N

Stog

University of Alberta ——

Department of Civil Engineering AAA
\004 ' GR}
~CTque >

Structural Engineering Report 139

BEHAVIOR AND STRENGTH OF
MASONRY WALL/SLAB JOINTS

by

TUNDE M. OLATUNJI
J. WARWARUK

J. LONGWORTH

JULY 1986




Structural Engineering Report No. 139

BEHAVIOR AND STRENGTH OF MASONRY WALL/SLAB JOINTS

by

Tunde M. Olatunji1

J. Warwaruk2

J. Longworth3

July 1986

Department of Civil Engineering
University of Alberta
Edmonton, Alberta

Canada T6G 2G7

2'
3.

Former Graduate Student, Department of Civil Engineering,
Edmonton, Alberta

Professor of Civil Engineering, Edmonton, Alberta
Professor Emeritus of Civil Engineering, Edmonton, Alberta



ABSTRACT

Various methods have been proposed for evaluating
maximum moments in the walls at the joint between a vertical
masonry wall and a horizontal slab under vertical loadings.
The present study examines the various proposed theories in
relation to the available experimental data, provides data
where there 1is a gap, and then develops a rationai method
for design. The behavior of the walls with regards to joint
cracking is also investigated.

The experimental program consisted of testing four
full-scale simple wall/slab joints and two H-type wall/slab
frame specimens. Prism tests were also conducted to obtain
stress-strain relations for the walls. The major variables
investigated in the joint tests were the type of specimen,
the level of axial load on the wall and the application of
slab load. The behavior of the full-scale specimens was
monitored by measurements of loads, deflections, wall and
slab rotations. Crack measurements were made at critical
positions at or close to the joint.

A theoretical relationship for wall moment-rotation
behavior developed on the basis of the column deflection
curve (CDC) technique and a bilinear stress-strain
relationship for masonry shows fair agreement with test
results. Interaction curves based on a straight line
stress-strain relationship for masonry with modification
factors on prism ultimate strength, f'm, also satisfactorily
predict test results.
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An effective stiffness method suitable for wuse in
analysing concrete masonry walls of practical proportion is
proposed. Wall stiffnesses obtained from this method can be

used in existing rigid frame analysis programs.
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1. INTRODUCTION

1.1 General Remarks

The subject of the behavior and strength of the joint
between masonry walls and concrete floor slabs has been of
significant interest to researchers for over the last decade
and a half. The developments have followed the original work
of Sahlin in 1959. Recent research efforts (Colville, 1977;
Awni and Hendry, 1979) have been concentfated on simplified
procedures for estimating the eccentricity of 1load at the
wall/slab joint. Figure 1.1 shows the places in a structure
where estimating the joint eccentricity may be a problem.

Figure 1.1(a) shows a roof joint where there is no
precompression on the slab. The slab can be assumed to be
simply supported, based on the fact that cracking and
yielding at the Jjoint may occur to relief the moment
developed wunder slab loading. Alternatively, the slab load
may be assumed to result in a triangular distribution of
loading on the wall, leadiing to a known eccentricity as
shown in the figure.

Below the roof joint (Figure 1.1(b)), the situation may
be fairly complex as shown in Figure 1.2. In this case, the
rotation of all the individual elements meeting at the joint
may be different from one another. This problem is a direct
result of the the low tensile strength of the jointing
material. Awni (1980), Chandrakeerthy ang Hendry (1983)

reported that substantial loss in rigidity at the joint may



v a
N td
Pd ™5 kN
yi A\
2 7SI, ,b
i \ /
ey
[ p—
-
-
|
-
oy
-
-
| o V4 A Y
2 2 0] | b
/
] \1E/
- -
= -
- -
- o
- -
- =
- -
- -
= -
- =
7 L

% e
!
e

a) Roof Joint

Y

/-J\

b) Floor Joint

Figure 1.1 Wall/Slab Frame Showing Problem Areas



a) Wall Axial Load Only b) Wall Axial Load and Slab Load ;

Figure 1.2 Wall/Slab Joint Distortions



result, depending on the relative stiffness of the slab to
the wall.

Various tests (Sahlin, 1959 and 1969; Maurenbrecher,
1972; Colville, 1977; Ferguson, 1979; Awni, 1980; Pacholok,
1980) have been conducted to identify the variables
affecting the behavior and strength of the joint. The major
variables known to affect the strength of the walls at the
wall/slab joint are:

1. the degree of fixity at the joint,

2. the level of precompression on the wall,

3. the slenderness ratio of the wall and

4., the relative stiffnesses of the slab and wall.

Most analytical efforts have been concentrated on
unreinforced masonry. Availability of tests on full-scale
masonry wall/slab joints tested to ultimate conditions will
provide further insights for a rational estimation of the
joint capacity of both reinforced and unreinforced masonry

wall construction.

1.2 Object and Scope
The main objectives of this research are:
1. to further study the behavior of concrete masonry walls
at a wall/slab joint at ultimate conditions
a. by providing additional data, especially at low wall
axial loading.
b. by studying the effect of cracking at the joint on

ultimate strength development of the walls



2. to provide design guidance at ultimate strength of the

walls from experimental and analytical studies.

1.3 Layout of Thesis

A review of the exisfing literature on the subject of
masonry walls and wall/slab joints is presented in Chapter
2. The purpose of this review is to establish the scope of
the available work on the major variables, so as to
indentify the gaps therein. Chapter 3 presents the column
deflection curve (CDC) analysis of masonry walls using a
bi-linear stress-strain relation for masonry. Also presented
is the interaction diagram approach based on effective wall
thickness. Straight line stress-strain relations for masonry
and modification factors on prism ultimate strength, f'm,
were used.

An experimental program designed to provide data at low
wall axial load in simple wall/slab joints and frames is
presented in Chapter 4. In Chapter 5, results of the test
program are presented and typical behavior during testing
described,

Chapter 6 discusses the behavior of the walls in
relation to the CDC analysis. Ultimate strength of the walls
are compared with predictions from ¢cDC analysis and wvarious
interaction diagrams. Using a computer-based analytical
studies, effective stiffnesses for the upper and lower walls
at a concrete masonry wall/slab joint of practical

dimensions are proposed in this chapter. A design proposal



is presented in this chapter, with its 1limitations clearly
spelt out.

Chapter 7 contains the major conclusions of the study,
with recommendations for the design of concrete masonry
walls at a wall/slab joint and proposals for future work.

A design example of an B-storey masonry wall structure
based on the proposed effective stiffnesses in this study is

given in Appendix A.



2. REVIEW OF LITERATURE

2.1 Introductory Remarks

This Chapter reviews the existing literature on
wall/slab joint behavior and design. The first part contains
a8 summary of previous theoretical and experimental studies.
The next section discusses the design procedures that
evolved from the various studies. The final section examines

the various failure patterns at a wall/slab joint,

2.2 Prior Research

The first reported investigation into the behavior of
the joint between a masonry wall and floor slab was by
Sahlin in 1959, Sahlin carried out tests on frame structures
of brick masonry walls typical of top and intermediate
Storeys at a constant ratio of wall precompression to floor
slab load. From the results of these tests, Sahlin proposed
a rigqid, perfectly plastic moment rotation relationship as
an approximation of the true behavior of the joint. 1In
Sahlin's presentation, the joint distortion, 9j, remains at
zero until a 'plastification moment', Mpl’ is attained. The
moment then remains constant at Mpl until the ultimate joint
rotation, eult’ is reached (Fig. 2.1). sahlin utilized the
continuity condition at the joint requiring that the slab
rotation esl be equal to the wall rotation 6, Plus the joint
distortiqn Gj to derive expressions for calculating the load

carrying capacity of the wall.



Figure 2.1 Joint and Idealized Moment Rotation Relationship
(Sahlin, 1959)
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In 1969, Sahlin reported results of tests on full-scale
statically indeterminate masonry wall/floor slab joints with
full and partial penetration of slab, as well as attic type
joints (Fig. 2.2). Sahlin found that the behavior of attic
type Jjoints and joints with partial penetration compared
closely with his proposed moment-rotation behavior. Joints
with full penetration slabs were found to exhibit limited
pPlasticity in their behavior. Sahlin (1971) later presented
approximate procedures for wall design based on his previous
studies. However, his expressions are complex and reguire
experimental determination of moment-rotation behavior of
various joint details before they can be utilized.

Risager (1969) developed equations for evaluating the
bearing capacity of linear elastic walls with no tensile
strength. A parabolic approximation of the deflection curve
with equal angles of rotation at the ends of an '"equivalent
column' was assumed. Bearing capacity and eccentricity of
the compressive force at the ends of the walls were
determined and illustrated graphically for walls with no
sidesway. Cracked and uncracked wall conditions with failure
by ultimate stress or buckling were considered. The angle of
rotation at the ends of the wall must however be known to
utilize Risager's curves.

Colville (1977, 1979) extended Risager's analysis to
include walls with different end eccentricities, bent in
single or double curvature. The curvature of the wall

obtained from the assumed parabolic deflected shape was



(a) Partial Slab Penetration (b) Ful! Slab Penetration

(c) Attic Type

Figure 2.2 Various Joints Tested by Sahlin (1969)
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approximated in order to obtain expressions for the
relationships between load, end eccentricity and end
rotation for stress and buckling failure conditions. These
expressions were used to derive wall rotation factors
depending on the wall eccentricity, slenderness and type of
curvature. The ultimate joint eccentricity was then derived
by considering compatibility at the joint using elastic slab
rotation and elastic wall rotation modified by a wall
rotation factor. A major assumption in the analysis was that
the ratio of wall to slab stiffness remained constant
throughout the loading range. 2 simplified design procedure
was presented from the analysis assuming infinite joint
stiffness for obtaining ultimate joint eccentricity. Stress
reduction factors depending on the calculated wall load
eccentricity and the slenderness ratio were presented for
design,

Colville and Hendry (1977) carried out a series of
tests on a two storey single bay load-bearing brick masonry
Structure to study the effects of wall precompression,
magnitude of floor live load and the sequence of loading the
wall and floor on wall/slab joint capacity. The results
indicated that a significant restraining moment could be
developed at the joint even at relatively low precompression
levels. It was also found that the degree of joint fixity
was not significantly affected by the magnitude of the floor
live 1load, particularly if the compressive stress was at

least 0.293 Mpa Increasing joint precompression was found to



12

increase the joint rigidity in a non-linear fashion; but the
sequence of loading was not found to greatly influence joint
restraining moment. Strength capacities of walls tested in
Colville's program and those from tests conducted by the
Brick Institute of America (Gross et al., 1969) were found
to correlate well with predictions based on Colville's
design procedure for precompression stress greater than
0.293 MPa.

Awni and Hendry (1979), Awni (1980) modified Colville's
expressions for the wultimate eccentricity at a wall/slab
joint to reflect further effects of joint precompression
based on test results. Awni and Hendry also extended the
semi-empirical relationship on ultimate eccentricity to the
case of masonry walls supporting two-way slabs, using moment
coefficients from ACI Standard 318-1963. A suggestion for
assuming two-thirds of total width as effective in two-wythe
hollow brick walls was also made. Results of tests on a
half-scale model of Colville's two-storey frame and a
full-scale three-storey two-bay structure earlier
constructed by Sinha (1977) were compared with wvalues
determined from Awni's expressions. Good correlation of
predicted eccentricities with test results was reported.
However, Awni noted that in the full-scale structure, with
ratio of floor/wall stiffness greater than 3, only about 30
percent of the maximum joint fixity could be developed

irrespective of the amount of wall precompression.
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Furler and Thurliman (1877), Furler(1980, 1981)
presented a technique based on a numerical analysis of the
wall system for predicting the behavior and strength of a
masonry wall/floor slab joint. The procedurg was used to
obtain moment-rotation characteristics of the wall using a
tri-linear stress-strain relationship for masonry and a
column deflection curve (cDC) technique. The masonry wall
was modelled as a series of rigid units and springy mortar
joints. A straight 1line moment-rotation relationship was
then proposed for the slab, the simplest of which joined the
point at full fixity to that at zero fixity. The moment
based on compatibility of rotation was then taken as the
failure moment of the joint. Furler and Thurliman tested 44
clay block walls under two different levels of axial load
and with enforced end rotation at one end to simulate slab
action on the wall. It was found that with increased axial
load, the angle of rotation of the wall increased at
cracking, but decreased at failure. Comparison of
theoretical and experimental relationships between end
eccentricity and end rotation was reported to be in fair
agreement.

Maurenbrecher and Hendry (1970, 1972) studied the
effect of wall precompression and mortar strength on the
behavior of masonry wall/floor slab joints. Their test
results showed that, within the elastic range,
precompression level had little effect on the degree of

fixity of the joint. In addition, it was observed that walls
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with lower strength mortar allowed more rotation of the slab
and had lesser ultimate joint moment. Analyses using
ultimate strength interaction curves were used to compare
information obtained from tests. Satisfactory comparisons
between analytical and experimental values were reported.

Sinha and Hendry (1877) investigated strains,
deflections and rotations resulting from 1loading a
full-scale, two-bay three-storey brick structure. The test
results indicated that for particular loadihg conditions a
brick structure could be idealized as a frame for the
purpose of calculating effective eccentricities and
effective heights. The effective eccentricities resulting
from floor loading were found to vary throughout the height
of the structure, and were lower than the theoretical values
calculated on the basis of uniform strain distribution and
full joint fixity. It was also found that the effective
height of a wall was related to its disposition in the
structure and the type of floor 1loading to which it was
subjected.

Carlsen (1969) (through Maurenbrecher, 1972) studied
the effect of length of bearing of slabs on the bearing
capacity of the joint and ultimate slab restraining moment.
The test results showed that the bearing capacity of the
wall was not affected by the bearing length of the slabs;
but a reduction in bearing length reduced the ultimate slab

moment.
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Germanino and Macchi (1977) carried out an experimental
study on ceramic block wall/concrete slab Structures to
investigate the reliability of a frame analysis using
suitable values of stiffness and idealizations of the
joints. From the test results and trial analyses, it was
suggested that suitable Strength and stiffness of members
could be deduced from tests on specimens of reduced size. It
was also suggested that models with reduced stiffnesses in
floors and walls or assumption of hinges in the critical
sections of floors could be used for practical analysis at
cracked stages or collapse.

Ferguson (1979), Pacholok (1980) and Tenende (1983)
tested full-scale wall/slab specimens of both block and
brick masonry, with cast-in-place and precast concrete
slabs. The effects of magnitude of wall precompression,
amount and details of wall and joint reinforcement, tie-back
and degree of slab penetration in the wall on the behavior
and strength of the joint were investigated. Both Ferguson
and Pacholok reported that the joint behaved as observed by
Sahlin., Ferguson classified the failure modes as compression
and tension types depending on the amount of joint
precompression, P. A balanced load Pbal was defined as that
load which produced maximum compression stress on one edge
and zero stress on the other edge. Both Ferguson and
Pacholok reported no significant change in failure mode for
reinforced or unreinforced walls, except for an increase in

joint capacity when reinforcement was present. Comparison of
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the test results with interaction diagrams derived from a
computer program developed by Hatzinikolas (1978) was found
to be satisfactory. The PFT program (Beaufait et al., 1970)
for a general purpose frame analysis was also used to
compare measured and theoretical rotations. Trial and error
techniques were used to obtain the cracked section
properties used in the computer analysis. Fair agreement
between theoretical and experimentally measured rotations
was reported.

Tenende reported increased ultimate joint strength when
walls made of brick or block masonry contained slab
reinforcement anchored into the wall rather than being
terminated in a U-bend in the slab. However, this detail
tended to make shear failure at the end of the slab
predominant.

Chandrakeerthy and Hendry (1983) reported tests on a
single bay, two-storey structure built of cavity wall
construction, with one set of cavity walls later replaced by
a single leaf wall. Results indicated that full fixity was
unobtainable in single leaf walls at any precompresion, but
a high degree of fixity was initially developed 1in the
cavity wall. Also, reported eccentricities in the single
leaf wall were found to be small at all precompression
levels because of high slab to wall stiffness ratio.

Rerup, Karuks and Huggins (1972) investigated strength
and relative rotations of the connection between reinforced

concrete walls and precast concrete floor panels which were
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loaded in bending and shear. The results showed that with
adequate prestressing applied at the joint, full structural
continuity can be obtained without providing poured-in-place

concrete for jointing.

2.3 Current Design Practices and Proposals

Present North American design procedure provides a
means of estimating the load bearing capacity of a masonry
wall provided the eccentricity of loading and the
slenderness ratio of the wall are known. 1In order to
calculate the eccentricity of floor loading, Gross, Dikkers
and Grogan (1969) suggest the use of a triangular stress
distribution on the bearing area of the wall for a 'hinged'
joint, or complete restraint when the floor is 'clamped'
into position. What constitutes clamping is, however, not
well defined. Current British practice (Hendry et al., 1981;
Curtin et al., 1982) recommends assuming a triangular stress
distribution on the bearing area for lightly 1loaded walls;
but recommends a partial frame analysis for cases in which
walls carry high precompression. Again, the distinction
between high and 1low axial 1load remains a matter of
judgement of the designer.

The Swiss Code (through Furler, 1981) provides wall
moment-rotation curves related to the wall axial load. Slab
interaction is simulated by drawing a straight line which
assumes full fixity of the slab at one end and full rotation

at the other end. The joint strength is obtained on the
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basis of the compatibility of rotation between the wall and

the slab.

2.4 Joint Behavior

Using statically determinate joint tests, various
Researchers (Maurenbrecher, 1972; Ferguson, 1979; Pacholok,
1980) have identified three main failure modes at the joint
as shown in Figure 2.3. Fig. 2.3(a) depicts an 'equilibrium’
failure mode typical of walls carrying low axial 1load. The
tendency is for both upper and lower walls to rotate away
from the slab as the joint opens up. With intermediate to
high axial loads, local crushing near the joint accompanied
by splitting along the face of the  wall may produce the
failure mode shown in Figure 2.3(b). A combination of the
above two failure modes may also occur within this range of
axial loading. The third failure mode shown in Figure 2.3(c)
is due to extensive tensile cracking in the slab with the
wall remaining relatively intact; or a combination of wall
splitting and slab tensile failure.

Ferguson and Pacholok have observed that these failure
modes are the same for reinforced and  unreinforced walls.
The only difference is in the axial and moment capacities at
the joint. These researchers and others have also noted the
differential rotation between the walls and the slab at the
joint during inelastic deformation stages. It is the effect
of this differential rotation on the strength the joint that

needs to be examined further.



(a) Equilibrium Failure (b) Splitting and Local Crushing
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(c) Slab Failure

Figure 2.3 Joint Failure Modes

19



20

Colville (1977) has noted that the assumption of a
triangular stress distribution in the wall is an
oversimplification, and that there is little indication that
the resulting errors are on the conservative side if this
assumption 1is wused for design. Awni(1980), Chandrakeerthy
and Hendry (1983) have also observed that full fixity at the
joint cannot be attained however high the axial load may be.
Colville's design procedure is valid for unreinforced walls
only and has not been tested extensively.

The CDC procedure presented by Furler and Thurliman
seems to give good insight into the behavior of the wall
under different levels of axial load. However, the
interaction of the slab and the wall needs to be
investigated further in order to adequately predict ultimate
strength at the joint.

The research effforts in this thesis will be directed
at furhter wverification of available procedures through
tests to ultimate strength. This is with a view to evolving
a design procedure capable of predicting ultimate strength
of both reinforced and unreinforced walls at the wall/slab

joint.



3. WALL/SLAB JOINT BEHAVIOR AND STRENGTH

3.1 Wall Behavior and Strength

In this chapter, the behavior and strength of masonry
walls are examined using a numerical analysis procedure and
strength interaction diagrams. The effect of the interaction
between the walls and the slab on the limiting strength at

the joint is also examined.

3.1.1 Column Deflection Curve Technique

The rotations of a masonry wall can be considered as
concentrated at the mortar joints, with the masonry units
acting as rigid members. A numerical analysis procedure
using the column deflection curve (CDC) approach can then be
used to study the behavior of the wall under combined axial
load and bending moment. This procedure is similar to that
proposed by Furler (1981). This representation of the wall
is shown in Figqure 3.1.

The CDC technigque has been applied to steel and
reinforced concrete respectively by Galambos (1965) and
Nathan (1972). The procedure takes into consideration the
geometric and material non-linearity of the element under
consideration.

A column of an arbitrary length under the action of a
given axial 1load P may occupy an infinite number of
equilibrium configurations as shown in Figure 3.2, a

particular confiquration is uniquely defined by the load and

21
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some parameter such as the end slope. Such a configuration
is termed a column deflection curve (CDC). The shape of a
guarter wavelength ch is representative of the entire
configuration of each CDC.

Considering any two points A and B as shown in Figure
3.2, the moments in the column are PeA and PeB, where e, and

e. are measured from the thrust line. Thus for any column of

B
length L_ (the distance between points A and B measured
along the thrust 1line) carrying the given load P and end

moments Pe, and PeB, the segment of the CDC between points A

A
and B represents a possible equilibrium configuration of
that column.

Now consider a column of length L. with fixed load P
and increasing equal end moments as shown in Figure 3.3. To
obtain the wvalue of maximum end moment, a number of CDC
half-waves for load P are located on a common centre line as
shown in the figure. Depending on whether the length of the
column is L. or Heo the limiting end moment could be a

stability criterion for column length H, or material failure

criterion for column length Lc.

