest loads (120 kN and 140 kN) the inelastic displacements of the

experimental results were much larger than those predicted by the theoretical model.

This can be seen clearly in fig. 5.24 (see also Table 5.5). After the 140 kN loading cycle,

the frame in the test was loaded to failure with control on the displacements. The frame

in the theoretical analysis was loaded with one more cycle at which complete failure of

the frame occurred. The loading history of the experiment was different tiom the one in

the theoretical model (three cycles of one and the same amplitude in the experiment

corresponded to only one cycle of this amplitude in the theoretical analysis). This was the

reason the experimental frame in the very last cycles of loading to develop larger inelastic

deformations.

The anal¡ical model failed to develop large inelastic deformations. It was also stiffer

than the experimental frame due to the very stiff diagonals. The stiffness of the diagonals

was slightly larger because it corresponded to the results from the static analysis for no

gap and the theoretical model was a general one for the case of perfect fit or a gap

smaller than 5 mm. Nevertheless, the envelope of the experimental hysteresis data had a

similar shape to the envelope of the hysteresis data for the theoretical model. It was

concluded that despite the above mentioned disadvantages, the overall response of the

infilled frame with a gap of 5 mm or less was adequately described by this model.

There was shear failure in the columns of the test specimen as well as joint fälure. These

phenomena could not be represented by the theoretical model. The program accounts

only for flexural failure in the members, not for shear failure.
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Load vs Deflection for LVDT 6
Test4-5mmGap
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Fig.2.23. Comparison for infilled frame with 5 mm gap

(first four increasing amplitudes of the loading)
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Load vs Deffection for LVDT 6

Test 4'5 mm Gap
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Fig.5.24 Comparison for infilled frame with 5 mm gap

(complete loading history)
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< 2 2 Í afarol mcicfqnnp nf on infillprl frqme

wall

The theoretical model was developed following the assumptions for the general model of

an infilled frame with a gap. The theoretical loading was an increasing sine wave by 20

kN. The load on the test specimen was monotonously increasing with the same

amplitudes and number of cycles as in the analysis. As a result, each cycle of the test

corresponded to a cycle of the theoretical analysis.

Figure 5.25 is a comparison between the experimental results for an infilled frame with

15 mm gap and the corresponding analytical results for the first tbur cycles. The

manimum theoretical displacements are listed in Table 5.6 along with the experimental

results (Alaia Í721).As before, there was good correlation between the displacements of

the experimenøl and the anal¡ical model for the flrst four cycles. The shape of the

hysteresis was also similar. The stiffness of the frame from the experiment (the closing

line of the hysteresis loop) was about 6.6x106 N/m while for the theoretical model it was

about 5.8x106 N/m. The moment of inertia of the frame was taken as 307olr. The

opening of the loop at higher loads due to the interaction of the infill and the frame was

also in good agreement. For instance, the height of the loop for the fourth cycle for the

experimenøl result was about 20 kN while for the theoretical model it was about 25 kN.

Table 5.6. Comparison of the maximum displacements for 15 mm gap

The complete force/displacement plots of the tested and analysed frames are given in hg.

5.26. Afær the fourth cycle when the frame went well into the inelastic region and the

wall slipped and started to slide along its base- At that point, the experimental and

theoretical hysteresis loops also became different. The theoretical model did not

Force, kN 20 40 60 80 100 r20 140

expenm.

a, mm

+1.3 +4.31

-3.5

+6.41

-6.0

+8.9/

-8.0

+11.0/

-15.0

+17.(ll

-21.0

+30.0/

-35.5

theory

Â, mm

+1.6 +3.8 +6.0 +8.2 +10.6 +13.1 +40.0
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Load vs Deflection
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Load vs DeftEctlon
Test 2: Brlck lnflll
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Fig. 5.26. Comparison for infilled frame with 15 mm gap
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adequately represent the non-linearity of the frame in the last cycles. As betbre, the

energy dissipation was mainly due to the inelastic response of the diagonals. The smooth

changes of stiffness observed with the experimental data after contact with the wall and

movement of the wall did not appear in the theoretical force/displacement hysteresis

loops. The theoretical unloading slope was steeper than the experimental slope and the

loops of the theoretical model were much more rectangular. The ability of the frame to

develop large inelastic deformations was not represented adequately as well.

5.3.4. Adequacy of the analytical models

Figure 5.27 shows the results from the fourth test - the inflled frame with 10 mm

construction gap (Alaia Í721). The overall effective stiffness of the hysteresis data is an

inærmediate value between the stiffness value form the tests specimen with a 5 mm gap

and a 15 mm gap. The shape of the loops in the first few cycles is similar to the shape of

the loops for the specimen with 15 mm gap. The general model fbr the case of a

construction gap includes gap sizes larger than 5 mm. The differences in the data for the

test result for a 10 mm gap can be accounted for by adjustment of the theoretical

parameters which affect the pinched region. However, insufficient clata exists to allow

better specification of the par¿rmeters so the general model was accepted as a reasonable

solution for the investigated models. Most of the theoretical infille¡l frames have

relatively stiff masonry infrll wall in comparison to the stiffness value fbr the experimental

test specimens.

As a result of the comparison of the two theoretical models to the experimental results in

section 5.3 the following points should be emphasised:

. the non-linea¡ity and energy dissipation in the theoretical models was mainly due to

inelastic response of the diagonal struts;

¡ the.hysteretic model used for the frame elements was very simple. For the regions

with large inelastic deformations the loops did not open and the hysteresis rule did

not adequately represent the behaviour of the frame elements;

o the "Ruaumuko" solution did not account for shear failure or joint failure in the

reinforced concrete frame;
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the loops in the region where the frame and the wall resist the lateral load together

were wider in the theoretical model than in the experimental results due to the very

large unloading stiffness associated with the hysteresis rule for the diagonals; and

the overall response of the system, with and without gaps, was represented

adequately by the theoretical models. This wÍrs especially true for the small

deformation range. These were general models which were used for the evaluation of

the influence of the presence of a construction gap in infilled frames with different

relative stiffness and //h ratio.

Load vs Deflection for LVDT 4
Test 3 - 10 mm Gap

____t50.000

-50.0æ -10.000 -30.(xrc 1q000 20.000 30.000 10.000

Deffectlon (mm)

FLg.5.27. Test result from infilled frame with 10 mm gap

(after ÁJaLaÍ721)

o

!
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CTIAPTER 6. DYNAMIC ANALYSIS - RESULTS

In this section the results from the dynamic analysis are presented and the influence of a

gap on models with varying relative stiffness l,h and length to height ratio is investigated.

The time/displacement graphs and the force/displacement hysteretic behaviour of the

eight models a¡e presented and differences in the response discussed. For all eight

models, the time/displacement graphs consist of three lines. The light colour line

corresponds to the lateral resistance of a ba¡e frame (line 1); the line with normal

thickness (line 2) represents the response of an infilld frame without a construction gap;

and the thickest line (line 3) represents the response of an infilled frame with a

construction gap. The analysis was stopped once a collapse mechanism formed in the

frame. For each model the hysteresis for a bare frame and inf,rlled frame with a gap and

without a gap a¡e also compared. The hysteresis plots and the time/displacement plots

finish at the point where four hinges formed in the frame. Hence, the cornplete last cycle

is not shown.

6.1. Model Ml

This is the model with the most flexible frame. The bare frame failed at a very low load.

The presence of an infill wall changed the overall response by drawing most of the lateral

load towards it. The composite system was able to resist 2 to 3 cycles of loading more

than the bare frame (frg.6.1). The model with a construction gap was able to develop

larger deformations than the model without a gap but the system collapsed at a lower

load than the system with perfect fit between the frame and wall $tg. 6.2). This was

characteristic for most of the models with a flexible frame and a stiff infill wall. The large

stiffness of the infilld frame without 
^ 

gap from the very start of the loading history was

due to the relatively large stiffness of the infill wall. The overall hysteresis (fiç. 6.2)

showed that the load was resisted mainly by the infill wall helped by the confinement

provided by the frame.
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The sequence of hinging in the infilld frame was identical to that for the bare frame

(Iable 6.2, section 6.6). It sta¡ted with hinges in the beam then a hinge was formed at the

base of the directly loaded column and then at the base of the other column. The hinges

formed fust in the beam because the beam in tfiis model had a relatively low stiffness and

the bracing increased even mor€ the stiffness of the column in comparison to that of the

bea¡n. It should be noæd again that "Ruaumoko" does not account for shear failure in

the frame members. All hinges were a result of flexural actions and the possibility of joint

or shear failure in the frame could not be captured by this theoretical model.