3.1.1.1 Construction of Column Deflection Curves
CDC's are usually constructed numerically. Any one
CDC can give information about an infinite combination
of end moments, some of which are shown in Figure 3.4.
The method of construction as given by Galambos
(1965) is briefly described below:

1. Let the displacement of a CDC from the thrust line
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be y, and the distance along the thrust line be x.
Then expanding y(x) in a Taylor's series about some

point x, leads to:

Y(Xo+Ax) = y(xo)+y'(x,)(Ax) +
(1/2)y" " (xo) (Ax) 2+, ..

where primes indicate differentiation with respect
to x. But y' is the slope 6 of the CDC, and y'' is
an acceptable approximation of the curvature ¢,
Thus, 1if we truncate the series after three terms
(equivalent to assuming constant or circular
curvature within Ax), we obtain:

y(xo+Ax) = ¥$

Xo) + 6(x,)(Ax)+
/2)¢(x0) (Ax) 2 (3.1)
Similarly, expanding the slope y'(x) in a Taylor

series about x, we have:
y'(xo+Ax) = Y'(Xo)+y' " (x,) (Ax) +

(1/2)y' " " (xo) (Bx) 2+, ..

And, introducing the same notation, and truncating
at a corresponding point after the y'' term, we

obtain:

6(xo + AX) = 6(x,) + ¢(x,)(Ax) (3.2)

For a given value of P, it isg possible to construct

a curve of moment M versus curvature ¢ for a
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particular cross section. Then, if x, is a point of
zero displacement and therefore of zero moment and
curvature ¢, a selected value of 6(x,) may be
inserted into Equations 3.1 and 3.2 to yield y, and
6, at x,=Xo+Ax.

4. The moment curvature relation for the cross-section
and material may then be used to obtain ¢, from
M,=Py,, and we then have all the necessary
information to use Equations 3.1 and 3.2 to proceed
from x, to x.,=x,+Ax.

5. By repeating this process for successive stations
along the thrust line until the slope 6 reduces to
zero, we obtain the configuration of a quarter
wavelength of the CDC for the particular selected
values of end slope and thrust for the given column

cross section.

3.1.1.2 Construction of the Moment-Curvature-Load
(M-¢-P) Curves
M-¢-P curves are constructed using a numerical
analysis procedure (Pfrang et al., 1964) , based on an
assumed stress-strain relationship for masonry. The
procedure is outlined as follows:
1. A value of P is selected
2. A value of the curvature ¢ is chosen
3. A series of compression strain values are then
studied, beginning from the assumed maximum strain
on the cross-section, This then determines the

neutral axis and the strain distribution throughout
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the depth of the member.

4. The stress distribution across the depth of the wall
is determined from the assumed stress-strain curve
for masonry.

5. The axial 1load corresponding to each stress
distribution is evaluated.

6. The calculated axial load is compared with the
selected axial load, and agreement is sought within
0.1% error.

7. When the selected value of axial load is bracketed,
the moment corresponding to this particular ~stress
distribution is then evaluated by integration.

8. The above procedure is then repeated for another
value of ¢ to trace a complete M-¢-P curve,

9. Another value of P isg selected and the entire
procedure is repeated for this new axial load.

Figure 3.5 illustrates the technique of obtaining

the M-¢-P curves graphically,

3.1.1.3 Application of CDC Technigue to Masonry walls

In applying Equations 3.1 and 3.2 to masonry walls
in this study, segment length, Ax, is defined as the
distance centre-to-centre of mortar joints.

Figures 3.6 to 3.8 show the graphical application
of CDC's to the solution of combined axial load and end
moments for walls of wvarious curvatures (single and
double curvature bending, with equal or unequal end
eccentricities) when spanning between floor slabs. The

wall is used to fit the CDC curves depending on its
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Figure 3.6 Single Curvature Bending with Equal End
Eccentricities (Furler, 1981)
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boundary conditions and height. The actual rotation at
the end of the wall » can then be determined

geometrically as:

+ 6, = v (3.3)
or

(3.4)

A
LI}

where 7, = (e, - eB)/H or eA/H depending on the type of

A
curvature; 6 is the end rotation from the numerical

A
analysis, e, and ey are the end eccentricities and H is
the height of the wall.

In a simplified building with load carrying walls
and 1loaded slabs, an external wall can usually be
divided into two parts separated at the point of
inflection as 1illustrated schematically in Figure 3.9
(sahlin, 1971). The moment-rotation relationship can
thus be obtained for one part consisting of a wall
centrally loaded at one end (at the inflection point)
and eccentrically loaded at the other end (at the slab
ehd). This configuration corresponds to that shown in
Figure 3.7. The masonry walls analysed in this study
have similar CDC's but the walls fit below the maximum
moment point of the CDCs as shown. Hence, the actual end

rotation of each wall is

-6 (3.5)



Figure 3.9 Simplified Building with Load Carr
Loaded Slabs {Sahlin, 1971)

ying Walls and
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3.1.1.4 Computer Codings

The CDC technigue has been coded for computer
analysis of the masonry walls as described above. The
program contains a M-¢t-P subroutine that generates an
M-¢t curve for a particular axial load, P, by iterating
to convergence at 0.1% error in P. This subroutine 1is
called by a main program which uses one M-¢t-P curve at
a time to generate a series of CDC's for chosen
parameters until material failure or instability is
reached. Bilinear inelastic stress-strain relations are
used to approximate the actual stress-strain
relationships for grouted and ungrouted concrete masonry
prisms (Yokel et al,, 1971; Hamid, 1978). The strain on
the cross-section is 1limited to 0.002 for wungrouted
masonry and 0.0015 for grouted masonry. The assumed
stress-strain relations for the analysis are shown in
Figure 3.10. The cross-sections, nomenclatures and flow
charts for the computer program are detailed in Appendix
B1. The listing of the program is given in Appendix B2.

Figures 3.11 and 3.12 show the relationship between
wall moment and end-rotation obtained using the CDC
technique for unreinforced and reinforced walls. The
parameter a is the effective wall thickness factor. The
total thickness of the hollow cross section is
equivalent to 2at, where t is the total solid section

thickness.
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3.1.2 Interaction Curves

The use of interaction diagrams to predict failure
loads for masonry walls under combined axial load and moment
is well documented in the literature. The use of a straight
line stress-strain diagram gives a simple approach to
predicting the lower limit of strength of concrete masonry
or brick walls when appropriate parameters from small scale
tests are used. To predict strength when significant bending
moment is involved (e/t greater than 1/6), Yokel et al.
(1971) observed that the use of a straight line
stress-strain diagram with a modification factor, a, applied
to masonry ultimate strength, f'm, correlated better with
test results than the use of a rectangular stress block. The
term a is a coefficient which depends on the strain gradient
in the cross-section at fialure. Based on experimental
observations (Yokel et al. (1971); Fattal and Cattaneo,
1976), the compressive strength in flexure, af‘m, derived
from linear stress distribution in the cross-section at
failure exceeded the compressive strength, f'm, developed in
axial compression by a significant margin. The modification

factor for depends on load eccentricity, and Yokel et

o
al. found that it varied between 1.4 and 2.4 at e/t of 1/3.
An average modification factor of 1.54 was suggested by
Yokel et al. when e/t exceeds 1/6. Yokel et al. recommended
that the interaction diagram drawn on the basis of af‘m can
be completed by a straight line connecting the intersection

of the curve with the e/t=1/6 line and the maximum value of

the axial load on the load axis.
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Figure 3.13 shows interaction diagrams for unreinforced
200mm thick walls, using values of modification factor, a,
of 1.0, 1.5 and 2.0 applied to prism f'm. The value of a for
hollow masonry wall is taken as 0.28. Figures 3.14 and 3.15
show the interaction diagrams for values of a equal to 0.41
and 0.50 for reinforced walls with three voids and five
voids grouted per metre width of wall., Values of gross area
vertical reinforcement ratio, pg, of 0.00108 and 0.00374 are
assumed with modification factors of 1.0, 1.5 and 2.0

applied to prism f'm in each case.

3.1.3 Equilibrium Failure Theory
Maurenbrecher (1972) described an 'equilibrium failure’
at an unreinforced wall/slab joint as failure resulting in
simultaneous separation of the upper and lower walls from
the slab (Figure 2.3(a)). Using simple mechanics  and
assuming equal moments in the upper and lower walls at the
joint at failure, the following expression for maximum slab

load was derived:

“smax te (3.6)

P, L +t/(2q)

where Pu is the upper wall axial load; PSmax is the maximum
slab load; L is the distance from the slab load to the
center of the wall; t is the wall thickness; h is the slab

depth; g = 1/(1+h/2H) and H is the wall height,
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3.2 Strength of a Wall/Slab Joint

Studies of masonry wall/slab joints indicate that the
stiffness of a wall at the joint is significantly influenced
by the level of axial load on the wall. In fact, the extent
of cracking in the wall, which further influences the
stiffness, is also influenced by the level of axial 1load.
Another major factor influencing joint strength is the ratio
of slab to wall stiffness at the joint, |

For estimating stiffness, EI, of a slender masonry
wall, Yokel et al. (1971) proposed the following approximate

relations:

EI 1.n (3.7)

when section cracking is not a very significant factor.

or
El = EiIn(O.Z + P/Pb) < O.7EiIn (3.8)

when section cracking is significant.
E. is the initial tangent modulus of elasticity; I, is the
moment of inertia of the uncracked net section; P 1is the
axial 1load on the wall: ang Pb is the short wall axial
compressive load capacity. Fattal and Cattaneo (1976)
reported that Eguation 3.8 in the region of P/Pb>0.50 was a
good approximation for brick prisms, but underestimated the
EI for eccentrically loaded block prisms.

In a study of buckling loads of concrete masonry walls

Hatzinikolas in 1978 proposed that for eccentrically loaded
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reinforced or unreinforced concrete masonry the following

equation may be used for estimating wall stiffness, EI:

EI = ZEmIn(1/2—e/t) (3.9)

where E_ is the modulus of elasticity of masonry,

recommended by Hatzinikolas as 750f' e is the eccentricity

m’
of loading; and t is the wall thickness. Equation 3.9 is
found to give conservative estimates of EI when e/t is large
(Ferguson, 1979 and Pacholok, 1980).

The effect of the ratio of slab to wall stiffness, 8,
on the maximum joint moment can be determined from standard

strutural analysis or approximated by the following equation

(salvadori and Levy, 1967):

3MF

R = 3% 28 (3.10)

M

where Mp is the rigid frame moment and Mg is the fixed end
moment resulting from the applied loads.

The problem of wall limit strength at the joint is then
reduced to that of finding the effect of wall axial load on
upper and lower wall stiffnesses, provided the joint
precompression is adequate. A rational determination of the
upper and lower wall effective stiffnesses at the limit of
joint moment can lead to provisions for design of the walls

at a wall/slab joint. This aspect is further discussed in

Chapter 6.



4, EXPERIMENTAL PROGRAM

4.1 Introduction

The experimental program was designed to provide
additional data on concrete masonry simple wall/slab joints
at lower wall precompression. Frame type specimens were
designed to provide some replicates, and also to provide the
additional benefit of testing full span slabs. For these
reasons, four full-scale wall/slab joints (Type I Specimens)
and two H-type wall/slab frames (Type II Specimens) were
tested. Axial load on the walls varied from a 1low of 100
KN/m to a high of 400 kN/m, corresponding to two-and-half to
ten storeys of gravity loads in usual loadings and spans.

The specimen dimensions were chosen so as to simulate
half-storey walls above and below a slab based on the
assumption of a point of inflection at mid-height of wall in
double curvature bending. Elevation views and dimensions of
the specimens are shown in Figures 4.1 and 4.2,

All slabs were 200 mm thick and 1000 mm wide. The total
length of the cantilever slabs was 1000 mm, giving a
distance of 850 mm from slab load application to the center
of the wall., The slabs of Type II specimens had a total
length of 5075 mm with a distance center-to-center of walls

of 4675 mm,

4.2 Materials and Material Properties
All test specimens were built from commercially
available materials, typical of those commonly used in

masonry building construction in Edmnonton,

47
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4.2.1 Concrete Block Units

The standard units used in the construction of all
specimens were nominally 200 mm x 200 mm x 400 mm stretcher
blocks, 200 mm x 200 mm x 400 mm corner blocks, and 200 mm x
200 mm x 200 mm half blocks. The wunits are shown
schematically in Figure 4.3. Five of each unit type were
measured and tested in compression in the MTS machine. Some
standard-corner units (standard format at one end, corner
format at the other) were mixed with the normal standard and
corner units. The results showed that strength variation
from one unit type to the other could be significant. The
average compressive strength of all the 15 units are

summarized in Table 4.1.

4.2.2 Mortar

Type S mortar mixed in accordance with CSA standard
A179M - 1976 was used in all specimens. The mix proportions
by volume were 1 part normal Portland cement, 1/2 part
hydrated lime and 4 parts masonry sand. The mortar was mixed
in an electric mixer to a job site consistency, with water
added as necessary. A total of 34 - 50 mm mortar cubes were
made during construction of the test specimens. Eleven cubes
were soaked in lime wuntil tested, in accordance with CSA
Standard A179M-1976. The remaining 23 were cured similarly
to the wall specimens i.e. air-dried. All mortar cubes were
tested at 28 days. Table 4.2 shows the results of the

lime-soaked mortar tests.
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Table 4.2 Mortar Test results

Mortar 1D |Crushing Load|Compressive Strength Type
KN MPa

MCO1 23.50 9.40 Lime Saturated
MCco2 23.20 . 9.28 Lime Saturated
M203 23.75 9.50 Lime Saturated
MCO4 32.60 13.04 Lime Saturated
MCOS 28.00 11.80 Lime Saturated
wCot 27.50 11.00 Lime Saturated
¥Co7 25.00 10.00 Lime Saturated
MC08 27.00 10.80 Lime Saturated
MCOo8 28.50 11.40 . Lime Saturated
mC10 25.00 11.60 Lime Saturated
MC11 21.00 8.40 Lime Saturated

X 10.54

S 1.35

v
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4,2.3 Grout

The grout mixture was proportioned using 10 mm pea
gravel, normal Portland cement and concrete sand. The mix
proportions by weight were 1 part Portland cement, 3.92
parts sand, 2.78 parts pea gravel, and a water cement ratio
of 1. These proportions are in accordance with
CSA-A179M-1976. Ten grout cylinders were cast and tested at
28 days to determine the grout strength. The specimens wvere
grouted in two batches, with 5 grout specimens taken from
each batch. The results from the grout tests are shown in
Table 4.3. The lower strength of the grout, compared to the
unit strength, may be attributed to the non-absorbent moulds

used in grout sampling.

4.2.4 Concrete

All slabs were cast on the same day using the same
batch of ready mixed concrete with a specified slump of 100
mm to 150 mm and a specified minimum 28 day strength of 25
MPa. The maximum agggregate size was 20 mm. A total of 12 -
150 mm concrete test cylinders were also cast and were
tested in accordance with CSA Standard CAN3-A23.2-M77.

Results of the concrete tests are given in Table 4.4.

4.2.5 Reinforcing Steel

20M deformed bars were used as tension reinforcement in
the slabs. 10M bars were used as stirrups and as slab
distribution steel. 15M bars were used as vertical
reinforcement in the walls. All reinforcing bars were from

the same heat and had a minimum specified yield strength of



Table 4.3 G-out Test results

Grout 1D Crushing Load|Compressive Strength Type
KN MPa

GLO! 177.50 10.04 First Batch
GLC2 180.25 10.77 First Batech
GLC3 175.00 8.90 First Batch
GLO4 167.50 g.48 First Batch
GLO5 172.50 8.76 First Batch
GLOS 215.00 12.16 Second Batch
GLO7 260.00 14.71 Second Batch
GLOB 250.00 14.14 Second Batch
GLO® 205.00 11.60 Second Batch
GL10 205.00 11.80 Second Batch

X 1142

) 1.82

4 0.16
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Table 4.4 Concrete Test results

Concrete 1D|Crushing Load Compressive strength
KN MPa

CSO1 507.50 28.71
€s02 510.00 28.86
€cs03 490.00 27.72
Cs04 508.00 28.75
Cs05 505.00 28.58
Cs06 455,00 25.75
CsS07 430.00 27.72
Cso8 505.00 28.58
Cs08 520.00 29.42
Cs10 , 526.00 29.77
CStt 507.50 28.72
Ccs12 510.00 28.86

X 28.44

) 1.03

Vv 0.04
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400 MPa. No joint reinforcement was used in any of the
walls. Table 4.5 shows the average properties of the

reinforcing bars.

4.2.6 Prisms

Eight single block prisms and eight one-and-half block
prisms, each three blocks high as shown in Figures 4.4 ang
4.5, were built at the same time as the full-scale specimens
using the same techniques as for the walls. Four fully
grouted prisms and four ungrouted prisms were built and
tested for each type of wall specimen,

The ungrouted prisms generally failed by tensile
splitting occurring first on the sides, and then spalling of
the face shell. The grouted prisms failed by splitting
initially at the faces followed by complete separation of
the grout from the units at failure. Plate 4.1 shows the
typical failure of an ungrouted prism.

The ungrouted prisms which were 1—1 blocks wide produced
the lowest average net compressive strgngth of 7.4 MPa while
the highest average net compressive strength of 10.7 MPa was
attained by the grouted single block prisms. The overall

average compressive strength of all prisms was 8.8 Mpa.

Table 4.6 gives a summary of the prism test results.



Table 4.5 Properties of Reinforcing Bars
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Rewnforcing

Yield Strecs

Yyield Strain

Ultimate Stress

Young's Modulus

Ber MP a mm/mm MPa MPa

10OM 425 0.00261 640 192 300
15M 400 0.00208 665 194 200
20M 400 0.00210 €77 195 000




Table 4.6 Prism Test Results

Prism 1D Crushing Load Net Area Type
Compressive Strength
kN MPa

PA10O1 369. 1 9.20 Ungrouted, Type 1
PA102 419.3 10.45%5 Ungrouted, Type 1
PA10O3 35t1.2 8.73 Ungrouted., Type 1
PA10O4 246 .3 6. 14 Ungrouted, Type 1
PA201 481.2 7.92 Ungrouted. Type 11
PA2C2 451.8 7.44 Ungrouted. Type 11
PA203 421.6 6 .89 Ungrouted, Type 11
PA204 450.0 7.41 Ungrouted. Type 11
PB10O1 855 .3 11.48 Grouted. Type 1
PE102 6€40.3 8.62 Grouted, Type 1
PE 103 887.3 11.94 Grouted, Type 1
PE 104 807 .4 10.87 Grouted, Type 1
PE201 1040.7 9.24 Grouted. Type 11
PE202 851 .4 7.59 Grouted., Type 11
PE203 1002 .3 8.80 Grouted. Type 11
PE204 8383 .4 7.94 Grouted., Type 11

X 8.80

S 1.67

Y 0.19
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Plate 4.1 Typical Failure of Ungrouted Prism
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4.3 Masonry Properties

4.3.1 Compressive Strength

4.,3.1.1 Unit-Mortar Method

The ultimate compressive strength of the «concrete
block masonry at 28 days, f'm, was determined by the
Unit-Mortar method described in Clause 4.3.3 of CSA
Standard S304-M78. Using the average compressive
strength of 15.5MPa for the 15 units tested and Type M
mortar, the value of f'm obtained from Table 3 of CSaA

Standard $304 was 10.2 MPa.

4,3.1.2 Prism Test Method

The Prism Test method for determining f'm is
described in Clause 4.3.4 of CSA Standard $304-M78. The
h/t value for all prisms was 3.16. Using the overall
average compressive strength of 8.80 MPa for the prisms
and a correction factor of 1.2 for h/t of 3 from Table 1
of CSA S304-M78, the compressive strength of masonry was
found to be equal to 10.5 MPa.

1t is observed that the values of f'm obtained here
correlates very closely with that obtained by the Unit

and Mortar method, despite the difference in the grout

and unit strengths.

4.3.2 Stress-Strain Relationship
Figures 4.6 and 4.7 show the stress-strain relationship
obtained for ungrouted and grouted concrete masonry prisms.,

Strain measurements indicated high lateral expansion on both
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sides of the ungrouted prisms. Strain measurements could
only be taken up to approximately 70% maximum load for the
ungrouted prisms, whereas measurements could be taken up to
90% maximum load or more for the grouted prisms. This
difference was due to the more sudden failure of ungrouted
prisms. From a linear tegression analysis of the data, the
modulus of elasticity was 77Of'm for the ungrouted prisms

and 960f'm for the grouted prisms.

4.4 Construction of Full-Scale Specimens

The full-scale specimens were constructed and cured in
the laboratory for a duration of approximately two months
before testing.

All walls were constructed by an experienced mason
using techniques typical of good workmanship with
supervision. Each course of the wall consisted of one
standard, one corner block and one half block in running
bond. The bed and head joints were of 10 mm face shell
mortar cut flush and then tooled. The mason kept the outer
face of the wall in alignment wusing horizontal line and
level. Two Type I and one Type 1II specimens had
reinforcement in the walls with all cores fully grouted. The
specimen details are given in Table 4.7.

The construction procedure for a typical Type I
specimen was as follows:

1. The first course was 1laid on fresh mortar placed on
paper on the laboratory floor. This course included
clean out holes for the reinforced walls or was fully

grouted for the unreinforced walls.



Table 4.7 Details of Full-Scale Specimens
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Specimen Grouting Reinforcement
Wall Slab Stirrups
WSA100 Ungrouted None . 4-20M 3-10M
WSA400 Ungrouted None 6-20M 3-10M
FRA150 Ungrouted None 3-20M T 12-10W
4-20M B
WSB100 Grouted 3-15M 5-20M 3-10WM
WSB400 Grouted 3-15M 8-20M 3-10M
FRB100 Grouted 3-15M 4-20M T 12-10M
7-20M B
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2. The next six courses were then constructed. For the
unreinforced walls, styrofoam pieces were placed in the
sixth course from the bottom of the wall to allow only
one course to be filled with slab concrete. The
reinforced walls had reinforcement placed in three
alternate cores before grouting all cores solid up to
the sixth course from the bottom of the wall.

3. The slab forms were erected 7 days after the lower walls
were constructed.

4. The slab reinforcement was placed; slab concrete was
poured and vibrated,then covered with polyethylene
sheets for 7 days.

5. The top seven courses were laid on the slab after 24
hours of curing and reinforcement was placed in those
walls designated for reinforcement.

6. All seven courses in the reinforced walls were grouted
solid, but only the top and bottom courses in the
unreinforced walls were grouted.

The only difference 1in the construction of Type II
specimens was that the walls were built on the end fixtures
used in the test set-up.

All slabs were reinforced so as to ensure failure in
the wall prior to slab failure. The reinforcing bars were
terminated with U-bends providing minimum cover in the slab
to prevent slab end shearing during testing. Nominal
stirrups were placed in the slabs to act as shear
reinforcement. The reinforcement details at a typical joint
and in the slabs of Type 11 specimens are shown in Figures

4.8 and 4.9 respectively.
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4.5 Test Set-Up

The MTS hydraulic testing machine with a capacity of
about 6.7 x 10¢° N in compression, and capable of maintaining
a preset load to 240 N was used for applying compression
load to the prisms and the walls of Type I specimens. The
compression load on the full-scale specimens was applied
through a channel-roller system weighing 2.1 kN. Figure 4.10
shows the loading arrangement for Type I specimens.

The vertical load on the cantilevered slabs was applied
through two jacks, each having a capacity of 100 kN. for
Type 1 specimens. The jacks were anchored to the laboratory
strong floor and load was applied through an assembly below
the slab. The assembly consisted of two channels
transmitting the load through 4 higﬁ tensile rods to two HSS
sections placed at the edge of the slab. The slab load was
applied at a distance of 850 mm from the centerline of the
wall. Two tension 1load cells of 90 kN capacity each were
placed between the jacks and the Channels below the slab.
Figure 4.f1 shows the slab loading details. Steel angles at
the top of the wall and at the wall/slab joint provided
lateral restraint perpendicular to the plane of the wall.

Type 11 specimens were tested in the location where
they were constructed. A test frame consisting of steel
columns and built-up beams was constructed for the purpose
of applying precompression load to the walls and preventing
sidesway movement of the wall/slab frame. The wall 1loads
were applied by two 1800 kN capacity hydraulic jacks. The
air driven motor hydraulic system used to operate the jacks

for applying wall loads to Type II specimens and all the
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slab loads was accurate to t1%. The slab was line loaded at
two points spaced 1200 mm apart and sy mmetrical about the
centerline of the slab. The line loads were applied through
two 270 kN hydraulic center pull rams. The line loading
arrangement was similar to that used for Type I specimens. A
45 kN capacity jack was positioned at each end of Type 11
specimens to prevent sidesways. Load cells were attached to
these jacks to measure the sidesway forces. Figure 4.12
shows the elevation view of the loading arrangement. Plate

4.2 shows a partial view of the test set-up.

4.6 Instrumentation

4.6.1 Prisms

Vertical deformations were monitored by the movement of
the MTS machine head. For a more accurate vertical strain
measurement, a Demec gauge was used to measure strains
across two mortar joints. Measurements were made on each
face of the prisms over a length of 254 mm between a pair of
Demec points. Figure 4.13 shows the instrumentation of the

prisms,

4.6.2 Full-Scale Specimens
Instrumentation for Type 1I specimens is as shown in
Figure 4,14, Vertical deformations of the walls were
monitored using the MTS machine. Horizontal deflections were
measured at each of the two courses above and below the
slab, at the mid~height and on the top and bottom courses of

the wall. LVDT's measuring to an accuracy of 1/40 mm or 1/80
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II Specimens



®

|
ﬂg

(a) Type I Prism

®

(b) Type IT Prism

Figure 4.13 Location of Demec Points on Prisms

75



76

I

| ——|

=

—— Legend
o ©  vuvoT

A== @ Strain Gauge

O (:) jzs:) ——=——x Rotation Meter
L

P
b et |
"

. |

SO0 ¢

300 200

Instrumentations on restraint bars and

reinforcement ommitted for clarity.

Figure 4.14 Instrumentation of Type I Specimens



77

Plate 4.2 Test Set-Up for Type II Specimens
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mm were placed at the end of the slab, at each of the end
courses, and at the courses immediately above and below the
slab for monitoring rotations and joint displacements.
LVDT's measuring to 1/12 mm were used at the other locations
on the wall. LVDT's on the walls of Type II specimens were
placed closer to the mortar joints where rotations tended to
concentrate., This slightly different arrangement is shown in
Figure 4.15. LVDT's were also placed on the slab (2 on Type
I and 5 on Type II specimens) to monitor slab deflection as
well as to act as a check on the rotation of the slab. The
LVDT's were attached to the wall or slab with thin wires.
Rotations of the walls and the slabs at the joint were
measured by means of mechanicai rotation gauges or
determined indirectly from deflection measurements obtained
from LVDT's. The rotation gauges employed a bubble centering
mechanism on a lever arm of 381 mm for the walls and 470 mm
for the slab in Type I specimens. A constant lever arm of
610 mm was used in connection with the LVDTs for measuring
rotations in Type II specimens. Strains on the both faces of
the wall one course above and below the slab, across the
mortar joints, were measured using a Demec strain gauge with
a gauge length of 204 mm., Strains in the middle reinforcing
bar in the wall and in one bar at the top or bottom position
in the slab were measured using electrical resistance strain
gauges mounted on the bars. The position of the strain
gauges on the wall steel coincided with the mortar Jjoints
~across which strains were being measured on the both faces
of the wall. Also, electrical resistance strain gauges were

mounted on the restraint angles at the wall/slab joint in
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Type 1 specimens, ahd the end restraints of the walls of
Type I1 specimens.

Vertical loads on the walls were read directly on the
MTS machine for Type I specimens. For Type II specimens, 450
kN capacity load cells were used for measuring the wall load
and 225 kN capacity load cells were used for measuring the
line loads applied to the slab.

The strain gauges and LVDTs were powered by a co mmon
power supply producing output in the range of 6 volts. The
load cells were powered by a 10 volt source. The analog
signals from the devices were converted into digital form by
a digital voltmeter controlled by an interactive Fortran
program in the Data General computer in the Structures
Laboratory. This allowed measureﬁents to be monitored and
read into storage during testing. At any particular 1load
level, all output was measured and recorded automatically
with the exception of the manual readings. The interactive
Fortran program allowed for monitoring the deformation and
control of loading during the test. After completion of a
test, the data were printed on a hard copy terminal, stored
on a magnetic disk and later transferred to the Amdahl 470

computer for further processing.
4,7 Testing Procedure

4,7.1 Prisms
All prisms were tested in axial compression. Soft fiber
boards were placed at the top and bottom of the prism to

distribute the load over the total area. Load was applied in
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increments of approximately one-twentieth of the estimated
failure 1load for each prism. At each increment, strain
readings were taken and recorded on both faces of the prism
using a 254 mm Demec gauge. Loading and measurements were

continued until crushing occurred.

4.7.2 Full-Scale Specimens

4.7.2.1 Placement of Specimens

Type I specimens were transported to the MTS
machine in a clamping device consisting of two frames
connected by steel rods. The frames, constructed of
C180x15 sections, had a shape identical to the shape of
the wall profile. The frames were placed on two sides of
the wall and a compressive force applied by tightening
nuts on the rods. Rubber pads were placed between the
channels and the specimen at various locations to
prevent damage to the wall. The specimens were then
lifted by a 100 kN overhead crane by means of four
chains located at the top of the wall and the end of the
slab on each side of the specimen. The 1lengths of the
chain were adjusted prior to lifting to maintain the
slab in a horizontal position when the wall was lifted.

The specimen was guided into the testing machine
using the overhead crane and two 10 kN chain hoists. The
bottom plate of the channel-roller assembly was placed
on a 10 mm layer of plaster of Paris to ensure that
loading was distributed evenly. The wall was set on

pPlaster in the bottom channel-roller assembly in a plumb
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configuration while the plaster was allowed to set.

A temporary support was placed under the slab to
provide stability. The clamping frames were then removed
and the top channel-roller assembly plastered into
place. A 10 kN load was applied to the channel to
provide an even set of the plaster and overall stability
of the specimen. Out-of-plumb readings were taken and
the slab loading apparatus, the joint restraining
assembly and the measuring devices were connected.

For Type II specimens, the bottom walls were cast
into the bottom channel roller assembly. After stripping
the slab form, a temporary line support was placed at
the midspan of the slab to prevent rotation due to slab
dead load. Out-of-plumb readings were then taken. Table
4.8 shows the out-of-plumb readings measured on the full
scale specimens. When it was time to test the specimen,
the top channel-roller assemblies for both walls were

plastered into place.

4.7.2.2 Load Application

The same procedure was followed for load
application on both Type I and Type II specimens. With a
10 kN load applied to the walls, the temporary slab
support was replaced by a 45 kN capacity jack and load
cell as shown in Plate 4.3. The load cell was connected
to a strain indicator so that the 3jack supported the
weight of slab plus the loading assembly. This was an
attempt to keep the slab level during the application of

the axial load. Bolts were then removed from the



Table 4.8 Out-of-Plumb Measurements

§3

Specimen Axial Load Maximum Out of Plumb=

Upper Wall Lower Wall

KN mm mm

FRA150*x

+5 SE 0 Sw 0 SE 0 Sw
FRB100 100 +15 SE +10 NW +3 NE -5 Nw

+5 SE 0 Sw +6 SE  +4 Sw
WSAT100* == 100 +3 N +5 S +3 N  +8 8
WSA400 400 +12 N +6 § +13 N +8 §
WSB100 100 -2 N +3 § -2 N +3 5§
WSB400 400 -2 N +7°§ -5 N +7 5§

* A positive

wall

leans

** FR implies
A implies
B implies

*** WS implies

N implies
S implies

out-of-plumb indicates that the top
towards the siab.

frame specimen (Type I11)
unreinforced walls

reinforced walls

single joint specimen (Type 1)

north wal)
south wall



Plate 4.3 Temporary Adjustable Slab Support for Type I
Specimens

84
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channel-roller assemblies to produce in them pin-ended
joints. All initial readings were taken at this time.
The wall axial load was then applied in 5 increments up
to the predetermined level, with instrumentation
readings being taken at each incremeht. As the axial
load was increased on the wall, efforts were made to
keep the slab level by controlling the readings of the
load cell of the temporary support. After the required
axial wall load was reached, the temporary slab support
was removed and all readings were taken again. The wall
axial loading was continuously monitored and kept
constant throughout the test off each specimen. The slab
loading was then applied in approximately 20 increments
to the estimated maximum 1load. At each slab 1load
increment, all instruments except Demec gauges were
read. The Demec readings were taken at every third load
increment. Attempts were made to keep the slab load
constant during reading which took approximately five
minutes. Slab 1load versus end rotation was plotted
during each test to indicate possible inelastic behavior
and i mminent failure. This procedure was continued
until failure appeared to be i mminent, at which point
only automatic readings were taken at more frequent
intervals until failure of the specimen,

During the loading of the specimens, crack
inspection and crack measurements were carried out.
Photographs were taken and sketches made to help
interprete the test results. Testing time for Type 1

specimen was between two to three hours. testing of Type



11 specimens took between three to four hours.
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5. TEST RESULTS

5.1 Introduction
In this chapter the results of tests of small and
full-scale specimens are presented, and typical behavior

during tests is described.

5.2 General Behavior of Type 1 Specimens

5.2.1 Specimen WSA100

As the slab load was increased, the specimen continued
to deform until the load reached 72% of the maximum value at
which load a 0.15 mm horizontal tensile crack was observed
at the first mortar joint below the slab. As the slab
loading was increased further, this crack widened and
another horizontal crack developed at the joint between the
upper wall and the slab. When the slab load reached 92% of
the maximum value, the width of the crack in the lower wall
was 2.6 mm. Further slab load continued to widen the cracks
already developed, and the rotation of the upper wall began
to decrease due to the separation of the upper wall from the
slab and the lower wall. When the test was discontinued for
instability reasons, the crack in the lower wall was
approximately 4 mm wide and the crack at the joint between
the wupper wall and the slab was approximately 2.5 mm wide.
It was observed that the first course of the lower wall held
rigidly to the slab, while the remainder of the upper and
lower walls did not show any visible signs of distress. The

mortar joint bonded partially to the first and second

87
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courses below the slab in the lower wall, and fully to the
slab at the joint between the upper wall and the slab.
Figure 5.1 is a sketch of the crack distribution at failure
of the specimen. The moment-rotation data is given in Table

5.1.

5.2.2 Specimen WSA400

No noticeable cracks were detected in either the top or
bottom wall of Specimen WSA400 until 92% of the maximum slab
load was reached when a horizontal crack at the first mortar
joint below the slab was observed. At a slab load of 98%
maximum load, this lower wall crack extended into the course
above and measured 1.4 mm. I mmediately after the next
increment, the walls exploded, and the bottom wall was
prevented from falling by the tie-backs and the safety chain
on the slab. The sketch of the crack distribution just prior
to failure 1is shown 1in Figure 5.2. Table 5.2 gives the

moment -rotation data for the specimen.

5.2.3 Specimen WSB100

The first noticeable crack occurred along the first
mortar joint below the slab at a slab load equal to 45% of
the maximum value. At 64% maximum slab load, this crack had
widened and the first three joints above the slab were also
beginning to open up. When the slab load reached 80% of its
maximum, the horizontal crack initiated in the first mortar
joint below the slab was climbing vertically into the course
above on the side of the wall. Also, vertical cracks were

developing independently on both faces of the upper wall and
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Figure 5.1 Crack Distribution at Failure on Specimen WSA100
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Figure 5.2 Crack Distribution at Failure on Specimen WSA400
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on the sides. As the maximum load was approached, crushing
of the first course below the slab began to develop from the
north end of the lower wall. At maximum load, crushing had
extended to approximately 50% of the width of the wall, at a
distance of one-quarter to half the depth of the course from
the slab beginning at the north end. Maximum crack widths
were 2.5 mm at the joint between the upper wall and the slab
and 4.5 mm at the first mortar joint below the slab. Fig 5.3
is a sketch of the crack distribution on the walls at
failure. Table 5.3 gives the moment-rotation data for the

specimen.

5.2.4 Specimen WSB400

A hairline horizontal tensile crack was detected in the
first mortar joint below the slab at 63% maximum slab loagd.
At 73% maximum slab load, vertical cracks developing through
the slab into the upper wall were 0.38 mm wide. Meanwhile, a
hairline tension crack was also observed at the back of the
lowver wall just below the slab, spreading throughout the
width of the specimen. When the slab load reached 84% of the
maximum value, the crack in the first mortar joint below the
slab started to extend vertically into the course above, and
cracks were developing in in the first joint above the slab.
At maximum load, the specimen crushed in a manner similar to
that observed for specimen WSB100 as shown in Plate 5.1. At
failure, the maximum crack width was 1 mm in the first
mortar joint below slab, and 0.5 mm in the joint between the
upper wall and the slab. Plates 5.2 and 5.3 show the

distribution of cracks in the wall at failure and Table 5.4
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Figure 5.3 Crack Distribution at Failure of Specimen WSB100
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gives the moment-rotation data for the specimen.
5.3 General Behavior of Type I1 Specimens

5.3.1 Specimen FRA150

North and south walls in the frame exhibited similar
behavior during testing. Hairline horizontal tensile cracks
were observed one joint below the slab in both walls at 49%
maximum slab load. At 70% maximum load, these cracks were
2.3 mm wide, and the cracks in the joints between the upper
wall and the slab were 1.5 mm wide. At this stage, the
horizontal «cracks in the bottom walls started to extend
vertically into the course below the slab on the sides of
the wall., At the onset of instabiligy behavior of the frame,
maximum crack widths were 7.0 mm at the back of the bottom
wall and 5.0 mm at the joint between the upper wall and the
slab. The vertical crack in the first course below the slab
was 4 mm wide and extended upwards 70 mm. Plates 5.4 and 5.5
show the crack distribution in the walls and Tables 5.5 and
5.6 give the moment-rotation data for the north and south

walls of the specimen, respectively.

5.3.2 Specimen FRB100

The behaviors of the north and south walls were also
quite similar for this specimen. Hairline horizontal cracks
in the first mortar joint below the slab were noted in both
bottom walls at 28% maximum slab load. At 50% maximum slab
load, horizontal cracks started developing in the second

joint below the slab and at the joint between the upper wall
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Plate 5.2 Side View of Crack Distribuation at Failure on
Specimen WSB400
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Plate 5.3 Back View of Crack Distribution at Failure on
Specimen WSB400
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Plate 5.4 Side View of Crack Distribution at Failure

on
Specimen FRA150
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Plate 5.5 Back View of Crack Distribution at Failure on
Specimen FRA150
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and the slab. At 70% maximum slab load, vertical cracks were
developing in the slab at the joint. When the load reached
88% maximum value, these vertical cracks were developing
into the wall courses above and below the slab, and
connectihg some of the existing cracks in the top and bottom
walls. Cracks were also beginning to develop in the joint
between the upper wall and the slab in the second and third
joints of the 1lower wall and in the second joint of the
upper walls. When the specimen finally crushed locally in
the lower south wall just below the slab, maximum crack
width had reached 3.5 mm in the lower walls, 1.5 mm 1in the
joint between the wupper wall and the slab, and 1.0 mm
between the lower wall and the slab. Plates 5.6 and 5.7 show
typical crack distribution at maximum load. Tables 5.7 and
5.8 give the moment-rotation data of the north and south

walls of the specimen, respectively,
5.4 Deflected Shapes

5.4.1 Type I Specimens

The deflected shapes of Type I specimens are shown in
Figures 5.4 to 5.6. The lateral restraint system at the
wall/slab joint appears to have kept joint translation at a
minimum in all the tests. The LVDT's on Specimen WSA400 did

not register any significant deflection.

5.4.2 Type 11 Specimens
The deflected shapes of the frame specimens are shown

in Figures 5.7 and 5.8, The deflection measurements were
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Plate 5.6 Side View of Crack Distribution at Failure on
Specimen FRB100
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Plate 5.7 Back View of Crack
Specimen

Distribution at Failure on
FRB100
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taken quite close to the joints where rotation was
concentrated. The 1lateral restraint system at slab level
kept joint displacement to a minimum, and the frames

retained their sy mmetrical configuration during the tests.
5.5 Load-Rotation Characteristics

5.5.1 Type 1 Specimens

The load-rotation characteristics of the slab, 1lower
wall and upper wall for Type 1 specimens are shown in
Figures 5.9 to 5.12. The technique for attempting to prevent
the slab from rotating wuntil full axial load was applied
(Plate 4.3) worked quite well for specimens with low axial
load. However, it was more difficult to prevent the slab
from rotating as high wall axial loads were applied. This
difficulty accounts for the residual rotation in the slab at
zero slab load in some of the curves. The construction
technique of concreting the first course of the lower wall
with the slab resulted in the slab and lower wall having
similar rotations, especially for 1low slab load and low
axial wall load. The upper wall, upon significant separation
from the slab tended to reverse its rotational trend as
further loading was applied. Generally, as the wall axial
load increased, less ductility was observed in the behavior
of the wall, as shown by comparing Figures 5.9 and 5.10. The
unreinforced walls subjected to low axial load exhibited

instability at failure.
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5.5.2 Type 11 Specimens

The load-rotation curves for Type II specimens are
shown in Figures 5.13 to 5.16. These curves show similar
characteristics to those of the Type 1 specimens, except for
comparatively earlier reversal of curvature of the upper

wall.

5.6 Wall Strain Distribution

Strain measurements obtained by means of a Demec gauge
across the mortar joints on the face of the wall were not
reliable when there was any significant amount of tension.
This makes interpretation of these measurements difficult.
Compression strain measurements were fairly close across the
width of the wall, and strains of up to 0.0019 close to the
failure of the full-scale specimens were measured. Some
strain variation across the width of the wall as reported by

Colville (1977) was also observed in this study.
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6. DISCUSSION AND ANALYSIS OF TEST RESULTS

6.1 Introduction

In this chapter, test results are discussed in relation
to proposed and existing theories for behavior and strength
of masonry walls and masonry wall/slab joints. The first
part discusses typical behavior and failure modes.
Comparisons are made with theories proposed by Sahlin and
with the CDC techniqgue described in Chapter 3. Similaritiés
and differences in the behavior of Type I and Type 1I1I
specimens are examined in relation to these theories.

The second section examines various limit theories for
assessing the wultimate strength of the walls at the
wall/slab joint. The use of a simplified stress-strain
diagram for masonry, with modifications fbr the effect of
strain gradient, is employed in .the interaction diagram
approach. Colville's (1977) and Awni's (1980) method of
estimating the ultimate joint eccentricity of a wall/slab
frame are used to compare with test results obtained for the
frame with unreinforced walls.

Finally, the relationship between the stiffness of the
walls at the joint and the level of axial load on the walls
is determined from frame model analysis of test specimens
using a standard computer program. The results of the
modelling compared with interaction curves and CDC
predictions lead to proposed equations for estimating
stiffnesses at failure for reinforced and unreinforced
concrete masonry walls, within the limits of the

investigations. An example of a design of a typical external
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wall in a B8-storey masonry building illustrates the

applicability of the design procedure.

6.2 Comparison of Test Results with Proposed Theories

6.2.1 Typical Behavior and Failure Modes

The behavior at a wall/slab joint has been described by
Sahlin (1959) and further verified by Ferguson (1979) and
Pacholok (1980). Ferguson classified Sahlin's description of
failure modes 1into tension and compression types, and a
possible combination of both. The tension type failure mode
is characterized by wide cracking at the joint between the
slab and the upper and lower walls, wusually leading to
instability. This type of failure was observed in both Type
I and Type 11 specimens with unreinforced walls subjected to
wall axial loads of 100 kN and 150 kN respectively. Type I
and Type 11 specimens with reinforced walls behaved
similarly, but with lesser crack width at the joint because
of the restraint offered by continuous reinforcement. It
will be recalled that the construction procedure for the
specimens allowed the slab concrete to fill the top course
in the lower wall. Thus the joint opening in the lower wall
occurred between the first and second courses in the lower
walls. As loading progressed, joint cracking progressed
upwards into the first course. This failure mode is
recognized by Sahlin as occurring when the limiting joint
rotation is reached or approached.