mm

Time, sec

frame response

frame and infill without a gap

frame and infill with a gap

Fig. 6.1. Model Ml - time/ displacement plot
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6.2. Models M2, M3, M6 and M7 - constant f, and varying llhratio

6.2.1. Model M2

This model had a relatively stiff infill wall which changed the response of the frame not

only by increasing its load bearing capacity but also by changing the sequence of the

hinge formation. The frame without a gap (line 2 on fig. 6.3) had smaller deformations in

the initial cycles due to the very large combined stiffness of the frame and the wall. The

hysteresis loops shown in hg. 6.7 show that the emphasis of the load resistance was on

the wall for the infitled frame without a gap while for the model with a gap the stiffness

and strength of both frame and wall participated in the response and the hysteresis was

much more flat. The first hinge in the infilled frame without a gap appeared at the base of

the loaded column unlike the models of the bare frame and the infilled frame with a gap

where the fust hit ges appeared in the beam (Table 6.2, section 6.6). The wall for the

case of no gap increased the stiffness considerably without significantly affecting the

strength of the frame.

6.2.2. Model M3

In comparison to model2, model 3 has a stightly longer frame (//h=1.-5 compared to 1.33

for M2 and f"'=40 MPa compared to f"'=20 MPa for M2). This was enough to change

the sequence of appearing of hinges (Table 6.2, section 6.6). For both infilled frames of

model M3 (with and without a gap) the first hinge appeared at the base of the loaded

column whereas this happened only for the case of no gap for model M2. Comparison of

the time displacement plots for model M2 and model M3 showed great similarity

between the behaviour of model M2 and M3 (the cross sectional properties were the

same for the t'wo frames but f,' was different) but the strength of the frame with a gap for

M3 (line 3 fig.6.4) was greater. Both the frame and the wall were stronger than model

M2 (fig. 6.8) due to larger value of f"' and slightly longer infill.

6.2.3. Model M6

The frame of this model differed only from model M3 in that it was longer (llh=2.0).T\e

bare frame was able to resist the same load as the frame from model M3 but the

sequence of hinging was different. When infilled, this frame resisted considerably more
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load than the infilled frame from model M3 because of the greater length of the wall (fig.

6.5). The presence of a gap in such a long model also changed the hysteretic behaviour

noticeably. The infilled frame without a gap ,,¡/as very stiff in the initial cycles of loading

in comparison to the frame with a gap (frg. 6.9). The overall shape of the hysteresis was

different for the two cases of infilled frames. For the case of a construction gap the load

was obviously resisæd by the combined action of the frame and the wall while for no

gap the wall was the main component resisting the lateral load. The sequence of hinging

in the bare frame and the infilld frames without and with a gap was the same for the

three cases of model M6 (Table 6.2, section 6.6).

6.2.4.ModelN.{7

This was the longest frame modelled (Ah=2.66). It had the same material and cross-

sectional properties as model M6 but the span of the frame was longer. The bare frame

failed in a similar way to model M6. The infiltd frame was able to withstand larger

loading than the infilled frame of model M6 (fig. 6.6). The analytical displacements of the

infilld frame with and without a gap were considerably different from each other. The

shape of the force/displacement hysteresis plots for the nvo cases was also very different.

The presence of the strong infilt in the frame without a gap made the system very stiff

and able to resist very high loads (frg. 6.10) due to confinement of the wall by the frame.

The hysteretic response of the infilld frame with a gap showed that the overall system

was not that stiff and the noise which appeared in the regions of sharp change of stiffness

was a result from the contact of the frame with a relatively stiff infill at higher load levels

and smaller frequency. The hysteretic behaviour of the infìlled frames tbr model M7

show a significant sensitivity to the presence of a construction gap between the frame

and the wall for longer infiiled frames.

The following points should be emphasised.

o Bare frame - the changes in the behaviour of the bare frame with respect to /h ratio

were mainly in the sequence of hinge formation (section 6.6). For the shorter models

hinges formed first in the beam while for the longer model in the columns. There

were no noticeable changes in strength or stiffness with increase of llh.
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Infilled frame without a gap - the increase in strength and stiffness of the infilled

frames without a gap was mainly due to the increased length of the infrll wall panel.