The compression type failure mode in unreinforced wall

specimens is characterized by a crushing failure of the
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walls when the limiting edge stress is reached in the upper
or lower wall., Type I specimens with reinforced walls
exhibited this type of behavior in combination with
significant cracks at critical joints in the upper and lower
walls. Specimen WSA400 failed suddenly in crushing of the
walls after the crack width measured at the critical
location in the lower wall was more than 1.40 mm. Sahlin
recognizes these failure modes as the attainment of ultimate
edge stress before or after the limiting slab restraining
moment is attained. Specimens WSB100 and WSB400 had obvious
edge crushing in the course immediately below the slab on
the compression side as shown in Plate 5.2. Frame FRB100
exhibited this type of behavior by 1local crushing at one
edge of the lower wall. _

Ferguson's classification based on relating axial wall
load to the balanced load, pbal' and the stress distribution
on the cross section of the wall, as shown in Figures 6.1 to
6.3, was also examined in relation to the behavior of the
test specimens. Calculations based an on effective solid
thickness of 56% for the unreinforced walls give balanced
loads of 540 kN and 1023 kN for the unreinforced and
reinforced walls respectively. Based on these calculations,
a tensile mode of failure would be expected in all the
specimens. However, as discussed earlier, combination type
failure modes were observed in the specimens with reinforced
walls, even at a 100 kN wall axial load.

In all specimens, no relative rotation was recorded at
the joint wuntil the slab 1load reached 30 to 50% of its

maximum value, depending on the wall axial 1load. Slight
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differences in rotation then became noticeable between the
upper wall and the slab (Figures 5.11 to 5.19 ). Again,
because of the construction procedure, the lower wall
rotation at the joint was quite similar to that of the slab.

The CDC technigque described in Chapter 3 was used to
calculate upper wall rotations for comparison with measured
values. Figures 6.4 to 6.9 show the theoretical moment
rotation curves based on bi-linear stress-strain
relationships for masonry as described in Chapter 3. Maximum
strains of 0.002 and 0.0015 obtained from prism tests were
employed for unreinforced and reinforced walls,
respectively.

The moments in the upper and lower walls of the Type I
specimens were derived from the strain measurements on the
joint restraint angles and considerations of equilibrium of
the structure. The strain measurements on the end retraint
of the north upper wall of specimen FRA150 showed
significant difference from each other. The maximum moment
in the upper wall as calculated from the strain measurements
was therefore quite low compared to all other wupper wall
measurements, and could therefore be regarded as
unrepresentative. This result is therefore ommitted 1in the
plots of Figure 6.8. The lower wall moments of the frame
specimens were estimated from the computer frame model
analysis described 1in Section 6.3 and the measured upper
wall moments. This was because of the unreliable nature of
the strains measured on the reaction angles on the lower

walls.
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It is observed that the analysis prediction of initial
stiffness for all the specimens is fairly satisfactory.
Comparison of cracked wall stiffnesses indicated that the
unreinforced walls had lower stiffnesses while the
reinforced walls showed somewhat higher stiffnesses than
predicted by theory. Also, as the wall axial load increased,
closer correlation with theory was observed for all
specimens. It should be noted that the wall axial load
acting on an accidental eccentricity on the wall usually
resulted in some 1initial rotation in the wall which could
result in some loss of stiffness. This might be especially
'so in unreinforced walls carrying low axial load, before
application of slab load. As the upper wall separated from
the slab at the joint, reversed curvature trend of the upper
wall was observed in most cases at the joint. This was
likely due to some yielding and movement at the joint, as
the 1limiting Jjoint cracking at which the upper wall
separated from the slab was reached.

Measured maximum rotation was close to predicted 1in
specimens with with low wall axial 1load showing this
phenomenon of trend of reversal in curvature. For specimens
with higher wall axial load, measured rotations were higher
than predicted by the CcDC technigue. This is probably due to
the enhancement of the tensile strength of masonry because

of the higher precompression.

6.2.2 Ultimate Strength
Interaction curves based on values of a of 0.28 and

0.50 were wused to compare wall maximum moment in specimens
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with wunreinforced and reinforced walls, respectively. These
values of a correspond to ungrouted and fully grouted wall
cross sections. Figure 6.10 compares wall ultimate strengths
using interaction curves drawn for unreinforced 200 mm thick
walls, with modification factors, a, of 1.0, 1.5 and 2.0
applied to prism f'm In the case of the lower walls, moment
capacity is plotted against total axial load at failure. The
figure shows results from the present study together with
those from the tests conducted by Ferguson (1979) and
Pacholok (1980). The results of Ferguson and Pacholok are
adjusted to the value of f‘m in the present study. Figure
6.11 shows test results for reinforced 200 mm thick walls
compared with interaction curves based on a value of a equal
to 0.50 and gross area reinforcement ratio of 0.00374. Test
results of Ferguson and Pacholok are shown on interaction
curves in Figure 6.12 based on a value of a equal to 0.41
and gross area reinforcement ratio of 0.00108. In genral, it
is observed that interaction curves based on a equal to 1 is
a good lower 1limit for strength when eccentricity to
thickness ratio, e/t, exceeds 1/3, but is conservative for
e/t ratios between 1/6 and 1/3 for unreinforced and
reinforced walls.

Maurenbrecher's ‘'equilibrium failure' theory was used
_to calculate maximum slab loads on Type I specimens with
unreinforced walls. There 1is good correlation between
calculated and measured loads. Details of this application
are given in Appendix C.1.

The method proposed by Colville (1979) and later

modified by Awni (1980) for estimating ultimate joint
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eccentricity at a wall/slab joint for frames with
unreinforced walls was used to compare test results obtained
for Specimen FRA150. Awni's eguation gives ultimate joint
eccentricity of about 40% of that measured in the test.
Colville's method gives a closer result in this case.
Details of application of this methods are given in Appendix
Cc.2.

The CDC method gives maximum moments in the upper wall
lower than measured in most of the tests. Comparison of

ultimate strength predictions is discussed in Section 6.4

6.3 Effective Wall Stiffness Approach

Masonry wall/slab frames can be analysed by means of a
standard frame analysis program using appropriate values of
stiffnesses for the upper and lower walls at failure of a
wall/slab joint. A model analysis was carried out on the
test specimens wusing a standard computer program, PFT,
program for analysing rigid frames. This program is the
version of the "Plane Frame and Truss Program" (Beaufait et
al., 1970), available at the University of Alberta. The
program computes end moments, end shears and end axial
forces for each member in a frame. It also computes
horizontal deflection, vertical deflection and rotation at
each joint.

The specimens were modelled to output the rotation and
deflection at the wall/slab joint and horizontal deflections
at or near the centres of the upper and 1lower walls. The
forces measured at the joint during testing were applied as

external loads. Figures 6.13 and 6.14 show the PFT models
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for Types I and II specimens.

The major variables in the analysis were the modulus of
elasticity, E » the effective moment of inertia of the upper
wall, Ioyr @nd the effective moment of inertia of the lower
wall, Ioq- E was obtained from a regression analysis of
values obtained from tests on three-block prisms as
discussed in Chapter 5. The resulting value of E, used was
750f' ~ (7650 MPa) for unreinforced walls, and 950f'm (9690
MPa) for reinforced walls. The cracked stiffness of the slab
was wused in the analysis. The values of Ieu and Iel were
obtained by a trial and error procedure relating the
deflected shape and rotations given by the program to the
gr Dye
deflections and rotations were computed are as shown in

measured values. The nodes D and D, at which the
Figures 6.13 and 6.14. Tables 6.1 to 6.8 show the comparison
~of values predicted by PFT with those actually measured.

Relative rotation between the upper wall and the slab
increased more rapidly when the crack width at the critical
location in the lower wall varied between 0.13 mm and 0.38
mm, depending on the wall axial 1load in specimens with
unreinforced walls. This crack width was up to 0.5 mm or
more when the walls were reinforced. It appeared that the
trend of curvature reversal of the upper wall coincided with
this crack limit, which signified the attainment of maximum
moment at the wall/slab joint,

Awni(1980), Chandrakeerthy and Hendry (1983) reported
that when the ratio of two times slab to wall stiffness, K,
greatly exceeded 1, the maximum joint moment at an

unreinforced masonry wall/slab joint might not be greater
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than 30% of the fixed end moment. Specimen FRA150 had a
value of K = 3.34 (B = 1.67) and values of moments of 67%
and 68% of the fixed end moment at the north and south
wall/slab joints respectively, at the attainment of maximum
moment in the walls. These values were obtained from the
model analysis which predicted the slab mid-span deflection
to within 5% accuracy. The slab end-rotation was predicted
to within 1% accuracy. Equation 3.10 predibted a rigid frame
moment of 64% of the fixed end moment at this instance. This
is an indication that the value of K = 3.34 has not lowered
the rigid frame moment, and Equation 3.10 gives a very good
estimate in this case.

In the tests, slab loading was usually continued until
the slab rotation indicated unstable behavior or edge
crushing occurred in the lower wall. At this stage, the
maximum crack width, wusually occurring in the lower wall,
was more than 1.5 mm and in some cases as great as 2.5 mm in
the upper wall and 3.5 mm in the lower wall. It appears that
the major difference between the behavior of the upper walls
in Type I1 specimens and Type I specimens was the ability of
the frame specimens in specimens with unreinforced walls to
carry substantially more slab load after the limiting joint
moment was reached. For reinforced wall specimens, edge
crushing of the wall was the consistent mode of failure.
This was after substantial cracking was tolerated at the
wall/slab joint.

Figures 6.15 to 6.19 are plots of Ie/In versus P/Pb
from model analysis studies of specimens tested in this

study together with those tested by Pacholok. Ferguson's
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results were excluded because of the high P-A moments
developed in his tests due to lack of horizontal restraints
at the wall/slab joints. The regression lines and equations
for relating stiffnesses to P/Pb for unreinforced and
reinforced upper and lower walls are shown in the figures.
The confidence level on the the regression 1lines for the
rather limited number of data is at least 95% in all cases.
Based on the observation of stiffness distribution between
the upper and lower walls as shown in Tables 6.9 and 6.10,
and the fact that the regression line for the total data has
a slope of 1.10 on 1.0 for P/Pb as shown in Figure 6.15,
proposed design lines are drawn for each case based on the

following equations:

For unreinforced upper walls:

EI = EmIn(O.13 +P/Pb) < 0.7E_T_ (6.1)
For unreinforced lower walls:

EI = EmIn(0.20 +P/Pb) < 0.7Em1n (6.2)
For reinforced upper walls:

EI = Emln(0.013 +P/Pb) < 0.7EmIn (6.3)
For reinforced lower walls:

EI = EmIn(0.0Z +P/Pb) < 0.7EmIn (6.4)

Considering the cluster of test data in Figures 6.18 and
6.19, Yokel et al.'s limit of 0.7EmIn is adopted 1in these

proposals.
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Table 6.9 Stiffness Distribution at Failure for Unreinforced

Walls
Specimen Teu o Pu/Pp Tel P /Pb Iy o Teu/ls ley/1;
x 10 x 10 x 10
mm« mm mm4
WSA 100" 0.20 0.05% 0.40 0.07 0.60 0.33 0.67
WSA400" 0.52 0.21 0.57 0.26 1.09 0.48 0.52
FRA150* 0.32 0.08 0.55 0.10 0.87 0.37 0.63
ES5C-» C.38 0.09 0.31 0. 11 0.69 0.5% 0.45
E1CO"* 0.54 0. 17 0.58 0.19 1.12 0.48 .52
A1Q0 1"~ 0.46 0.17 0.77 0.21 1.23 0.37 0.63
A1B50»* > 0.56 0.26 0.73 0.29 1.29 0.43 0.57
E150~~ 0.50 0.26 0.69 0.29 - 1.19 0.42 0.58
-
X 0.41
S 0.05
Vv 0.13
8in. walls: loads in kN (0latunji, 1986)

** B8in. walls: loads in kips {Pacholok, 1878)
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Table 6.10 Stiffness Distribution at Failure for Reinforced

Walls
Specimen leu Pu/Pb lel P /Pb Ie o leu/1 lei/1,
x 10 x 10° x 10
mm mm & mm*
wSB100* 0.08 0.05 0. 14 0.10 0.23 0.39 0.61
FRB10OO" 0. 14 0.05 0.21 O.11 0.35 0.40 0.60
wSB40O* 0.27 0.21 0.34 0.28 0.61 0.44 0.56
B150** 0. a1 0.26 0.68 0. 31 1.10 0.37 0.63
B200*~ 0.47 0.35 0.57 0.40 1.04 0.4%5 0.55
C200*+"* 0. 44 0.27 0.73 0.31 1.17 0.38 0.62
C3C0~** 0.33 0. an 0.75 0.49 1.08 C.31 0.68
X 0.39
S 0.C5
v 0.12

* 8in. walls, fully grouted: loads in kN (Olatunji, 1986)
*+ 8in. walls, partially grouted; loads in kips (Pacholok, 1979)
*+» 40in. walls, partially grouted. loads in kips (Pacholok, 1879)
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6.3.1 Limitations of Proposed Effective Stiffnesses
It should be noted that these equations are limited by

the following peculiarities of the studies from which they

were derived:

1. Limited test results and the usual scatter in masonry
tests.

2. Walls built of concrete masonry units.

3. The use of Em of 750f'm for unreinforced walls and
950f'm for reinforced walls

4. Slab to wall stiffness ratio g of 1.70. This restriction
may not be necessary if the wall precompression is
greater than 0.50 MPa.

5. Gross area reinforcement ratio in the walls not greater
than 0.00374.

6. Eccentricity to thickness ratio, e/t, greater than 0.2.

7. Wall of wusual storey height in double curvature. Very
slender walls should be checked for moment magnification
at mid-height using the appropriate procedure.
A design example showing the application of the

proposed procedure . for an 8-storey structure is given in

Appendix A,

6.4 Comparison of Wall Ultimate Strengths

Table 6.11 shows the comparison between measured values
of upper wall moments with values predicted by the various
methods described above. With the exception of the result of
upper wall of Specimen FRA150 which was questioned, the
ratio of test to predicted moment is 1.0 or greater. The

effective stiffness model results predict test results
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Table 6.11 Comparisoh of Ultimate Strength Values for Upper

Walls
M/MD
4
Spec imen Measured Predicted Measured to Predicted Ratio
] 1 Interaction [ola]e} PFT Interaction coc PFT
wSA 100 0.145 0. 131 0. 140 0. 111 1.10 1.04 1.31
wSA400 0.583 0.409 0.451 0.603 1.54 1.29 0.97
FRA150 N 0.150 0.204 0.195%5 0.171 0.74 0.77 0.88
FRA150 S 0.234 0.204 0.195 0.178 1.15 1.20 1.31
wSB 100 0.470 0.303 0.371 0.487 1.56 1.27 0.95
wWSBACO 0.759 0 475 0.%512 0.789 1.60 1.49 0.96
FRE10O N 0.380 0.303 0.371 0.463 1.2% 1.03 0.82
FRE1OC S 0.421 C.303 0.371 0.461 1.42 1.16 C.83
X 1.30 1.16 1.02
S 0.29 0.21 0.18
Vv 0.23 0.18 0.18

N implies north wall
S implies south wall
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within the usual scatter in masonry tests. Using the results
obtained from an interaction curve for a value of a equal to

1.0, a safe limit on the maximum moment in the wall can be

imposed.



7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The following are the major conclusions derived from an

investigation 1into the behavior and strength of concrete

masonry wall/slab joints:

1.

Concrete masonry walls major mode of failure at a
wall/slab joint 1is either by tension cracking at the
mortar joint or edge crushing, or a combination of both.
The particular failure mode depends on the level of
axial load on the wall and whether reinforcement 1is
present in the wall or not.

The moment defined as the plastification moment by

Sahlin, can occur between 80% and 100% of the

MpL’
maximum wultimate moment of the wall depending on the
level of wall axial load = and whether or not
reinforcement is present in the wall.

Based on limited prism tests in this study, the moduli
of elasticity of grouted and ungrouted concrete masonry
are 770f'm and 960f‘m respectively. There is relatively
more scatter in test results for ungrouted prisms than
for grouted prisms.

The column deflection curve (CDC) technigue of analysing
the walls, based on the assumption that rotation |is
concentrated at the mortar joints and using a bi-linear
stress-strain relationship approximation for concrete
masonry gives a fair prediction of rotation behavior and

ultimate strength for unreinforced and reinforced walls.

The ultimate strength of unreinforced and reinforced

162
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concrete masonry walls at a wall/slab joint can be
satisfactorily estimated using theoretical load-moment
interaction diagrams based on prism ultimate strength,
f'm, and a straight 1line stress-strain relationship.
This estimate 1is conservative for wall e/t ratios
between 1/6 and 1/3.

Rigid frame action can be assumed at a masonry wall/slab
joint if the precompression stress on the wall is
greater than 0.54 MPa and ratio of slab to wall
stiffness, B, is not greater than 1.70.

Within the scope of the limitations of this
investigation, effective stiffness of unreinforced and
reinforced concrete masonry walls of practical

construction dimensions can be satisfactorily estimated

using the following equations:

For unreinforced upper walls:

EI = EmIn(0.13 +P/Pb) < O'7EmIn (6.1)
For unreinforced lower walls:

EI = EmIn(0.20 +P/Pb) < 0.7Em1n (6.2)
For reinforced upper walls:

EI = EmIn(0.013 +P/Pb) < 0.7Em1n (6.3)
For reinforced lower walls:

EI = EmIn(0.0ZO +P/Pb) < 0.7Em1n (6.4)

A structure consisting of load bearing concrete masonry
walls and cast-in-place concrete slabs can be
satisfactorily analysed by means of existing rigid frame

analysis methods based on effective stiffness values
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proposed in this study.
Interaction diagrams based on straight line
stress-strain diagram to prism ultimate strength and a

modification factor & of 1 is recommended for design.

7.2 Recommended Design Procedure

The following steps are recommended for the design of

walls at a concrete masonry wall/slab joint:

1.

Obtain masonry f'm from prism tests or unit and mortar
tests.

Compute modulus of elasticity as 750f'm for unreinforced
walls or 950f" for reinforced walls.,

Compute net moment of inertia of masonry wall, I
Compute short wall axial load capacity, Pb

Compute minimum effective EI according to Equations 6.1
to 6.4 given above.

Use the estimated stiffness values obtained in Step 5 in
a standard structural analysis program to obtain
moments, axial and shear forces for design. Load factors
of 1.4 and 1.7 on dead and live loads as recommended in
CSA Standard A23.3-M77 Code for Design of Concrete
Structures may be employed.

Check ultimate strength limits by using an appropriate
interaction curve based on a straight line stress-strain
relationship for masonry and prism f'm. An undercapacity
factor such as 0.8 recommended for good workmanship
(Amrhein et al., (1983); Suter and Fenton, 1986)
employed in the design example in appendix A may be

applied to ultimate strength values obtained from the
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interaction curve for the value of a equal to 1.

7.3 Recommendations for Future Work
In order to further verify and extend the effective
stiffness procedure, it is recommended that:

1. More tests on simple wall/slab joint specimens of
concrete masonry with Jjoint precompression 1less than
0.54 MPa be undertaken.

2. Tests using brick masonry walls be undertaken

3. Tests on slab to stiffness ratio less than 1.70

4. Effect of partial penetration of slab on joint fixity be

investigated.
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APPENDIX A.1

DESIGN EXAMPLE FOR A TYPICAL EXTERNAL WALL

Consider the design of a 200mm outer wall in a 8-storey
building as shown in Figure A.1. It is assumed that the
slabs are simultaneously loaded at all floor levels. The
wall are assumed fully grouted. Design is based on vertical

loads only.

Floor Span ¢ 6.5 metres

Storey Height: 3.0 metres.
Walls are bent in double curvature at
all storeys above ground floor. Ground

floor walls are bent in single curvature.

Loadings : Slab Dead load = 0.15 x 23.5

= 3.5 kN/m?
Topping = 0.2
Partitions = 1.0
Total = 4.7 kKN/m?
Live Load = 2,0 kN/m?
Wall Self-wWeight = 2.1 x 3

= 6.3 kN/m

Parapet = 2,0 kN/m
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Design Loads: (assuming factors of 1.4 and 1.7 for dead and

live loads respectively)

Slab D.L./wall = 4,7 x 3.3 x 1.4 = 21.7 kN/m
Slab L.L./wall = 2.0 x 3.3 x 1.7 = 11.2 kN/m
Total Load/wall = 32.9 kN/m
Wall Dead Load = 6.3 x 1.4 = 8.8 kN/m
Slab Design Load, Wt

Wy = 4.7 x 1.4 + 2,0 x 1.7 = 9,98 kN/m?

Stiffness Parameters:

10 MPa

Masonry f m

Concrete f'c 20 MPa

Walls: Em = 950f'm = 9690 MPa

In = 1/12 x 1000 x 190°

=5,72 x 10¢®

EmIn = 5,54 x 10'? N.mm?

Pb = f'mbt = 10 x 1000 x 190 = 1900 kN
Slab: Es = 5000;/f'C = 22360 MPa

Is = 1/12 x 1000 x 150° = 2.81 % 10%mm*

EI_ = 6.28 x 10'2N.mm?



176
ESI H

_ s
B = E;T;f (Double Curvature)

_ 6.29 x 3.0/2 _
= %t Etrx 6.5 - 0-26

At all floors except the first;

3w L?
. _ D
Rigid Frame Moment, MR = T3(3 + P (Double Curvature)

9.98 x 6.5%*/12 x 3/3.26
32.33 kN.m/m

At first floor

3w L?
. ~ D )
Rigid Frame Moment, Mp = <3155 77) (Single Curvature)

9.98 x 6.5%/12 x 3/3.52
29.95 kN.m/m

Effective EI:

Unreinforced Walls:

+

(EI)uu EmIn(0.130

P/Pb)
P/Pb)

+

(EI)ul EmIn(O.ZOO

Reinforced Walls:

(EI)ru EmIn(0.013 + P/Pb)

P/Pb)

+

(E1)., = E I,(0.020



The design

2 X XN = =
(o . S S -
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is laid out in Table A.1, where:

EI
H

upper wall stiffness at the joint
lower wall stiffness at the joint
total stiffness at the joint

total moment at the joint
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Notes on Design Example

1.