The hinge formation sequence (Table 6.2, section 6.6) was nearly the same in the

case of no gap for models M2, M3, M6 and M7 starting with a hinge in the columns.

The shape of the hysteresis was very similar as well.

Irifilled frames with a gap - the increase in strength with increase of llh ratio was

more noticeable for the case of existing gap rather than increase in stiffness. The

shape of the hysteresis was similar in this case as well. The hinge fbrmation sequence

for the shorter models was more like the sequence of the conesponding bare frames.

o
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6.3. Models M3, M4 and M5 - varying I* and constant l[h ratio

6.3.1. Model M4

This model had a bigger cross section for the frame members than those in model M3.

Although the frame in model M4 was more stiff than that in model M3, the frame

displacements and the infilled frames' displacements were still considerably different

from one another (fig.6.4 and fig.6.ll). Comparison of the force/displacement

hysteresis plots for each case (frg. 6.8 and fig. 6.13) shows increased similarity over that

in the previous model between the hysteretic behaviour for the case of gap and no gap.

They had similar heights and shape - a consequence of the increased frame stiffness.

The sequence of hinge formation was simila¡ for the bare frame and the two cases of

infilld frame, starting with hinges in the beam and then in the columns (Table 6.2,

section 6.6). The sequence of hinge formation for model Ml was the same tbr the frame

and the infilld frame and the four hinges formed on the last loading cycle. In contrast,

model M4 had two or three hinges formed in the cycle proceeding the cycle of complete

failure. This was probably due to the stiffer frame which resisted a large percentage of

the load.

6.3.2. Model M5

This model had the stiffest frame. The displacement versus time plot (tìg. 6.12) shows

the importance of frame stiffness to the overall response. The displacements throughout

the analysis for the three cases (lines 1 to 3) were almost the same (the infilled frame

without a gap was loaded with 60 kN increasing amplitude and the one with a gap with

50 kN increasing amplitude). The shape of the hysteresis rules of the two infilled frames

was much more similar than seen for model M4: the loops were very similar and the

behaviour governed largely by the stiffness and strength of the frame (fig. 6.14). The

appearance of hinges started with the base of the loaded column and was the same for

the three cases (Table 6.2, section 6.6). As for model M4, some hinges in the frame

occurred a couple of cycles before the cycle of complete failure.

96



Chapter 6 - Dynamic analysis - results

The following points should be emphasised.

o Bare frame - as the frame gets stiffer the sequence of hinging changed from first

hinges forming in the beam to hrst hinges forming in the columns.

o Infilled frame without a gap - the increase in frame strength and stiffness with

decreasing l,h is due to the combined effect of the frame and the wall and the strong

confinement provided by the stiffer frames. The stiffer the frame the narrower the

hysteresis loops become. For the models with weak frames the sequence of hinging

was different for the bare frame and the infilled frame.

o Infilled frame with a gap - the stiffness of the frame-wall system was governed by the

stiffness of the frame. Increased frame stiffness made the hysteresis loops become

n¿urow leading to the frame resisting most of the load.

40

30

20

t0

0

-10

-20

-30

-40

Displacement,

3I 2

0 ll0
sec

1

2

3

frame response

frame and infill without a gap

frame and infill with a gap

Fig 6.4. Model M3 - time/displacement plot

97



Chapter 6 - Dynamic analysis - results

50

40

30

20

t0
0

-10

-20

-30

-40

-50

Displacement, rnm

1

Fig. 6.11. Model M4 - time/displacement plot

Displacement, mm

1

20

frame response

frame and infill without a gap

frame and infill with a gap

Fig. 6.12. Model M5 - time/displacement plot

23

40

30

20

ì0

0

-10

-20

-30

-40

ló0

Time, sec

3 2

lB0

Time, sec

1

2

3

98



Chapter 6 - Dynamic analysis - results

Force, N, 
uo

100

50

-30 -20 -10

-50

-t 00

-t 50
FRAME

Force,N 
uoo

20 30 40

Displacement, mm

20 30 40

Displacement, mm

l0 20 30 40
Displacement, mm

400

300

200

100

ì0

l0-30

00

-300

-400

-500

INFILLED FRAME - NO GAP

Force,N 
ooo

300

200

t00

-40 -30
0

-200

-300

-400
INFILLED FRAME - GAP

Fig. 6.8. Model M3 - hysæresis plots

99



Chapter 6 - Dynamic analysis - results

Force, Nooo

-30

FRAME

-30 -20

-30 -20

-400

-ó00

Force, Nuoo

-20 -10
-t 00

-200

-300

Force, kN Boo

ó00

400

200

t0 20 30 40

Displacement, mm

t0 20 30 40

Displacement, mm

t0 20 30 40

Displacement, mm

300

200

t00

400

300

200

t00

-200

-300

-400

INFILLED FRAME - GAfOO

Fig. 6.13. Model M4 - hysteresis plots

100



Chapter 6 - Dynamic analysis - results

-30

FRAME

25

Force, kNl 8oo

ó00

400

200

-t0
00

-400

-ó00

-800

Force, kNJ 1000

500

-500

-l 000

Force, kNJ 1000

800

ó00

400

200

INFILLED FRAME - NO GAP

20 30

Displacement, mm

t5 25

Displacement, mm

l5 25

Displacement, mm

-20 ì0

-15 5

-25 -15

INFILLED FRAME - GAP

5

-400

-ó00

-800

-l 000

Fig. 6.14. Model M5 - hysteresis plots

101



Chapter 6 - Dynamic analysis - results

6.4. Model M8a

Model M8a was created to match a theoretical model investigated by Wong [64] and to

test the effect of the simple hysteresis rule used for the frame memberc on the overall

response of the infilld frame. This frame had a stiffer and stronger beam in comparison

to the frames of models Ml to M7. Therefore, the hinges in the bare frame formed only

in the columns starting with hinges at the column base (Table 6.2, section 6.6). The very

stiff beam confined the wall in the infilled frame model and increased the stiffness of the

whole system, particularly for the case of no gap between the frame and the wall (fig.

6.16). The influence of the stiff beam on the overall response of the tì'arne-wall system

was not t¿ken into account in this research. The results from the analysis of this model,

M8a, were used only for comparison with the results of model M8 which had more

detailed hysteresis rule for the frame members as investigated by Wong [64].
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6.5. Comparison of model M8a with model M8

The results given in this section are for a model with the same geometry of the frame and

the infilled wall as model M8a. This model is referred to as model M8. The ploperties of

the concrete cross section of model M8 were adjusted to match expedmental results

[64]. The frame memben were modelled using a scaled strength interaction diagram

which corresponded to the test results. In addition, the hysteresis rule used for the

concrete cross section was much more complicaæd. A Mehran Keshavarzian degrading

and pinching hysteresis rule was used for the frame members [69]. In this analysis for the

models with brick infrll the moment of inertia of the beam and the columns was assumed

to be 307o of Ir. For the model of the bare frame, it was set equal to the value

corresponding to the experiment results [64].

Comparison of the results for the calibrated model (M8) and the general model of this

research (M8a) showed that the bare frame of the general model was stronger (fig. 6.15

and fig. 6.17 line 1). The infrlled frames of the calibrated model resiste<l less load than the

infrlld frames of the general model (fig. 6.15 and fig. 6.17 lines 2 and 3). However, the

shape of the overall hysteresis was similar in both cases (fig. 6.16 and tig. 6.18). It

should be noted that the calibrated infilld frame model exhibiæd more inelastic

deformation and opened the loops towards the x-axis. This disadvantage of the general

model in the research was also seen in the comparison of the theoretical an<l experimental

hysteresis loops for the infilled frames discussed in section 5.3. This disadvantage could

be overcome by first investigating the behaviour of a bare frame and adjusting the

hysteresis rule for the frame to best match the experimental results.

The sequence of hinging in model M8 was very much similar to the sequence seen for the

general model M8a (Iable 6.2, section 6.6). It started with a hinge at the base of the

loaded column and then followed hinging only in the columns. For the model without a

gap, noise due to the vertical vibration in the beam appeared in the eleventh cycle (fig.