The following should be noted concerning Table A, 1:
Only vertical loading is considered. Lateral loading
effects may be considered additionally.

An undercapacity factor of 0.8 has been used on the
appropriate interaction curve drawn on the basis of a
equal to 1 to check the wall capacity.

This example has a fairly large slab span, resulting in
significant moment at the external wall.

Continuity requirements for reinforcement detailing may
mean reinforcing the walls when reinforcement is not
regquired, or increasing the number or amount of

reinforcing bars at a particular level.
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B1.1 Cross-Section

The cross-sections considered are shown in Figure B.1,
together with the nomenclatures. Only rectangular
cross-sections are considered. The stress-strain curves for
masonry and steel are shown in Figures B.2 and B.3.

The strains on the cross-section are designated €11 €5s

¢, beginning at the least compressed or tensile face

€37 R’ €4
respectively. The positive value of € shows compression on
the tensile face whereas negative value shows tension.
Figures B.4 to B.8 show the strain and stress distribution
on the cross-section considered for various cases in the
generating of the moment-load-curvature data theoretically.

For any of the cases shown, the following is true:

The curvature, ¢, is given by:

¢=.—t._——
or ot = e, ~ €, (B.1)
The strain values are given as:

€, % €4 ~ ot

€)= €, agpt (B.2)
eR = 61 - Aot
63 = €1 - (1 - a)o¢t

The stress corresponding to the strain in masonry, e,

is given as:

a. = 0. = ¢.E

i i iE1m for €y < €0 (B.3)

or

a. = 0., = 60E1m + (e - eO)Ezm for € > €0 (B.4)
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where i refers to a particular point on the cross=section,
for reinforced masonry, fs becomes an additional term

as given below:

f_ = ¢e.E (B.5)

where

It should be noted that tension contribution of masonry is
neglected in the analysis, thus:
a; = 0 whenever €, is negative.
Depending on the stress distribution on the
cross-section, axial load and moment about center line of

the cross-section are evaluated according to the following

equations (the bracket term is added only for reinforced

walls):
pf
P/Pb = f? F = /Fah + (f—.s—) (B.6)
m m
M/M. = M 2

b —We--'- !c,ah (B.7)
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Figure B.1 Cross-Sections
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Figure B.2 Stress-Strain Relations for Masonry
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Figure B.3 Stress-Strain Relations for Steel
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Figure B.4 Cases 1 ang 4: Constant Modulus between any Two
Strain Values except €, and €3
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Modulus between €3 and €4
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Figure B.8 Cases 6A and 6B: Large amount of tension on
Cross~-Section
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B1.2 Program Nomenclature

A1, A2, ...

AS

ALPHA

DELTAX

EO

E1’ EZ’...

E1M

E2M

EMB

EMMB

EMMBM

EMMBT(K)

STRESSES AT VARIOUS POINTS ON MASONRY WALL
CROSS-SECTION

TOTAL AREA OF STEEL REINFORCEMENT IN WALL

RATIO OF EFFECTIVE THICKNESS TO HALF WALL
THICKNESS

INCREMENTAL DISTANCE ALONG WALL HEIGHT
€0 (AS DEFINED IN FIGUR; B.2)

STRAINS AT VARIOUS POINT ON THE CROSS-SECTION
INITIAL MODULUS OF MASONRY, MPA

CRACKED MODULUS OF MASONRY, MPA

MAXIMUM ELASTIC MOMENT (f'mbt=/6)

M/My

MAXIMUM VALUE OF M/Mb

ARRAY OF M/Mb IN SUBROUTINE 'EMPFY'



EMMBW(N)

ES

EUB

ER

FIFYB(I)

FIFYBT(K)

FPM

FS

FY

JJ

ETA

P1,

PB

P2,

191

ARRAY OF M/Mb AT JOINT OF INTEREST (JJ)
WHERE WALL ROTATION IS CALCULATED

MODULUS OF ELASTICITY OF STEEL
ULTIMATE COMPRESSION STRAIN OF MASONRY
STRAIN IN STEEL REINFORCEMENT
ARRAY OF ¢/¢b IN MAIN PROGRAM

ARRAY OF ¢/¢b IN SUBROOUTINE
'EMPPHI '

MASONRY ULTIMATE COMPRESSION STRESS
STRESS IN STEEL REINFORCEMENT
YIELD STRENGTH OF STEEL REINFORCEMENT

JOINT ON WALL AT WHICH WALL ACTUAL ROTATION
IS TO BE COMPUTED

RATIO OF DISTANCE FROM BOTTOM FACE OF WALL
CROSS~SECTION TO CENTROID OF STEEL

AXIAL LOAD FOR VARIOUS CASES CONSIDERED

CROSS-SECTION AXIAL LOAD CAPACITY
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PPB P/Pb

PPBT(J) ARRAY FOR TESTING CONVERGENCE TO P/Pb
IN SUBROUTINE 'EMPPHI'

RHO RATIO OF STEEL REINFORCEMENT TO AREA OF WALL
CROSS-SECTION

ROTW WALL ACTUAL ROTATION AT JOINT JJ

T TOTAL DEPTH OF CROSS-SECTION IN MM

THETA TANGENTIAL ROTATION AT ANY POINT ON WALL
THETAQ END ROTATION OF THE WALL

X DISTANCE ALONG WALL LENGTH

Y DEFLECTION ALONG WALL LENGTH
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B1.3 FLOW DIAGRAM OF THE COMPUTER PROGRAM

B1.3.1 MAIN PROGRAM

WRITE PROGRAM TITLE

(z0)

[iREAD NUMBER OF PROBLEMS TO BE SOLVED

d

SET INDEX FOR THE PROBLEM
SET N=0

3

COMPUTE INTIAL AND CRACKED MODULUS
OF ELASTICITY FOR MASONRY

3

WRITE DATA FOR PROBLEMS IN PROCESS

®

y

SET AND WRITE INITIAL VALUES
I=1; X(1)=0; ¥(1)=0

THETA(I)=THETAQ
FIFYB(I)=0
EMMB(I)=0

y
COMPUTE X(I), ¥(I), THETA(I), EMMB(1)

v
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IS {*;Zm\ .

CALL SUBROUTINE 'EMPPHI' ONCE

e -

e L

CALL SUBROUTINE 'EMITPO' |

:

WRITE OUT COMPUTED VALUES

YES
IS EMMB(I) < 0 992
NO
- YES
1S EMMB(I) 2 EMMBM 7 %@

ISM>K?

YES

993

IS MAXIMUM ITERATION EXCEEDED:

Y NO
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WRITE "QUARTER WAVELENGTH OF cDC
COMPLETED FOR THETAO=

N = N+1
CALL SUBROUTINE 'EMPNU'

IS EMMBW(NN) > EMMBM



INCREASE THETAOQ |

&_

990

WRITE "ULTIMATE MOMENT AT
THETAO EXCEEDED"

550

—®

WRITE "PRESET MAXIMUM
ITERATIONS EXCEEDED"

99

@~

196



;

WRITE "NEGATIVE MOMENT
ENCOUNTERED"

993

WRITE "MAXIMUM PRESET
THETAC EXCEEDED"

995)
N

WRITE "INSTABILITY
MOMENT REACHED"

ARE ALL PROBLEMS DONE

INCREASE PROBLEM INDEX

Y

YES

197
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B1.3.2 SUBROUTINE 'EMPPHI'

YES

NO
SET
E4DEC = 0.000005
FYTINC = 0.0001
ERRORP = 0,001
FYTO = 0
FYT = FYTO
K = 1,0
EMMBT(K) = 0.
FIFYBT(K) = 0.
}
|
¢
SET
J =1
FYT = FYT + FYTINC
E4 = EUB
YES
1S E4 i,g,i——~”” 992
NO
COMPUTE

E1, E2, ER, E3, Al
A2, FS, A3, A4,

l
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YES ;4!!’

1S E1, E2, E3, E4 > EQ7

YES

IS 0 < E1 < EO AND E2, E3, E4 > 300,

NO

E1 < 0 AND E2, E3, E4 > EQ? {Eﬁp

YES -~
: 400

E1 > 0; E2, E3 < EO; E4 > EO3

<15 El, E2 < EO; E3 < EO; E4 > EO:

YES
E1, E2, E4 < 0; E3 > EU:




YES '\ég)b

S E1, E2 < 0; E3, E4 > EQZ=

E1 > 0; E2 < EO; E4 < EOQ:

E3,

E4 <

IS E1 < 0; E2 > 0; E3,

E3 < EO; E4 >

NO
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-:::jngiﬁﬁzrz: E2 2 0;E2, E3 < EO; E4 > B 600,

NO
— YES
@Taz < 0; E3, E4 < EO? 5700)
»_\‘\\\ /
\/
|
! NO

YES

<=::::j§;2ﬁj E2 < 0;
\\

E3 < EO; E4 > EOU; 700

|
|
|

NO

R

S

e N
—:::I§_\SEARCH UNSUCCESSFUL? £ 900
v —— / \
NO

ASSEMBLE ARRAYS

MMBT(K); FIFYBT(K)
TO EMMBM

-

RETURN
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COMPUTE PPBT(J)

NO
S (PPB - PPBT(J)) < ERRORP

E4 = E4 - E4DEC (a-

YES 200

COMPUTE EMMBT(K)

AND FIFYBT(K)

¥

e YES
—Ts m@mT(Kij;fﬁffzgfﬂiz>—__———>359

NO
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WRITE E1, E3, E3, E4

SET EMMBM = EMMBT(K-1)

¢

WRITE EMMBM

203
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G§?9

WRITE "NEGATIVE MOMENT"

?

996‘

¥

WRITE "MAY NO LONGER
BE ABLE TO CONVERGE"

WRITE E1, E4
"FOR  NO CASE FOUND"
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B1.3.3 SUBROUTINE 'EMITPO'

SET
KK =K+ 1; M = 1
100 IEma—
4
IS M;K/?/ ;@

NO

v ES

Y
EMMBT (M) < EMMB(I) < EMMBT (M-] =200

NO

FIFYB(I) = EMMB(I) - EMMBT(M) x [(FIFYBT(M-1) - FIFYBT(M) ]
EMMBT(M+1) - EMMBT(M)
+ FIFYBT(M)
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WRITE "CANNOT BRACKET
MOMENT FROM CDC"




207

B.3.4 SUBROUTINE "EMPNU"

SET
NN=N; EMMBW(NN) = EMMB(JJ)

y

COMPUTE
ROTW(NN) = Y(JJ)/X(JJ) - THETA(JJ)

¢

WRITE
NN, EMMBN, ROTW(NN)

1S EMMBW(NN) > EMMBM?

YES

999

WRITE "MAXIMUM MOMENT
EXCEEDED IN 'EMPNU'"
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1
2
3
4
1]
[
ki
]
14

120

Conannnanses

" N non o

nen

LILYY,)

LY. X,

oo Non

n

LI Y Y Y

BEAEVIEBRSISETEISNIIINREILIIISIEED Y
THIS PROCRAMME CALCULATES THE DEFORMEZTION AND MAXIMUM

STRENCYN OF 2 MASONRY walLl USING THE CONCEPTS OF TwE

COLUMN DEFLECTION CURYVE (CDC

THIS VERSION CALLED COC.I1E .Uk USES TwD MODUL) PoR

ANALYSING HOLLOW MASONRY WALLS WITHOUT REINFORCEMENT

COMMDN X{IOC) ,Y (300, THETA(300),YJJ(BO!
'IMH.(SOOI,Fl"l(lool,l’l1|i°°),l"ﬂl?l:oo)‘
l'l'VlT(!OOI,!NM.W(SO!.lOTNU(SO),’Pl,?Vl,Pl,!l,lMl,
.IIM,!Iﬂ,IO,!Ul,Y,FIFVIM,TVT,'VTM,INMIN,]NST,INSTC.
'INSTM.NCIT,ﬂCITM,EIIOI',ALP“A,l,J.K,H,N,JJ
WRITE(S,62000)

-INPUT AND ECHD CHECK
READ (S, 1000 ) NPROBM
NPROBEO

20 IEADIB,I100,!NDIID')AL’NA.T.DEL’A!,!O.!Ul,'PI,TMETAO.
STHETOM ERRORP NCITM, Jy -

AL T RN

EiMel . 7/EC

E2M=0.3/(EUB-EO)

w‘l?l(l,3|°°)ALPNA,7,D!LTA!,!O,!UI,PPI,THETAO,!'M.!?M,JJ
EMBe 1 /¢ .

-CALL DEMARCTATION ROUTINE

CALL STAR

INITIALIZE VARIDUS COUNTERS

NSO
1Rz0

$0 1=
Xt]imo
YtJrso
THETL 1 1= THETAO
EMMp (] 13 C
FIlFYDR(] im0,
-WRITE WEADINGS AND ECHO CNECK INITIAL vaLUES

WRITE(S,21850)
WilT!(l,Z:oOll,l(l),V(l),!MH!(II,FIFVI(I),TNEYA(I-

INCREASE COUNTER AND BECIWN CALCULATIONS
100 IsJen

Xt))sX(1-11+DELTAX
V(l)lV(]‘1I'YNETA|)-‘)IDELYIX'DELTAXIIZIZ SFIFYB(I-11%2 sEUB/T
YHEYA(X)lYN!TA(I-‘)-D!LTAI'F)FVI()-1IIZ *EUB/T
EMMR (1158 sPPBsY ()} /Y

-CHECK JF THET2 1S 2ERD {QUARTER WAVE OF CDC: POR NEW THETADQ
IFCYTHETA(]) . LT . ©.} GO TO BoO

WiLL NEED CURVATURE FROM M-P-Fy RELATIONS
-CALL EMPFY ONLY ONCE FOR & PARTICULAR P/Pg

JFAOTR LT 1)CaLl EMPRK]
IR IR«

CaLL EmMITPO
VilT((l,::oO)l,l(]).V()),lﬂMl(l),FIPY!'I),YME7A<1)
IF(EMMB (] ) . LT © 1GD YO 992

1FCEMMB (] ) .CE.EMMBM)CD TO 090

-CHECK VYLRIOUS LIMITS .
1F(M.CT . KIGD 1D 993

1F(INSTC .GE.5) GO TO #92

Cas TF(NCIT . GE.NCITMICD TO 891

LY Y,

..G0 FOR MDRE: !
&0 TD 100
- -REACHED CENTRE OF COC~
$00 CaLL STaR
WRITE(S,2820)THETAOD,]
CALL STAR
NEN+
CALL EMPNU
.EMMBM)IGO TO #%C

1F (EMMBW(N) .

IFOYUO(N) LT . YUUIN-1))IGD TO 894

-MAVE YOU EXCEEDED TME PRESET LIMIT ON THETAO®

IF(THETAO . CGT _THETOMIGD YO 833
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121
122
123
124
12%
12¢
127
128
128
130
13
132
133
134
138
136
137
138
138
140
1414
142
143
184
148
146
147
142
148
160
181
182
182
154
188
186
187
1868
159
160
161
162
163
16¢
168
16E
187
188
186¢
t70
17
172
173
178
178
176
177
178
179
180
181
182
183
184
188
186
187
188
1ae
18¢C
181
192
193
194
198
196
197
192
198
200
201
202
203
204
208
20¢
207
208
208
210
241
212
213
214
218
216
217
218
219
220
221
222
223
224
228
226
227
228
229
230
221
232
233
22
238
236
237
238
239
240

X Xa)

LXaXa)

ann

nnn

nfon

LY.,

2

_OTHERWISE INCREASE THETAOC
IF(YHETAO . LT O.10)1TINCED .0
IF(THETAC . GE . © 10)TINCEO 02
THETAOE THETAO+TINC

.MORE TMETAO TO CRANK, MIND BEGINNING AGLIN?

o 10 S0

990 WRITEIG , 2800)THETADC
CALL STAR
LLL LRI
CALL EMPNU
IF(T.LE . JJY1 . AND EMMBW(N) .CY .EMMBMIGO TO $95

TF(YJUIN) . LT YJJIN-1})IGO TO 894

. .MAVE YOU EXCEEDEL YHE PRESET LIMIT ON THETAO®
JIFITHEYTAC .GT THETOMIGD TO 993

.OTHEAWISE INCREASE THETAO
JF(THETAC . LT . O 10I1TINCED OO
IFCTHETARAO .GE.©.10)TINCRO 02
THETAO® THETAO+TINE

MORE THETAO TD CRANK, MIND BECINNING AGAIN
&t T0 B©

98! WRITE(E, K 2910)
TCALL STAR

NENe
CaLlL EMPNU
1Pl LE JJUt AKD EMMBWIN! . CT EMMBMIGO TO 89E

1FIYUJUIN) LT . ¥YJJ(N-1) )80 TC 984

_MAVE YOU EXCEEDED THE PRESET LIMIT ON THETAO"
IFI(THETAO . GT THETOMICO TO 892
.OTHERWISE INCREASE THETAC

IF(YHETAD LT © 10)TINCRO O
1IFITHETAO.GE ©.10)T1NCEQ .02
THETAOSTHETACSTING

.MORE TMETAO TO CRANK, MIND BEGINNING AGAIN"
Co YO sC

982 WRITE(S K 270C
Caii STAR
G0 TC 886

#9893 CALL STAR
WRITE(6, K 2600) THETOM
CaL. $TaR
€O YO 888

84 CALL STAR
WRITE (6 ,2030)ROTNUIN)
CaLlL STAR

985 CALL STAR
I1F(NPROE .EC.NRPOPMIGD TO 989

NPROBENPROB ¢ 1
GO TO 20

298 STOF
. .FORMAT STATEMENTS

100¢ FORMAT (74

1100 FORMAT(9F 10 §,2186)

2000 FORMAT (30X . ' 1’ , ‘MASONRY WALL DEFORMATION ARD STRENGTH', K/
228X, ‘USINC COLUMN DEFLECTION CURVES -CODC.IE.UR', ///)

2100 PORMAZT (//10X . ‘AL®MAET ' F10 4 ,8X,°‘Dsx * F10 4 BX,6 *DELTAXE ',
sF10.5, 8%, ‘EOx * F10 &,//10X "EUB: ' F10.8 68X, 'P/PBs
*F10.6,8x, "THETAO: ' F10 .8 85X, //10X, "EiMs * F10 .6 86X,

s g2Mz ° F10 8 8X ‘AT JODINT «° 14)

2180 FORMAT(//9X,"1" LY L 1K, rM/Me 8, FT/FYB
*BX, 'THETS  ,8X, ‘E .

2300 PORMAT (/6X, 14 44X F$ 3, 3X F9 4 3X,F9 B ,3X,F9 6, 3% .7F5.65)

2500 FORMAT(/BX, ' svssssnsssULTIMATE MOMENT EXCEEDED T
* ‘WHEN THETAOs ' ,FB &, ,' sezsasass’)
2600 FORMAT(/5X, ‘ssssassnsssMAXIMUM PRESET THETAO OF * F§ 4,
%' EXCEEDED sssssessssr’)
2700 FORMBT (//6X, ’'sess® ses  NEGATIVE M/ME OR FI/FYB s3:x')
2910 FORMAT (//,BX, ssxs MAX ALLOWED JTERAY]ON EXCEEDED s=»
28920 FORMAT(//,8X, "sesassQUARTER WAVELENGTH OF CDC COMPLETED ',
» /'FOR THETAOC® *L,F8 A,CAYT Ik 18, ‘mzsazes 5
930 FORMAT(//,8X, ‘#sesss [NSTABILITY MOMENT IN CDC AT °,
s/'WAlLL END ROTATION = ‘', F3 .6, ‘sesasnzanss’)
END

P EE BT ISERAI RS S S NE NS0 SIS LESESURPEEEEEENIINIEERARIRENBANTY
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24 c -SUBRDUTINE TO CALCULATE PH]/PHYR FOR & PARTICULAR P/PR

243 Crsasaszssnasasnunna EE3® S I’II...llllllllllllI'll.l'llll.l.lll
243 [

2484 [4

2458 4

245 t

247 SUBROUTINE EMPPN)

248 3

249

28¢ COMMON X(300:,Y(300), THETA(300),Vud(Bo

281 SEMMB (3001, FIFYR(300) PPET(600), EMMET (300 ),

282 -rxrv:’(:oo),!MMIW(bOJ,anuutiov,F?l‘IVl,P!,:l,!M!,

253 -!|M.!2M,!o.!ul,7,VIIV|u,rvY,rv7M,!ann,lus7,IN$1t,

254 PINSTM NCIT NCITM, ERRORP ALPKA, 1, U, K M, N, du

25E t

256 TP(EMMBI(]).LY.0.)G0 TO 988

287 4

288 C.. CALCULATE CONSTANTS AND OUTPUT TMEM

286 4

260 [IIXM

261 EMPs1 . /8 .

282 FYB=2 SEUB/D

263 ACSE1MagED

264 4

268 C .. INITIALIZE VARIOUS VALUES

H Y 4

267 INSTMES

268 E4DEC=0 . 00OOOS

268 FYTINCEO 0000

27¢ FYtoso

M FYYsFYTO

272 Jwe

213 INSTs0

27¢ NCIvlsc

278 IMax=o

278 K

277 EMMBY (K 1%0 .

27¢ FIFYB(K D .