6,18). The inflrlled frame model with a construction gap was actually predicted to fail due

to beam vibrations in the vertical direction. When analysing the changes of the internal

forces in the frame it was found that the loading in the case of an infilled tiame with a
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construction gap which went into the beam was not sinusoidal. There was a very short

time inærval during which very large loads were resisted by the frame itself (especially

for the last cycles of loading). Afær the gap closed, the frame suddenly hit the infill and

the most of load went into the diagonals, causing large sudden changes to the loads in

the frame and the beam (both diagonals were working in tension and compression). Since

the horizontal displacements of the end nodes of the beam were set to be equal and the

stiffness of the beam was larger than the stiffness of the columns these vibrations were

possible to occur in a model like this one. This disadvantage of the model, especially for

frames with stiffer and heavier beams, could be excluded if only one of the diagonal was

working in each direction for the case of a construction gap or by developing a model

with ttnee diagonal braces. This "noise" was most obvious for model M8 although it also

appeared at different stages in some of the other models. It could also be excluded by

increasing the percentage of critical damping of the structure for second mode of

vibration.
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6.6. Comparison of parameters used in the analysis and results from the analysis

Table 6.1 shows the values of the bi-linear factors for the axial spring forces and the ratio

between the yield force and the ultimate force for the diagonals for the case of perfect fit

and an existing gap between the frame and the infill wall. For the case of no gap, the bi-

linear factor increased with increasing l,h (M5 to M3) and llh ratio (M3, M6, M7). This

\ilas a result of the increasing influence of the wall on the overall response of the infilled

frames. For the case of a gap the bi-linear factor was almost constant for all the models.

This indicaæd that the response of the wall was very similar to that of a "free-standing"

wall. The ratio of the ultimate load to the yield load for the diagonals for the case of no

gap decreased with decreasing l,h. For model M5 (the model with the stiffest frame) this

ratio was 2.47. When the infill wall became relatively stiff or the frame became longer

this ratio of the ultimate load to the yield load increased which meant that more inelastic

deformations would occur in the diagonals.

Table 6.1. Comparison of input parameters

Table 6.2 shows the sequence of hinge formation leading to collapse tbl each of the

frame models (Ml to M8). Letters separated by commas indicate simultaneous

appearance of hinges. Each sequence in the brackets corresponds to a cycle of loading.

Figure 6.19 shows the location of the hinges. For most of the models, the first hinges

model Àh NO GAP GAP

Fu¡,Æv r F.r, t KN r F"r,/Fv Frr,, kN

M1

M2

M3

M4

M5

M6

M7

M8

6.36

4.63

4.20

3.34

2.52

4.05

3.86

3.36

5.18

4.27

3.84

3.18

2.47

5.53

7.34

4.80

0.0480

0.0370

0.0340

0.0300

0.0264

0.0424

0.0460

0.0440

140.028

330.000

356.928

356.928

392.62t

487.030

620.3t4

454.562

0.0269

0.0200

0.0200

0.0200

0.0200

0.0196

0.0196

0.0209

4.49

3.87

4.36

4.36

4.36

5.78

7.74

5.75

84.017

198.000

2r4.157

2t4.157

2r4.t57

265.653

338.353

247.943
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appeared in the beams since the beam stiffness was the same as the column stitïness and

the influence of slabs was not taken into account. For the stiffest ancl the longest frame

(M5 and M7), the hinging sequence for the bare frame case was almost the same as the

sequence for the infilled frame with or without a gap.

Table 6.2. Sequence of frame hinging (see fig. 6.19 below the table)

Fig. 6.19. Location of the hinges

dc

eb

model bare frame infilled frame-no gap infilled frame - gap

MI (c,d-a-Ð (c,d-a-Ð (c,<1-a-f)

M2 (c,d-a-f) (a-d-c);

(c,d-a-f)

(c,d-a-f)

M3 (c,d-a-f) (a-d-c-f) (a,c,d);

(d-c-a-Ð
M4 (c,d);

(c,d-a-f)

(c,d - a);

(d-c-a-Ð
(c,d);

(c,d-a-f)

M5 (a-d-c);

(d-c-a-Ð
(a);(a-d-.);
(d-c-a-Ð

(a - d);

(a-d-c-Ð
M6 (a-d-c,f) (a);

(a-d-c,f)

(a-d-c-Ð

M7 (a-f-d-c) (a-0;

(a-c-f-d)
(a-f-d-c)

M8a (a-f-b-e) (a);(a-b-e);

(f-e-a-b)
(a); (a - b);

(a-b-e-f)
M8 (a);

(a-b-f-e)
(a - b);

(b-e-a-Ð
viblations of the

beam

a
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6.7. Summary and conclusion

The behaviour of infilled frames under lateral loading can be described by analysing:

o the ratio of the frame stiffness and the inhll wall, Àh;

o the length to height ratio, /h; and

o the presence of a construction gap between the frame and the wall.