27¢ 4

28¢ 100 us»

28 FYTEFYTeRYTING

282 EazEUB

283 I1REPE 1

28¢ t

288 4 INCREAQSE COUNYER AND BECIN CALCULAT]IONS

28¢ 3

287

288 200 1F(E4 LE ©O. .OR.IREFP.£C.2160 70 982

28¢ E1sEAa-FVYTY

290 E2sE1+aLPHASFYT

28 EIZEVe (1. ~ALPHRIBFYT

29z ¢

293 4 ASSICN PROPER EM TO STRAIN VALUES AT ANY POINT

294 4

285 IFCEY LE EOIAIREIREIM

25¢€ JFIEY CT . EO1A1=(E1-E0)sE2Mea0

287 1F(E2 LE EC)IA2:EZsEtM

288 1F(E2.CT ECOIA28 (E2-EC IoE2Me a0

289 TF(E3 LE.EO)AISERSEIM

30c JF(E3 CT .EC1A32 (E3-EC)RE2M+40

e 1F(ES LE . EOIAMXEREIN

3c2 1F(EA GY ECIAMC(E4-EC)eE2M+40

303 TF(EY LT. 0 ratso.

304 IF(E2 LT.0 1A220.

3o0s 1F(E3 LT.0.)A3:0.

3oe JF(E4 LT . ©0.)a4z0.

307 4

30t 4 TEST FOR VARIOUS STRESS DISTRIBUTION CASES, ACYT ACCORDINGLY
308 t CASE 1,

310 4

3 JFUED GT . £0.AND E£2.GT . EC.AND E1.GT.EO AND . EA.CT EOIGO YO $00
312 c

313 C CASE 24 anp 28,

314 4

318 JFUET CT. 0. .AND . E1.LT EC AND E2.GT EO.AND E4.CT.E0IGOD T0 300
318 JFCE? . LT.0..AND E2.GE.EC.AND E3.GY.EC.AND.E4 . CT €060 To 300
317 4

318 t CasE 3

318 4

32¢ JFCEY.GE ©. .AND .E2 GT O .AND .E3.LT . EO AND E4.GT.£0)G0 10 aoo
321 IF(E1 LY. 0 .AND E2 LT.0. .ANC E3.CT.0 .AND. E3 LT.EC.aND

322 "Et CT.ECIGD TO 400

323 4

324 4 CasEe &

328 4

328 JFCE1.LT 0. .AND . E2.L7.0 .AND.E3 GE © .AND.E4 LE EO)GO 10 so00
327 TFCE1.LT . O. .AND E2 LY © AND E3.CT EO AND.E4.GT &c)ig0 Y0 s00
322 TFCE1.GE . O. AND.E2 LY. EC AND E3 LT EO AND E4 LE EO)CD T0 S00
azs JF(E' . GE.O. .AND E2 LT EC AND.EJ.GT.EC.AND. E4 T .EO0)CD TO 800
330 3

3 C CASES A aND S2

332 4

333 IF(EY LT © .AND.E2.GY © AND EJ.LE.EO AMD.E4.LE.E0ICO 10 8§00
334 IFEEL. LT O .AND E2.6Y © AND.E2 LE EO.AND.E3.GT EOICO TO 500
3is TF(E1.LT . O. AND E2 GE.©O. .AND E3 LE.EC.AND.E4.CT EOICD TD 800
33¢ TFUEY L7.0. . AND E2.LE ©. .AND E3.LE.EO.AND.E4 . CT ECIGO TD 8§00
337 4

33 4 CASES 64 AND 6B

3¢ 3

340 JFCET.LT.O. .AND E2.17.0. AND EJ.LE.O. .AND . E4.LE.ECIGD TO 700
341 TFIEY. LT.0 .AND.E2.LT.0 .AND.EJ.LE O. . AND E4.CT EGIGO 10 Y00
342 c

343 € .1F CANNDY SBATISFY ANY OF THESE, THEN SOMETHING WRONG '

34e [4

348 GO TO 991

s

347 € .CASE 22 AND 2B: £1 LESS THAN EO OR NEG, E2, E3, GREATER THAN EO
EXY) t

348 300 JF(E1.LY.0.)G0 YO 320

3so JEJe s

351 Tis(EC-E1)/FYT

as2 P2B= (A3+44)/2 SALPHAS (RO4R2)/2 S(ALPHA-T1)e (a0+A1) /2 3T

383 PPBT(JixP2B/PB

384

385 3

3se C... CHECK WITH INCOMING PPE

387 3

3s8 POIFeABS (PPE-PPBT(J))/PPE

ass IF(PDIF.LE.ERRORP)G0 TO 2380

350 §0 TOD 370



e (4

362 32¢ Jrue

362 TarEA/(E4-E1)

364 IF(T4.CY .t 178z

3¢5 T2=E2/EArTA

36E TEO=EO/EasTa

3€7 TIsALPHL-T2

36t P2AZ{A34A8)/2 sDLPHO+(LO*A2)/2 »(T2-TEO)I*(AO)/2 STEO
368 PPBT(JIEPZA/PE

370 POIFSASS(PPR-PPET (J))/PPB

37 1F(PD1F . LE.ERRORPIGL TD 340

372 GO YO 37¢

373 <

374 340 K=K+

376 NCEx21Y

375 EM285848/2 sALPHAS ( §-ALPHA/D 1 *A3/2 SALPHA® ( .$5-2./3 .3ALPHA)
377 *-82/2 »(T2-TEO)® (. T1-2 3{Y2-TEO:/3 1-80/2 s(T2-TEO)»
378 (. 6T1-(T2-TEO!/3.)+80/2 *TEO*( . $-T1-2.5TEO/3.)1-81/2.5T1s
378 s(.8-T1/3 )

380

3 EMMBT (K ) REM2A/EMD

382 FIFYRT(KIEFYT/ (2 sEUB!

382 4

384 IF(EMMBT(K} .LT.© )GD TD 9865

385 Can TIFIIMAX CT OIEMMET (K)sEMMBM

386 IF(EMMBY (K} . LT . EMMBY(K-1) AND IMAX EC.0)GD TO 9954

¥ ¥) IREPS JREP+ 1

s [ <

a8 &0 YC 370

3o c

s 380 KsKe?

382 NC=222

383 EM28344/2 BALPHRE( . 8-ALPHA/3 1+A3/2 sALPKA{ §-2. /3 .34LPKA)
394 $eA2/2 S (ALPMA-TII3( §-T1-2 . 9(ALPNA-T1)/3 1-A0/2 s{ALPMA-TI s
s B0 . 5-T1-(ALPHA-T1)/3.1-80/2 *T19( .8-2 8T1/3.)-81/2.9713s
3¢ L .B-T1/3 )

387

302 EMMET (K ) EEM2B/EME

395 FIFYBT(KINFYT/(2 PEUB)

400 4

LY-3 IF(EMMBT (K} LY ©. )60 YO 995

402 (43 JFCIMAX CT OIEMMBT (K )z EMMBM

402 JF(EMMBY (K  LE EMMBT(K-1) . AND IMax EO ©)GD TD 984
acd 4

40s TF(EMMBT (K EC. EMMBM™M I INSTEINST+)

40¢ JFIINST GE INSTMIGOD TO 982

ac” JREPz JREP+

ace 4

408 c OR TRY ANODTMER EDGE STRAIN

410 4

LR 370 E4sEA-EADEC

412 4

413 4 MDRE CALCULATICNS

are 4

ars Gc 10 200

arg 4

417 C ..CASE 3 : E', E2, E3 LESS TYHaN EO, E4 GREATER

are 4

are 400 Jzuen

420 TIC((EO-E1)/FYT-(1 ~ALPHE})

az PIr(LA0C+RA)/2 *(ALPHA-TI)+{A0*A3 /2 sTI*(L14482)/2 SALPHAR
422 PPBT(J)IEPI/PE

423 c

424 C _.CHECKX WITH INCOMING PPB

a8 [4

428 PDIFeaBS (PPB-PPRT(J))/PPB

427 JFE(PDIF . LE ERRDRP)CD TO 4850

428 GC TD 4A8o

429 4

430 450 KEK41

4 NC=2

4232 EM3284/2 s (ALPHA-TI s ( . B-(ALPHA-T31/3 14A0/2 S(ALPKA-TI)»
432 2(.85-2 /3 2{ALPHL-T3})1480/2 3TI*( $-(ALPHA-TI)-TI/3 14A3/2 »
434 $TIs( . B-(ALPHL-T3)-2 sT3/3 )-R2/2 sALPHAZ( .82 /3 =ALPHA)
435 »-01/2 2ALPHE»( S-ALPHA/3 )

436 EMMBY (K | EMI/EMB

37 FIFYBTIKIEFYT/ (2 =EUR)

432 1F(EMMBY (K) . LT ©.)GD TO 998

438 Cas IF 1 1MaX CT OIEMMET (K )ZEMMBM

aac IF(EMMBT(K: LE.EMMBT(K-1) ANC IM2X €0 ©IGD YO 994
as 4

442 4

443

Yys TF(EMMBT (X} EQ EMMBMIINSTEINST+1

43S JIFCINST GE INSTMIGO TO 993

aae IREPS IREP+1

487 4

aas 4

a4 C .OR TRY ANDTHER EDGE STRAIN

450 4

LER 480 EASEAL-EADEC

452 [

a%3 GO 1D 200

452 c

458 € ..CASES ' AND 4 MOST COMMON CASES sEsezssssanEaEay
4%6 [4 INCLUDING BOTH E' AND E2 NEGATIVE CASES ssss

a5 4

(3% $00 JrJ e+

453 PAX(AT+A2+4A83488)/2 BALPHR

460 PPET(JIEPA/PB

481 4

482 t .CHECK WITH INCOMING PPEB

4e3 c

asa PDIFEABS (PPB-PPBY(J) ) /PPB

acs IF(PDIF LE ERRORPIGC TD §80C

466 co TO 570

ac? c

ate $50 KK+

(13 NCe14

&70 EMAsO SsALPHAS (A48 ( B-ALPHA/2 T+A32(0 .§-2 SALPHA/J.)
473 s-A2%( .§-2 BALPHA/I )-AtYst G-ALPHA/3 )

4r2 EMMBT (K )SEMA/EME

473 FIFYBT(KIEFYT/(? sEVUE)

a74 Cse 1IF(IMAX . CT . O)EMMBT (K )uEMMBM

478 IF(EMMBT(K) . LE EMMBY(XK-1) AND.IMAX.EQ.0)GO TO 994
47& [

417 4

478

479 TF(EMMET (K) EQ . EMMBM) INSTEINS T+

420 IF(INST .GE INSTMIGO TO 993



11
612
613
$ra
$18%
E18
17
18
61§
520
521

§21
£24
£2%

629
sac
841
b4z
642
584
545
546
san
a4z
Bag
5§50
8%
6852
8523
854
§58
§SE
557
582
559
$&¢C
561
5§62
$63
B64
[ 131
866
$67
s6s
868
870
s
§72
£73
57a
£7%
57€
£77
BTe
£78
[ ¥ 1]
LY A
582
$83
584
| 313
85
[ X 0]
sse
s89
Eeo
891
892
593
[ 2 X
596
95
$§87
L 2 X1
L2 X
500

L Ko

E70

4 -€
c

L 1-14

c
c...¢
c

s2¢

L=

c

c

c
c..er
4

[ X X-]

c

LY. X,

$so

Ces

on

L XX,

€70
c
c . c
c

700

c
c...¢c

c
c...¢
4

720

on

IREPs JREP

THERWISE
EA=E4-EADEC
G0 70 200
ASES S2& AND SB : E1 NECATIVE, E2 POSITIVE

JEgey

TAEA/ (Ea-E1)

IF(TA BT 1. )7asy.

T2eE2/E43Ta

IF(T2.L7.0.)T2=0.

Ttz -7va

IF(EI. LY .EO . AND . E4.GT.EOICO TO 540

PSSRSO S2R29T24(83+484)/2 =ALPHA
PPBT(JIxpPEA/PE
HECK WITK INCOMING PPPR
POIFSABS(PPR-PPBT (V) ) /PPB
IF(PDIF . LE.ERRORP)IGO TO §20

G0 YO €70

KEK+
NCES5 1

!M“Io.'lAL’N"((“'l."‘L'NA/: P+A3s (. 8-2 sALPNA/I ) ) )

*-0.B3828722( §-T1-2 ¥T2/3
EMMET (K )mEMSA/EMD
FIPYRBY (K 1wFYTY/ (2 sEUD
1F(EMMBT(K) . LT ©.160 TO [
IFCIMAX CT O)IEMMET (K I SEMMBN
TF(EMMBT (K) . LE . EMMBY (K-1) AND.JIMAK €0.01G0 TD ®ee

TF(EMMBY (K| .EO EMMBMIINSTEINST+1
JFCINST . GE INSTMIGC TC 983
IREP: IREP+ 1

HERWISE
Co To €70

TIsEJ/EaxYa
TECSEC/Ea»Ts
T3o=sYEO-T3

1F(T30 LT.©0 160 TO #89s
T4OsTA-TEC

PEBE (LA0+84)/2 5T80+(80+A31/2 T3040 §2T2s42
PPEY  V1zPSR /PR

HECK WITH INCOMING ppp

POIFSABS (POPR-PPRT(y;)/Ppp
JF(PDIF.LE ERRORPIGD TD §50O
G0 YO 870

KeKe
NC=E2

EMSB2A4/2 27403 (.8-T40/3 14A0/2 27403 ( E-2 /3 sva
BeA0/2 xT30%( . §-740-T30/1 }eA3/2 Y20k
21 .6-740-2./3 2Y30:-0 §2T2882¢ §-7T1-2. /72 272y
BeAT/2 ST28 (0 . B-TY-Y2/3

EMMBY (K ) eEMER/EMP

Fl(V!T&Kl:FVT/(Z.!EUI)

IFtIMax . GT CIEMMEBT (K )R EMMBM
lV(EMM!Y{K).LEvEMHlTlK-|’.AND IMax EQ OIGC YO 294

IF(EMMBT (K) EQ.EMMEM) INST=INS T+
IF(INST GE INSTMIGE TO 983
IREPRIREP+

THERWISE

EAEL-FADEC

6o T0 200
ASE 6 : E1, E2, E3J ALl NEGATIVE, E4 LESS DR ECUAL
SEJe
E3=EA-ALPHATFYY
TAzEA/ (EA-E3 1 saL PN
HECK FODR MAXIMUM E4
IF(E4 GT.ECIGD TO 750

PEaza8sTas0 . &
PPBYT(JIEPEA/PR

MECK WITH 1NCOMING PPE
PDIFsABS (PPB-PPET(J))/PPB

IF{PDIF . LE. ERRORP)ICOD TO 720
go T0 780

KK+

RC=g

EMGAsAs2TAr . $3( B-T4/3 )

EMMET (K )SEMEA/EMS

FIFYBT(K)SPYT/(2 sEUB)

TF(EMMBTY(K).LT.©.)G0 TO 9§

IF{IMAX.GT.O)EMMB (])sEMMBM
lf(!MMIT(K)AL!.!NHIT(K-I).AND.IMAX.!O )60 YO 894a

JF(EMMEBT(K) . EC.EMMBM ) INSTEINST+1
JIF(INST.GE INSTMIGD TO 983
IREPEIREP+

¢

TO0 EB

213



214

01 c

sc: o YO 780

6cd c

(XX t.. .CASE &8

805 [ 4

[ X-13

| 32 780 YOREOXTA/ES

80¢ PODE (80+R4 /2 s (TA-TO1*AD/2 »TC
805 PPBY (JLIRPEB /PR

€1¢ c

811 [ 4 .CHELK WITK INCOMINC PPrB

€12 c

611 PDIFEADS(PPR-PPRT(J))/PPE

614 IF(PDIF . LE.ERRORP)GD TO 770

615 GO TO 7Tso

[ 31 4

17 770 KsKe

s1e NCsE2

$15 EMEBEAA/2 3 (T4-T0)18( E-(T4-Y0) /D 19A0/2.5(T4-70 )2
$20 ®{.$5°2./3 2(TA-T0) }¢AD/2 8703 ( . B-{T4-T01-70/3.)
621 EMMBT (K )EEMES /EMD

622 PIFYBY (XK )2FYY/ (2 sEUR)

623 Css IF(IMAXY CT OITEMMBY (K )BEMMBM

624 TF(EMMBY (K LE . EMMBT(K-1) . AND. . IMAX EC.OI1GC0 TO #94
$28 4

62¢ c

6§27 JF(EMMBT (K) EC EMMBMI INSTEINST
s2¢ JFCINSY . GE _ INSTMIGD TD 8383

§28 IREPE JREP

830 4

£31 <

632 C .OTHERWISE

$33 4

534 780 EASEA-FADEC

$3%

636 (4

37 4 .GO FOR MDRE '’

3¢ c

63¢ GO YD 200

sac [4

[ X B #9171 WRITE(6,2600)E1 ,E2 EJ E4

[ X STOP

[XF]

640 [4

645 [4 IMCREASE FYT AFYER E& GOES NEGATIVE
Gat 4

647 982 IF(IREP T 2 INCITENCITet

B4t TFUNC)IT CT NCITMITOD TO 986

6ag G0 TC 10¢

£50 [

£5 93 WRITE(E 28101 EMMBY (K}

€52 RETURKN

€53 c

€S54 998 EMMBAMIEMMEBY tK -1}

€585 c

65¢ t .RAISE & FLAG FOR REACKINCG MAY MOMENT
657 c

§5¢ IMaXE IMANs

[ 23] c

[ 1314 <

[ 1B C. .CO FOR SOME MORE CALCULRTIONS

682 c

E4sE4-EADEC
c
C=rx GO0 7L 200
4

WRITE(6,2810)EMMBM
RETURN

98 WRITE(§,2820)
RETURN

906 EMMBMEEMMET (K}
WRITE(E,28301FYT , EMMEM
RETURN

989 WRITE(CE,2800)1E1 E2 ED E4 NC
STOP

c
c FORMAT STATEMENTS
c

1000 FORMAT(10F 10 .8)

[
2000 FORMATIIOX, 1°, "MASONRY WALL MOMENT-LOAD-CURVATURE',/
B33X,"USING INELASTIC BEMAYIOR - MPFY . 1E.N',///)

c

2100 FORMAT (//10X.‘ALPHRE * ,FE & 8X, ‘EOt * F§& 6, 8X, EUB: '
sBX,‘EYMz ‘ F10.5,//10K, ‘E2Mc * ,F10.5. 86X, PBr * F§ .5, 6X
BFe .6 EX.' FYTOr ' F8.5,//10X, 'ssuxsP/PBs ‘' ,F3 B, ‘' sramesser’)

t
2180 FORMAT://9X, 1°,7X, "M/MB" 18X, "P/PB"' 10X, "E&"'  8X ‘FYT ' 8X
s'F1/FYR"}

c
230C FORMAT(/6X,14 ,3X F10.6,3%x,F10 .86 3X . F10 8 ,3X,F10 6,3%X,F10.8)

14
2800 FORMAT(//BX,‘® saxsazss ULTIMATE MOMENT EXCEEDED szess’)

4
2800 FORMAT(//8X, ‘ssxss ND CASE SOLUTION FOR E1: ° F9 .8, °'; E2¢ ',
"F$.2./30%,Edx ‘ F9 B, E&z= ‘' ,F9 .8, 6 ‘NCe ° 18, ° (LR EEEE NS IS
t
c
4
2800 FORMAT(//, BX, ‘sssaNEGATIVE COMPRESSION STRAIN AT FYTs -,
sF10.6,° sszssx’)
4
709 2810 FORMAT(//,BX,’ ®sss MAXIMUM MOMENT REACHED'! ssasss * /
710 eEX, ssx3 IN EMPFY AT M/M8 s° FE.§, * sxsrus’)
711 4
712 2820 PORMAT(//,8X,  »sss NEGATIVE MOMENT REACHED'! szsssz ‘)
713 c
714 2830 PORMAT(//,8X,  ssss MAY NC LONGER BE ABLE TO FIND ssssas - /
718 "X, s ANDYMER P/PB AFTER FYTs r essens
718 B/BX,‘sxzeMAXIMUM M/MBz: ° F8.8 ‘
TV END
718 c
719 3
720 c



721 14
22 c
723 c
12:¢ Ces SIREANzBAEsIIRESAAEREELIEEERAIKRERSE LIRSS SesszssenzusmsanEREans
728 C.. .BUBROUTINE TO CALCULATE M/mMe 8Y INTERPOLATION
72¢% Cesesanenrs 'll'll.llllll.lllllllllllllllllllll.ll't.lll
727 €
T2¢ €
728 4
730 [4
731 SUBROUTINE EM]ITPD
732 [4
732 COMMON X300, ¥Y(300), ETa(300) . Yuuiso,,
T34 OI”N.(SOO),’lfVI(SOO), lT(SOOr,!NMl’(!OO:,
738 'FIFVIT(IOOI.!MMIW(EOI,leNU(BO),’ e . FYB PB E4 EMB,
T3 'E\M,!?N,EO,!U!,T,')VVIM,FV?,FVTM,!NNIM,INST,lNSTC,
737 CINSTN,NCIY,NCITM,!!.BRP,AL’NA,J,J,K,ﬂ.l,dJ
738
73 14
Y40 INETCsO
T4 KKEKe
742 B0 100 Mx1 XK
743 l'l!"“l{ll.EE.!NMIY(N).AN&.!NM!(Il.LY.!NMlTlN“))GO T0 200
Taa lV‘lNM!ilJ.GT.!NHIT(M).ANG EMMB 1) LE EMMBT (M*1) )60 TO 200
748 1F(M. CT . KIGD TO ®81
746 100 CONTINUE
747 c
748 C...INTERPOLATE YO GCEY CORRESPONDING PHI/PHIB, CHECK FOR PLATEAU
4
20¢ !llNSTllIS(!NN!T(MO!)-!MH!T(M‘)/!MMIT(M"l
1F (ERINST LT .0 ©0B5)CD TC 300
14
L. .OTHERWISE
4
']FVI(])l(!NMlll)-!MN!Y(“))/(!“NIT(H'1‘-!HNIV(N))'
'(VIFVIY(M‘!)‘F]'VIT(M!P"l'VlY(ﬂ:
RETURN
4