The results can be summarised as follows:

1. The gap reduced the confinement of the panel and, irrespective of the relative

stiffness of the two components, the wall resisted the load very much like a free

standing wall.

2. The presence of the gap was crucial for the models with weaker and longer frames

(longer infrll walls) since it dramatically changed the behaviour and the shape of the

force/displacement hysteresis plots from the case of no gap.

3. For the models with a relatively strong frame, the influence of the gap was not the

main factor deærmining the response. The hysteresis rules looked similar for the case

of a gap and no gap which meant that the most important factor for these frames was

the relative stiffness l,h of the frame and the wall.

4. The influence of the presence of a gap on the sequence of hinging was more obvious

for the models with weaker and shorter frames.

Although the dynamic model was a very simple one it was seen to be adequate for

investigating the behaviour of infrlled frames and the influence of Àh, the llh ratio and the

presence of a construction gap. This model matched experimental and theoretical results

from other researchers reasonably well and was useful for the evaluation of the response

of infilled frames for the case with a gap and without a gap between the frame and the

wall. For a more detailed prediction of the failure mechanism of the infilld frames, this

model is not adequate as shear and joint failure in the frame cannot be simulated with the

described model.
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CHAPTER 7 - CONCLUSION

7.1. Summary

This research investigated the behaviour of a number of reinforced concrete frames

infilled with brick masonry walls with respect to:

o the varying relative stiffness of the frame and the wall, î,h;

the varying length to height ratio of the wall, llh; and

o the presence of a construction gap between the frame and the wall.

The analysis was carried out in two stages - st¿tic analysis for the linear-elastic range of

the maærials and dynamic analysis for inelastic behaviour of the frame-wall system. The

static analysis was conducted using the finiæ element method to predict the strength and

stiffness of the wall at yield. The model developed for the dynamic analysis was a braced

frame with two diagonals. This simple model was able to predict the behaviour of the

infilled frames with reasonable accuracy.

It has been found that the presence of a construction gap between the frame and the wall

is one of the most important factors which determine the overall response. For no gap

between the frame and the wall, the relative stiffness parameter and the length to height

ratio are convenient parameters for predicting the behaviour of an infilled wall. For ttris

case the strength and stiffness in the initial elastic range were primarily influenced by

changes in the relative stiffness and less by changes in the length of the panel. When a

gap was introduced between the frame and the wall the behaviour changed noticeably

and in the elastic range of response for the materials the infill panel behave<l essentially as

a free standing wall.

Assessment of the overall inelastic dynamic response also confirmed the major influence

of the presence of a construction gap. For no gap the overall behaviour wâs governed by
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the relative stiffness of the frame and the wall. 'When a construction gap was present, the

difference in the response was more dramatic for weaker and longer frames. Changes in

the sequence of hinging in such models for the cases of no gap and a gap would be

expected to result in different failure modes in practice.

7.2. Recommendations

The diagonal strut model developed in this analysis for the analytical investigation of

infild frames with and without gaps was a simple representation of the problem of

infilld frames. Despite many disadvantages this model is preferred because of its

simplicity and reasonable accuracy. The diagonal strut model is an approximation and as

such its accuracy depends on the initial assumptions. The model developed in this

resea¡ch was not able to adequately simulate the behaviour at a higher loading range

where shear failure in columns or joint failure are expected to occur. It also did not

model "rocking" of the infill wall (especially for shorter walls). Therefore, other

investigators of the problem have suggested numerous mechanical models of braced

frames which are able to cope with some of the disadvantages of the single diagonal strut

analogy, In most cases for infilled frames without a gap, multiple struts would give a

more accurate solution. For the case of a construction gap, because of the pure shear

failure of the wall, greater probability of shear failure in the columns exists. Inhlled frame

models which simulate shear failure in the columns are needed. A model with multiple

struts bracing the wall in a special manner would better represent the failure mechanism

it this situation .
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