300 FIFYR(1IGUFIPYRT (M)
INSTC2INSTC
JFCINSTL GE BIWRITE(E,3100:
RETURN

987 WRITE(6,3000,
RETURMN

c
C FORMAT STATEMENTS

3000 FORMAT {/ /10X, "serasnneCANNCT BRACKET MOMENT FROM CDC! ')
3100 FORMAT(//10X, "MAY MAVE REACHED MOMENT PLATEAU FOR c€oc ‘)

END
c
14
c
4
c
cn-----.---:.--..--..-.-..-------..-.--.a------.----.-------.
4 SUBROUTINE T0 GENERATE FINGL EM-P-NU bAaTA
Czsass B R
c
SUBRDUTINE EMPNU
COMMON l(loo),vlJOO),TH!TA(JOO].VJJ(SO),
'EHM!(:OO;,?lFVI(SGOA,PPIT(GOO).INM!1(SOOD,
'ferlT13°01,EMNIW!BO),IUTNU(SO‘,”!,FV!.PI,!‘,!NB‘
SEIM E2M EO EUE . T FIFYRM FVT{FVY»,!MMIM,]NSY,INSTC,
-lNSTH,NEIT,NCITM,!IIOI’,ALPHA,l,J,K,M,N,JJ
c
NNEN
YJI NN IZY (g0
EMMBW (NN I BEMMB ( Uy !
lOTNU(NNISV{JJI/IIJJ)-TH[TAIJJ)
WﬂITE(S,GOOOINN,!MNIW(NN)‘lDYNUANN'
c
TF (EMMBW (NN ) CT . EMMBM DR YuJ (NN (T YJUONN-1)IGO TD 999
998 WRITE(E.4100)
N2 NN
c
RETURN
4000 ro.nnv(/sx"---------.---n.-----n---.--.n-------------:---n-',
LK JIOX, @ 12, ,3X CuM/MBW I & LR 7 ,3Xx, C(NU)Jr re 7,
2/BX,‘sexensneseasmrasrarsrrnrns SirsserETsrRcasNnsaIRIEARS ‘)
4100 FORMAT(/BX, *MAX MDMENT OR ROTATION EXCEEDED Iw EMTITA:
END
<
c
4
t
c
a1 c
812 4
212 Crsszzas SrsatazaEsssassriasasasnsatannns e ERTae s sz

814 SUBRDUTINE STAR

18 c----n--.--:--::.c---.--.a-..-.a------.--.-.-----.-.n-..-.x..
818 c

817 c

81s c

819 c

820 c

82 WRITE(B,20001)

822 2000 FORMAT (/BX, ‘Sessssunsansassnnsrannnsesrannanna sxxsszsmr
823 T‘ssssazeansass Exszaxse -/,

824 RETURN

828 END

Bnd of filg



L X N TN

4 TSIZsSEEEEIERISTEIASSSRIRRNETS R R R cssanssuws
c... TH!S PROGRAMME CALCULATES THE DEFDRMATION AND MAXIMUM
c STRENGTH OF A MASONRY WALL USING TME CONCEPTS OF TNE
[ COLUMN DEFLECTION CURVE (CDC)
4 THIS VERSION CALLED COC IE.R USES TWD MODULI FOR
4 ANALYSINC REINFORCED MASONRY WALLS
4
4
4
[4
c
CeExssoss3sRREIISTRISRIESTY SSAEANSSNSENREIISNROBANERD SESEBSNNEEES
[4
COMMODN X(300),Y(300),THETA(3O0) ,YJJ(SO),
SEMMB(J00) ,FIFYB(300) ,PPRT(800) , EMMBT (]300,
SFIFYBTY(300) ,EMMBW(EO)  ROTNU(SO) PPR FYB PR EA EMD,
SEIM, E2M,EOQ EUD, T FIFYBM FYT FYTM EMMBM, INST,  INSTC,
SIRSTM NCIT MCITM ERRORP ,ALPHAE 1,0 K. M N, JJ,
OFPM FY ES RHO,BETA
<
WRITE(6,62000)
c
C.. .INPUT AND ECHO CHECK
c
READ (S, 1000 )NPROBM
c
NPROBEO
¢
20 READ(S, 1100 ENDsPES )ALPHA, T DELTAX EO EUB PPS FPM FY,
*ES RHO , BETA, THETAO, THETOM , ERRORP NCITM, K JJ
[
Jatsgu-t
E1Me0 7/EOC
E2Me0 3/ (EVUB-EO)
WRITE(8,21001ALPHA T DELYTAX EO EUB PPB THETAOC E1M E2M,
aFPM FY ES RMO BETA,JV
EMBcY /6
[4
4 .CALL DEMARCATION ROUTINE
[ 4
CALL STAR
c
c
14 INITIALIZE VAR]JDUS COUNTERS
4
N=O
I1Rs0
c
$0 iz
Xilrze0
Yili80.
THETA(1 )12 THETAD
EMMB( ] 120
FI1FYB:) 120
14
C.. . WRITE HEADINGCS AND ECHO CHECK INJTIAL VALUES
c
WRITE ' $,2150)
WRITE(6,2300)),X(1),Y(1) EMMB(]I ) FIFYB(I) THETA(])
t
c INCREASE COUNTER AND BEGIN CALCULATIONS
4
100 Jejet
X(l)1=X}-1)14DELTAX
YUl EYel-1)«THEYA I J-1)2DELTAXK-DELTAXs»2/2 sFIFYRB(]l-11%2 SEUB/T
THETA ) )STHETA()-1)-DELTAX*FIFYB(]1-1)*2 sEUB/T
EMMB ] 1®%E sPPR=Y(])/7
€
C CHECK IF YMETA 1S 2ERD (QUARTER WAVE OF CDC. FOR WNEW THETAO
[4
IF(THETAI2) . LT ©. ) CO TO %00
4
c
€. .WILL NEED CURVATURE FRDM M-P-FY RELAT]IONS
t .CALL EMPFY ONLY ONCE FOR A PARTICULAR P/PB
4
c
IFCIR LY. 1)CALL EMPPHM]
IREIRS
4
CALL EM]ITPO
14
WRITE($,2300)1 ,X(11,Yt)) EMMB(]1) FIFYBI(I) K YHETYA(]
IF(EMMB(]).1LT.© 160 TO 9§2
IF(EMMB (] ) . CE . .EMMBM,COD TO 990
c
c
C...CHECK YARIDUS LIMITS. . .
c
JF(M.CT KIGO TO 983
t
IF(INSTC GE.5) GO TD 982
c
Css IF(RCIT . GE.NCITMIGO TO 961
c

T
€ ..GO0 FOR MORE!'!
c
&0 10 100

t
C.. REACHED CENTRE OF CDC”
<

$0C CALL STAR

WRITE (6,2920)1THETRO, ]
CALL STAR

o

NN+

CLLL EMPNU

“

1IF(EMMBWIN, GT EMMBMIGC TO §90

FFOYJIIN) LT YUJIN-1))GD TO 992

216



121 t
122 C.. . HAVE YOU EXCEEDED THE PRESET LIMIT ON THETAO"

123 €

124 1P (THETRA0.GT THETOMICO TD $g3

128 c

126 C..OTHERWISE INCREASE THETAO

127 c

128 IF(THETAO . LY. 0. 10 )TINCED .01

129 JFITHETAO GE.C.10)TINCEO .02

130 THETAOSTHETAOSTINC

1314 [3

132 C...MORE THETAO TO CRANK, MIND BEGINNING ACAIN"

133 c

134 ce 10 so

138 c

136 990 WRITE(6,62800)THETAD

137 CALL STAR

138

139 4

140 NENe T

141 <

182 CALL EMPNU

143 3

144 TP LE. JJT.AND EMMBWIN) .CT . EMMBMIGD TO 998

148 t

1868 IFUYJJ(NS LY YSU(N-1,1G0 TO 984

187 c

148

149 C

160 € ..NAVE YOU EXCEEDED THE PRESET LIMIT ON THETAO®

161 c

182 IF(THETAOD .CT THETOMIGCO TO 993

163 t

154 C..OTHERWISE INCREASE THETaO

188 c

156 IF(THETAO . LT.0. 101 TINC20 O1

167 1IFITHETAOD GE.O.10)TINC=0. 02

168 THMETAO=THETACSTINC

158 c

180 c MORE THETAO TO CRANK, MIND BEGINNING ALAIN?

161 t

162 60 TO sO

163 c

164 981 WRITE(E, 2910

165 CaLt sTaRr

166 c

167 NENst

168 c

168 CaLL EMPNU

17¢ 4

1714 TFOY . LE. JUt ANT EMMBWIN) . CT EMMEMIGD TO 885

172 c

173 IF(YJUIND LT YJUU(N-1))0GO0 TO 984

174 (4

1758

176 ¢

177 €. .. HAYE YOU EXCEEDED THE PRESET LIMIT ON THETAG®

178 3

178 IF(THETAO . CT THETOMIGO YO 983

180 c

181 C .OTHERWISE INCREASE THETAO

182 €

183 IFITHETAO LT © 101TINCEOD. .01

184 IF(THETAO GE ©.101TINCE0.03

188 THETAO= THETAO+TINC

186 c

187 € . .MORE THETAO T0 CRANK, MIND BEGINNING AGAIN®

188 c

188 G0 To so

190 t

191 982 WRITE(6,2700

182 CLLL STaR

193 GO T0 89S

194

195 t

196 932 CaLlL STar

197 WRITE(6, 2600 ' THETOM

198 CaLL sTaRr

i8¢ G0 70 885

200 4

201 #9484 CALL STAR

202 WRITE (6, 2930 ROTHUIN?

203 caitL sTar

204 c

205 895 CalLl sTaRr

208 IF(NPROB EC NRPOBMIGD TO 895

207 4

208 NPROB=NPROB+1

208 6o to 20

210 [

211 198 SsTOP

212 c

213 C.. . FORMAT STATEMENTS

214 14

218 1000 FORMAT (1&)

218 1100 FORMAT!14F10.6,215)

217 2000 FORMAT(3OX,'1°, ‘MASONRY WALL DEFORMATION AND STRENGTH', /
218 *28X,°USING COLUMN DEFLECTION CURVES -CDC.IE UR',///;
218

220 2100 FORMAT (//10X, 'LLPHAE * ,F10 4,8%, Tz *,F1p A4.8X, "DELTAX=: -,
229 2F10.5,5x ‘EOz *,F10 B,//10x ‘EUB: ' ,F10.8,5X *‘P/PB= ‘.
222 *F10 .8 85X, "THETAO: * F10.5 8X,//10X, 'E iMs ', F10.8 ,8x,
223 *'E2M:z  F10 §,SX, 'FPMz " F10 5,//10K. "Fys c F&.3,8n,
22e *'ES® *,F10 3 EX,'RHD: ' ,F1C.8,6X 'BETA: ' FE. 3.

22% /710X , 'sxzxsaxes AT JOJINT LA X W)

228 218C FORMATY://9x, JBX, X BX. Y 1Y, CM/MB’ ,BX, ‘FI/FYE -,
229 *EX, "THETA , 90X, ‘E&’ ,8),"FYT"

228 2300 FORMAT(/EX,T4,4X,F9.3,3X Fg 4,3X . F8.5,3x F9.5,3X,F8 .5
229 -

230 2800 FORMAT(/5X, seaswassxsULTIMATE MOMENT EXCEEDED ‘.
231 ® ‘WHEN THETAOs * F§. &5,  zasszswas-)

232 2600 FORMAT(/SX, sszszsss MAXIMUM PRESET THETAO DF ° ,Fs.a4,
233 ®' EXCEEDED ssuxnsaswss ‘)

234 2700 FORMAY(//8y *ssasaxsssss NEGATIVE M/MR  QF FI/FYBD sex-,
23s 2810 FORMAT(// 8X, ‘ssss MAXx ALLOWED ITERATION EXCEEDED saxssxnss ‘)
23¢ 2820 FORMAT///,6X. ‘ss=sxsOUARTER WAVELENGTH OF CDC COMPLEYED -
237 T /'FOR THETAO:  * FE 4, 'AT 1t ', 18, ‘swsssnsssesss .,
23¢ 2830 FORMAT(// 68X, “azsxsz INSTABIL]TY MOMENT IN CDC AT -
238 /'WALL END ROTATION = *,F8 6, zsssssnnnsx’)

2ac¢ END



241
242
243
244
2458
246
247
248
249
280
261
282
252
264
288
286
287
268
259
260
281
262
283
264
268
288
267
2e8
264§
270
2m
272
273
27a
27%
276
277
278
278
280
281
282
282
284
288
28€
287
28t
28S
280
2%
292
293
294
295
298
297
298
288
300
301
302
303
304
308
ok
3o
Jo02
Jos
310
31
312
313
14
Jrs
318
317
e
318
320
321
322
323
324
a2s
326
327
328
328
3130
33
332
333
334
338
33¢
33?7
33
a3s
340
34
342
343
aaa
348
348
a7
lae
Jas
3so
351
352
352
354
ase
356
8-
388
3¢
3ec

c
c
c
c
[4
c.'.ll'l..l.ll.llllllllllll'lll.ll.ll.!'ll'llll..lllll'lll'lII.II
C ..SUBROUTINE TO CALCULATE PHI/PHYS FDR & PARTICULAR P/PS
Csssazsassss IEEEE RSN E NN RENERRS] A ER 3] sssaBERBES
c
14
c
c
SUBROUTINE EMPPH]
c
COMMON X(300),Y(300),THETA(J00),YJJ(SO),
SEMME (300) FIFYB(300' ,PPBT(800) EMMBT (300},
SEIFYBT(300) , EMMBWI(BO0O) ROTNU(SO) PPB FYB PB E4 EMB,
CEI1M, E2M,EQ0 EUB, T FIFYBM FYT FYTM, EMMEM, INST INSTC,
SINSTM NCIT NCITM ERRORP ALPHA, I ,J,.K M N, JJ,
FPM FY ES RHD,PETAE
c
IF(EMMB(]) LT. 0. )CO TD 895
c
4 _CALCULATE CONSTANTS AND OUTPUT THEM
c
PR= .
EMBEY /B .
FYBx2 sEUB/D
AOSEI\MSED
4
T ..INITIALJ2E VARIOUS VALUES
4
INSTM=S
EADEL2z0 ©00005
FYTINC=0O 0000
FYTOsO
FYTBFYTO
Tws 3
INSTEO
NCITeO
IMaxso
Kxe1
EMMBT (K ) =0
FIFYB(K 120
4
100 J=1
FYT2FYT4FYTINC
EasEUS
IREP=1
c
4 INCREASE COUNTER AND BEGIN CALCULAYIONS
4

200 JF(E& LE.C .OR.1REP EC.2!C0 YD 982
EVsEA-FYT
E2cE1+ALPHARFYT
ERcEI+BETARFYT
E32E14 (1 -ALPHA)I=FYT

4
C . ASSIGN PROPER EM TO STRAIN VALUES AT ANY POINT
<

IF(E1 LE ECIAIZE1sEIM

IF(E1 CT ECI1A1=s(EB1-ECI3E2M+A0
IFtE2 LE EC A2=E23E 1M

IF'E2 CT . EO)IA2x({E2-EO)ISE2M+ACD
FSEERCES

1F(E3 LE EOIA3SEIsEIM

1F(E3 . GT ECH A (EI-EQ)2E2M+RO
IF(EQ LE EOILASEAsE 1M

IF(E& GT EO)AMX(EA-EO'sE2M+A0
IF(FS GE FYIFS=FY

IF(FS .E -FY)IFSz-FY

IF(ET.LT ©.1a120

ACY ACCORDINGLY

E4 . CT EC)IGD 7D 500

€4 GT.£0)G0 TO 300
€4 CT.EOIGD YO 00

E4 . CY EC)IGC TD 400

LE3 LT . EO_AND.

£4 . LE.EOIGD TO0 600
E4 GT . ECIGD TO 8500
Ea . LE EOC)ICO TD SO0O
E4a GT EOIGC TO 500
EA4 .GT . ECIGD YO 8OO

€4 . LE EOIGD TO 60O
E3 .G7 . ECICC T0 60C
E4 . GT EO:C0 7C 60O

.E4 GT.EQ:I1GC TD 60O

EA . LE ECIGD TD 70O
E4 .CT.E0ICD YD 700

IF(E2 LY O . )A230.
1F(E3 LY ©.)A3=0
IF(EA LT . ©. )Ah4x0.
[
c TEST FOR VARIOUS STRESS DISTRIBUTION CASES,
c CASE 1.
c
IF(E1 . GE . EO.AND .E2.CT EO.AND EJ GT EOC. AND.
c .
c CASE 2A AND 2B
c
IF(E1.67 .0 .AND E1.LT EO AND E2.CT EC AND.
IF(E1.LYT ©. AND.E2 GE.EO AND E3.GT . EOC.AND.
4
c CASE 3
4
IF(EV.GE ©. .AND.E2.CT ©. . AND E3 LT.EO AND.
JFIET.LT . © _AND E2.LT.0. . AND .E3 . GT.0..AND
sEA . CT.E£E01C0 TD 400
4
t CASE 4
[
IF{EY LT ©. . AND . E2.1T ©O. AND.E3 GE.©. . AND.
IFLEY LT.©0 .AND.E2.LT.©0 .AND E3 .G7T . EO AND
1F(EY CE O..AND E2.LT.E0.AND EJ3.LT . EQC.AND.
JF(EY.GE . O. .AND E2.LE.EO AND E3 GE .EC AND.
1F(EY . GE . © .AND E2.LT EO . AND.EJ.GCT . EOC. AND.
[
c CASES SA AND &B
14
IF(EY1 LT ©. .AND . E2 GE O. AND .E3 LE EC AND.
1F4E1.LT ©. AND .EZ C7.0. AND . E2 LE EOC AND.
IFIEY. LY ©. . AND .E2.GE ©. .AND EJ .LE EO.AND.
IF(ET. LT O .AND . E2.LE.O. AND E2X LE .EQ.AND
c
[ 4 CASES 62 AND 6B
4
IF(Et LT ©. .AND.E2.LY O .AND.EJ LE ©. . AND.
TF(EY LT O .AND E2.LT .C..AND . E3 LE.O..AND.
¢
C...1F CANNDT SATISFY ANY DF THESE, THEN SOMETNING WRDNG!'
[

L 0 891

CASE 2+ AND 28 E*' LESS THAN EO OP NEC:

ann

E2,

EJ. GRELTEP THAN EO

218



361 300 IF(EY1.LT.0 160 TO 320

362 JeJden
363 TI=(EO-E1)/PVY

364 PIII(A:’All/z.lALlNAo(AooA:)/2.'(ALPNA-T|IO(AOOAI)IZ *T
&S PPIT(J)IPRI/PIOINOlFS/'PM

366

387 4

368 C ..CHECK WITH INCOMING (44}

3¢9 c

370 'DIF!AISGPPI-’PIY(J))/PPI

371 IF('DIF.L!.!IROIP)GD To aso

172 G0 To 370

373 4

374 320 Jruet

37% TazsEQA/tE&-E1)

376 IF(T4 GT.1. )vany,

377 T2sE2/R40 74

378 TEOREO/EavTa

ars TisALPHA-T2 .
380 P2as(A3+n0 /2 llL’Nl'(loolz)lz.'(TZ'YEOJO(AO)/Z.'YEO
38t DDIT(JD!PZA/PI'INDIPS/VPM

382 PDIFzARS (PP BTiJri/rPE

383 JF(PDIF.LE ERRORPIGO TD 340

Jsa G0 TO 370

385 [

86 340 Kaxe

387 NC=21

382 !sztllli.llkﬁnll(.S-ALPNA/S J4A3/2 . *ALPHAY( §-2 /3 sALPKA)
a8 $-A2/2 a(T2-TEO)® (. *T1-2 »(12-T€0)1/2 }-RhO/2.3(T2-TEO»
380 !(.‘-T!-(T?*?!O)/J.)-Ao/:,'?!ol(.5-71-2 *YEO/3.)1-81/2.3T 1
39 s .8-T1/3

382

393 EMMBT (K )SEM2A/EME

394 FIFVIT(K)IFVT/(Z.'!UIP

395 <

306 IFP(EMMBETIK) . LT . 0.0 TO 89S

387 Ces lFlIMAK,GT.D)ENNBY(K)I!MMDM

36 l'(!MM!T(K}.LT.!MMITtK-!).AND.IMAX,!Q.O)GD TO 984
398 IREP= IREP

400 4

401 S0 To 370

402 c

403 IS0 Kxk+

a0z NC=22

408 EM2B:84/2 *ALPHAT( 5-ALPKA/I )ea3/2 SALPHAR Y §-2./3 saLPHa
406 "-R2/2 3 (ALPHA-T1 ) §-T1-2 s (ALPHA-T11/3 1 -80/2 s (ALPHA-T1)s
407 POB-TI-(ALPHA-T11/3.)-20/2 2T1m(. 5.2 *T1/3 v-81/2 3718
403 *.5-T1/3

LX-11

410 EMMBY (K )2EM2B/EMB

411 FIFYBYT (K 15FYT/(2 sEUB!

arz 4

413 JF(EMMBT (K1 . LT.0.)GO TO 99§

418 Cea IFCIMAX . BT . O)EMMBT (K )aEMMBM

a1s TF(EMMBT (K ) LE EMMBT(K-1) AND.IMAX £0 01GD TD 994
416 4

417 lrl!MM!7(K).EO.IMMBM)INSTlleTti

41 IFCINSY GE.INSTMIED TO 83

a4 IREP=2IREP

&420 <

42 C...0R YAY ANOTHER EDGE STRAIN

422 [

423 370 E4zEA-EADEC

424

428 c MORE CALCULATIONS

42¢c 4

427 GO0 To 200

aze

429 c -CASE 3 : E1, E2, E3 LESS THAN EO, E4 CREATER

430 c

431 400 urge

432 TIc((EO-EV)/FYT-(1 -ALPHA )

433 P32 (RO+RG)I/2 S(ALPHA-TI)+(80+43)/2 *TI+ A1482)/2 ALPHA
43& PPET  U1ePI/PBeRHOLFS /FPM

43s <

436 c CHECK WITH INCOMING PPB

437 c

438 POIFeABS (PPR-PPRT iU )/PPE

438 IF(PDJF . LE.ERRORPIGD TOD 450

440 GO 10 asoc

441 t

4482 430 KxKet

423 NCz3

aas EM3:as/2 PCALPHA-TI Vs (.6 (ALPHA-T31/3 1en0/2 SILALPHA-TT 2
aas *{.85-2 /3 s{ALPHA-T3 ) 1¢40/2 T35 . 5-(ALPHA-TI 1-T3/3.)483/2.8
446 *TIT( B-(ALPHL-TY)-2 *T3/3 . 1-A2/2 BALPHAS! . §-2 /3 =aiLPNa)
447 *-81/2 sALPHAS ( B-ALPHA/]Z. )

aas EMMBT (K )2 EM3/EMB

aas FIFYBT K 1=2FYT/(2 sEUR)

450 JFUEMMBY (K1 . LT ©0.160 TO 88§

451 Css JFUIMAY . GT.O)EMMBT (K )EEMMEM

452 ]F(!NM!Y(KI.LE.!MMIT(K-!).AND,INAX.!O ©ICO TO 994
A83 c

asa 3

aSs

as¢ IF(EMMBT (K) . EQ . EMMBM) INSTZINS T+

asy 1F(INST GE.INSTMIGD TO 993

L] IREP=JREP«1

ass T

40 4

ac €..OR TRY ANDTHER EDGE STRAIN

4E2 c

4€ A48C E4xEs-EADEL

[

4cc GD YO 200

ace t

ag7 C. .CASES 1 AND 4 : MDST COMMON CASES txamzessss a3
acs C... INCLUDING BOTW E1 AND €2 NECATIVE CASES seszasss

489 4

470 $00 Uzyet

471 PAS(A1482+834248)/2 =ALPHA

8§72 PPET I )EPA/PB+RHOSES /FIM

473 C

a7a C ..CHECK WITH INCOMING PPE

478 c

478 PDIFEABS (PPE-PPAT(J))/PPB

87 IFIPDIF LE.ERRORPIGE TD 580

478 GC 10 870

49¢ [ 4

aec 850 Ktk



az)
ap2
as
asi
a4ss
486
as?
488
489
490
a0
492
a3
asa
485
a%s
a9?
ass
ane
soo
801
302
$03
sos
[ 2-11
$06
$07
so8
[ 1-3
$10
| BB
$12
513
s14
$18
816
817
g8
$19
520
821
s$22
523
824
525
526
827
522
828
830
831
€32
$232
634
s21%
53¢
5§37
$32
$3¢0
540
841
42
$43
S4s
s45%
S48
s47
sas
Bas
$50
81
§52
853
654
865%
%56
587
85¢
85%
560
81
$62
$63
664
585
66
887
$68
869
$70
7
872
873
S$7a
75
$7¢
577
878
$78
820
581
582
83
L33
S$85
586
s$87
582
588
890
6§91
592
593
584
588
896
5387
s8¢t
[
60¢C

NCE1 8

EMASO BOALPHAY (A& ( S-ALPHA/D 1¢AJs (0 62 3ALPHA/3 )

$-A28(.8-2 SALPHA/3 )-A19( . 5-ALPKA/3 )

EMMBT (K i sEMA/EME

FPIFYRTIKISFYTY/(2.8EUD)
Ces IF(IMAX GYT OIEMMBY (K )sEMMEM

IF(EMMBT(K) . LE.EMMBT(K-1) AND.IMAX.EQ0.0)CD TD B84

4
c

IF(EMMBT (K ) . EC . EMMBM) INSTEINST+
IFCINSY GE.INSTMIGO TD 883
IREPSIREP+

.. .OTHERWISE . ..

nnnn

70 E4=EA-FADEC
Bt YO 200

...CASES SA4 AND SB : E! NEGATIVE, E2 POSITIVE

nen o

800 JUmyet
TasEA/(EA-E1)
IPLT4 . GT.1. )Tz
T2sE2/84374
IF{T2.LT.0.17280.
Tizt . ~T4
IFIE3. LT . EC AND E4.CT EOIGD TD $40

PEAZO $A2:T2+(AJ¢AA) /2 sALPHA
PPBT(JISPEA/PR*RNDIFS/FPM

c
c .CHECK WITH INCOMING PPR
4

PDIFzABS(PPR-PPET(JU)I/PPB
IF(PDIF LE ERRORP)GO YO 620
G0 TO 670

620 KoK+
NCz8 1
EMSOcO BrALPHL®  (BAs S-ALPHA/3 (»*lJv( . 5+2 zALPHA/D
£-0.55R22T22 1 5-71-2 s72/3 )
EMMBT (K ' s EMSA/EMB
FIFYBY K IEFYT/ (2 sEUB)
IFIEMMBY (K LT © G0 TO 9%%
Css IFUIMAX CT OCIEMMBY (K | s EMMBM
IF(EMMBT (K LE EMMBT (K-1) AND.IMAX EQ ©)GO TO 984

TF(EMMBT (K} EC EMMBM) INSTEINST 1
TFCINSY GE INSTM,CO YO 883
IREPZIREP+

c
c OTHERWISE . . N
c

co 70 870

640 Y3ISEJ/EA*TA
TEO=EO/E&xT4H
T30:TEO-T2
IFtT30 LT.© 1CD TO 89§
Ta0=T4-TEOC

PEB2 (A0+B84 1 /2 *TAO+(AC+AZ /2 »T30+0 ErT2242
PPET i 12P5SB/PECRNHOFS/FPM

4
[ .CHMECK WITH INCOMING PPR
4

PDIFzABS(PPR-PPBT (J))/PPB
IF(PDIF LE ERRORP)LD TD 650
Co TOo 570

$50 KeK+1
NC2S2

EMSB:cAA/2 3T802( . 5-TA0/3 1480/2 . 8T403( .5-2./3 2740
*T¢R0/2.3T302( . 5-T40-TIO/3 . 14A3/2 3130

3t £-T40-2 /3 37301-0 §*T2282s¢( 6-7Y1:2./3 872,
v-A1/2 *2T2% ¢ .85-71-T2/3.)

EMMBT (K )= EMSB/EMB

FIFYBY(KI=FYT /(2 2EUB)

Css IF(IMAX GT . OIEMMBT (K )= EMMBM
IF(EMMBT (K} . LE EMMBT(K-1) AND. IMAX EC.C)ICO TO 994

<

14
IF{EMMBT (K) EQ EMMEM)INSTSINST+1
IFIINST .GE.INSTM)IGO TO 993
IREPEIREP+ 1

c

c

C . . DTHERWISE . . .

c

670 EASEA-E&DEC

G0 T0 200

4
c. CASE & : E1, E2, EJ ALL NEGATIVE, E& LESS DR EQULAL TOD EP
C

700 usJe
E3xEA-ALPHAFYT
TA3EA/(EA-E3)sALPKA
€
C.. .CHECK FOR MAXIMUM E&
4
1F(E4.GT . EQICGO YO 780

PSLxAAETAO . §
PPET(JIsPGA/PE+RHOSFS /FPM

c

c .CHECK WITH INCOMING PPE

<
POIFzABS(PPB-PPET(J))/PPB
1F(PDIF .LE.ERRORPICC YO 720
co TC 780

T2C KEK

)

¥
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sot
602
s$03
[ -7}
808
806
507
soe
(1] ]
10
11
12
$13
61a
1§
816
17
s18
€19
820
21
822
§23
824
828
826
627
622
829
830
[ -3
632
§12
634
[ %11
636
$17
638
[ 35
640
[ X B
642
643
644
848
sag
847
[ X ¥ ]
&as
650
651
$52
653
€54
6585
€56
€57
652
(1§
860
61
862
SE3
664
[ 3 X1
E€66
667
668
[ %3]
70
€71
672
673
€74
678
676
€77
&7¢
€78
680
e
682
683
s8a
685
s8¢
687
688
689
680
691
$52
693
8¢
6§95
686
[ 3 B
(2 X
E8s
700
701
702
703
704
708
70¢€
707
708
708
710
T
712
713
T4
718
7€
kAR
718
Tre
720

c

on

c

14
c
4

c
¢
c

c

foon nn

nreo

non

R XX

NC=zg1

EMEAT A T
EMMBTY IK)®
FIFPYBT(K)

A . 83 (.§-T4/3 )
EMBL/EMB
tFYT/(2 sgup)

1P (EMMBT (K1 .LT.0.)G0 TO ®9s
5w TF(IMAX CT . OIEMMB (] )eEMMBM
lF(lMMIT(Kl.L!,INM'T(K-]).AND,INAX4!Q,O)G° T0 984

TP CEMMBT (K) EQ.EMMBM) INSTSINST« 1
IF(INST . GE.INSTMIGO TO pe3

TREPE JREP
GO YO 780

.. .CASE 88 ...

780 TOsEOsTa/

+

.OITI-YODI(.E-(YI-TOIIJ.)OAO/Z,I{TG-YODI

-6-(T4-T0)-T0/3 )

IF(!UMBT(KD.L!4EMMl71K-|)AAND.IkAl EC.©ICO TD 904

PEBs (A0 1/2.2(14-10)480/2.270
[ 4 BT(JI=PEB/PR*RHOSFS /FPM

.. .CHECK WITH INCOMING pPpg
POIFRARS (PPD-PPET (U} )/PPS
IP(PDI?7 . LE.ERRDRP)ISD T0O 770
&0 YO 780

770 KeKe1
NC=62
EMEDz AL /2
2(.8-2./3 %(T4-T0))+A0/2.310s(
EMMBT (K )SEMSS /EMB
FIFYBT(K)SFYT/(2 asBUB)

o IF(IMAX . GT . OIEMMBY (K ) s EMMBM
IF(EMMBTY (K1 EQ EMMEBM) INSTSINST+1
IFCINST GE . INSTMIGD TO $93
IREPIREP |

OYHERWISE .

T80 E4zEA-EaAD

-GO0 FOR MORE

Go 10 200

L 2 B WRITE(S,2800)E1,E2,E3,E4

s$T0P

EC

INCREASE FYT AFTER £4& GOES NEGAY]IVE

982 IF(IREP LY .2INCITENC]ITo1

IF(NCIT GT .NCITMIGO TO 996

GO 10 100

993 WRITE(E,2
RETURN

984 EMMBMrEMM
-RAISE & FLA

IMaxz IMAX

E4=E4-EaD
LA 6o To 200

WRITE(6, K 2
RETURN

895 WRITE:(§,2
RETURN

986 EMMBMEEMM
WRITE(6,62
RETURN

S10)IEMMBT (K )

BYiK-1)

€  FOR REACHING MAX MOMENT

1

EC

810)EMMBM

8201

BT(K)
830)FYT , EMMBM

-G0 FOR SOME MORE CALCULATIONS

9 WRITE(6,2600)F1,E2,E3,E4,NC

sSTOP

C...FORMAT STATEMENTS
c

1000 FORMAT (10
[

c

2000 FORM2T(30
33X, ‘USIN

2100 FORMAT (/
6K, "Eims
*F2 . §,85x, "

c
2180 FORMAT(//

c

FFI/FYBR

Fie. 6

X,V ,'MASDNRY WalL) MOMENT - LOAD-CURVATURE ', /
C INELASTIC BEMAVIOR - MPFY . JE.N' ///)

/10X, "ALPHAS ‘,F8 .85 ,85x, 'EO=
‘.¥10.8,//10K, ‘E2M=
FyToe * F8.§.//10X, ‘sssxsp/pBe

SX, 1, TXK, 'M/MB" 10K, ‘P/PB’' 10X, 'Es

,F10 B 88X

EBs
‘LFB.

‘L F8.6 SX, "EUB: ‘ Fa.§,

LFB .5, 6X, ‘MBe -,
B, ‘ ssxssssss-

JOX,CFYT Y ex,

2300 FDRMATl/GX,Il,ﬁl,l|°.l,3!,?lo.5,3!,'10.5.1!,?10 6.3x . F10.8)
4

2500 FORMAT(//
c

c
t
¢

2600 PFORMAT(//
*F$.8,/30x

EX,‘'sxssasevus

ULTIMATE MOMENT EXCEEDED anszas’)

BXx,’mssss ND CASE SDLUTION FOR Eils -

,"E3® ' F8. .8,

‘,F9 .8, °NCE

©L 18, ¢

Fs.&,°; E2= -,

sxszexssss’ )

280¢ FORMAT (//,8%, “ssssNEGATIVE COMPRESS1ON STRAIN AT FvTs -

*F10.8, °

RS X E Y
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721 2810 FPORMAT(// ,BXK,’ =ses MANIMUM MOMENT REACHED': ssas .t
122 egX,"v2sx [N EMPFY AT M/MB =’ F8.5 ° ssszasn’)

923 3

724 2820 FORMAT(//,8X,' sass NEGATIVE MOMENT REACHED'! s» 3
128 c

726 2830 FORMAT:// ,¥x,° ssss MAY ND LONGER BE ABLE YO FINKD sswas ° /
727 *EX,os3v ANODTHER P/PB AFTER FYTEx * P8 6. °

728 o/BK,‘saRBMAXIMUM M/MBe ‘P8 .5, ‘s2snss )

129 END

730 c

731 [

732 c

733 [4

734 4

738 ¢

738 CORSUSRSIBEISIRERCIIREEITRACRTRINNDRIS sssssess
137 C...SUBRODUTINE YD CALCULATE M/MB 8Y INTERPOLATION

738 Csssensnszessssnsssnsnes 28890 SBERCRSPSRREESIEEREERSRUBERY
138 c

740 4

T4 4

742 ¢

783 SUBROUTINE EMITPO

744 4

748 COMMON X(300),Y(300), THETA(300!,YJJIE0),

748 SEMMB (300C) ,FIFYB{30C) ,PPBT(600),EMMBT (300}

747 SFIFYBT(300) , EMMBWISO )  ROTNUISO)  PPE FVYE PB EA, EMS,

748 SE1M E2M , EO EUB, Y FIFYBM, FYT FYTM EMMBM, INST, INSTC,

748 SINSTM, NCIT,NCITM, ERRORP ALPHA, 1, J K M, N, JJ,

780 SEPM,FY ES,RKO,BETA

781 c

782 INSTCsO

753 KKK

754 DO 100 Mz 1 KK

188 IF(EMME (1) . GE. EMMBT (M) AND EMME(]) LT EMMBT(M¢1)})1GO YO 200
786 TF(EMMB (1) GT.EMMBT (M) ANO EMMB (1) LE.EMMBY(M+1}}G0 10 200
759 IF(M.CT.X)GO TO 891

158 100 CONTINUE

189 4

760 C...INTERPOLATE TO GET CORRESPONOING PH]/PHIB, CHMECK FOR PLATEAU
761 4

762 200 ERINSTZABS (EMMEBT M+ 1) -EMMBT (M1} /EMMET (Me 1}

763 1F (ERINST.LT.0.0061GD 10 300

766 t

T8¢ €. OTHERWISE

766 4

787 FIFYRB TR (EMMB (1) ~EMMBT (M} 1/ (EMMBT (M2 1) -EMMBT (M) 12

788 SCFIFYBT (M2 1) -FIFYBTIMII4FIFYBT (M,

169 RETURN

170 4

17 300 FIFYB: ] sF1FYBT (M)

712 INSTCEINSTC

773 1F I INSTC.GCE.SI)WRITE(6,3100)

778 RETURN

778 $81 WRITE 6,3000)

778 RETURN

777 4

778 C FORMAT STATEMENTS

779 c

780 3000 FORMAT(//10K, sssssssaCANNOT BRACKET MOMENT PROM CDC'' ‘)
781 3100 FORMAT(//10X, ‘MAY HAVE REACHED MOMENT PLATEAU FOR CDC*)
782 END

783 c

788 t

788 4

186 4

787 4

788 Co383508 80 EE38rasss s N s s s ssas e s tisats st s asENasstnssrsess
189 [4 SUBROUTINE TO GENERATE FINAL EM-P-NU DATA

790 Cassss 881888388 s ez rSasssatssssaslsssssasREriazstsassss
181 c

792 SUBROUTINE EMPNU

783 3

794 COMMON X(300),Y(300), THETA(300) YJJ(8O),

798 tEMMB (300 , FIFYB(300) ,PPBTI600) EMMBT (300,

198 SFIFYETi300) EMMBWI(SO} ROTNU(S0) PPB FYB PB E&4 EME,

797 SE'M_E2M EO,EUB T FIFYBM FYT FYTM EMMBM, INST INSTC,

798 SINSTM NCIT NCITM, ERRORP,ALPHA, I ,J. K M N, JJ,

199 sFPM FY £S RKD, ETA

s00 c

s01 NNEN

802 YJS(NN I Y L I}

802 EMMBW I NN ) SEMMB (JJ }

804 ROTNUCNNIRY (JJ)/XIJJI) -THETA(SJ)

s08% WRITE(6,4000 ) NN, EMMBW (NN) , ROTNU(NN)

808 c

807 TF(EMMBWINN) . GT.EMMBM . OR . YJJ(NN) LT YJJINN-1))ICD TC 998
so032 999 WRITE(6,8100)

sos 4

810 NENN

[ B [

812 RETURN

813 4

3y 4000 PORMAT(/5X, ‘ssssssaxzsses sssrzmssssenssIzRAREY sswseey’
(311 meaemyc /10K, ‘@, 12,3, (M/MBWIU & FB. T, 3X, CINUIJT re .7,
Z1E 3 /6K, ‘733338 FTEREEL NI ASANSNESSS IR ANIRIENTFRERROARTIE
817 4100 FORMAT(/5X, xssssMAX. MOMENT OR ROTATION EXCEEDED 16 EMTITAs )
818 END

518 c

820 c

823 t

822 t

823 c

82¢ c

825% 4

82E Cosssnarssranssseassasrsssssssssssssnssanssssasnssssstnassssy
827 SUBROUTINE STAR

828 CosasssasasnsnsansssssRar s ESaIssaslaassssssassssssnossasanEsss
e2e 4

830 [4

83 [4

833 t

833 t

834 WRITE(6,62000)

83s 2000 FORMAT(/5), ‘E3SsssEasasssFsEasuEsssssasssssTRRsanttsnnssssn
83¢ »issassasssaazEssataesEEL /)

837 RETURMN

&3z ENL

Eng of $ile
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C.1 EQUILIBRIUM FAILURE THEORY OF MAURENBRECHER (1970)

The eguilibrium theory of
Maurenbrecher is applied here to
specimens WSA100 and WSA400, with
the nomenclature as shown in
Figure C.1,.

Neglecting the tie-back forces
and decreace in H on the lower wall,

‘using Equation 3.6:

Pomax = t/9

P L+ t/(2g)

where g = 1/(1 + h/(2H)

Specimen WSA100

If H= 1610 -100 = 1510 mm; h = 200 mm
and t = 180 mm, then g = 0.9379 and
t/g = 190/0.9379 = 202.58 mm

Thus P 0.2401P

smax
From test, P = 104,7 kN

Thus P 25.13 kN

sSmax

leacing to M = 25,13 x 0.850 = 21.4 kNm

sSmax

Figure C.1

This is 11% less than M = 23,94 kNm evaluated from test

results.
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Specimen WSA400
From test, P = 403.9 kN

Thus Psmax = 0.2401 x 403.9 = 96.98 kN
leading to Msmax = 96.98 x 0.850 = 82.42 kNm
This is 5% less than M = 78.58 KNm evaluated from test

results.



226
C.2 AWNI/COLVILLE'S METHOD FOR UNREINFORCED FRAMES
Specimen FRA150 at Maximum Joint Moment

1. Floor:

Live load, P, = 30 kN (applied + equipment load)

Equivalent UDL for 2-Point load = weq = 3PS/L = 18.5 kN/m?
Slab UDL = 4,7 kKN/m?
Thickness = 200 mm
L = 4875 mm
Is = 6.67 x 10°mm*
Es = 26 646 MPa
2. Wall
Thickness, t = 190 mm
Story height = 3220mm

Wall Weight 2.1 x 1.4 = 2,9 kN

Equipment = 2.1 kN
f'm = 10.2 MPa
Im = 1/12 x 995 x 190* - 5(132 x 126°)/12

= 4,62 x 10® mm*

(assuming 5 voids, each 132mm wide by 126mm deep)

Em = 750f'm = 7650 MPa,

Solution for relative eccentricity, et
With all floor loaded, it may be asumed that the walls are

in double curvature with equal end eccentricities, Thus:"

P 150 +2.9 +2.1 = 155 kN

u



PL

v = Pu/PL = 0.733
w1 = 1+ ¢y = 1,733

155 + 23,2 x 4.875/2 = 211.6 kN

AWNI (1980)
w_ L2
- e -
M = 759 = 45.95 kNm
(E1) _H

_ s
B = TETT;E (Double Curvature)

17.77 x 1.610

= 357 x 4.875 - 1-67
3MF
Mp = T3 C 29.52 kNm (Double Curvature)

Thus K = 28 = 3,34
Precompression = Pu/t = 155/190 = 0.83 MPa
assuming cracked wall, R = 1.275

MRRw

r = Prt{yY,R + K]
29.52 x 0.733 x 1.275

e = = 0.124
r_ 0?1546<x091é§0 x (1.733 x 1,275 + 3.34)

Thus wall is uncracked and R = 2.345, giving e,

0.139
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Mtest

e =
r(test) IPU + PL$t

29.80

7555271 6) % 0,700 - 0-428

The ultimate eccentricity ratio, eLgr is (Colville, 1979):

e.f = 1/2(1 - P/Pb) = 0,430 > 0.428 OK
where:
Pb = f'mb(Zat) = 10.2 x 995 x 0.56 x 190 = 1080 kN

COLVILLE (1979)

Using the procedure originally proposed by Colvile in 1979,
e, was found to be 0.298.

It can be seen that both procedures appear to underestimate
the measured eccentricity for the upper wall, which compares
very favourably with prediction from interaction curve for a

equal to 1.0.



