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ABSTRACT

This thesis concentrates on the immediate area of the joint between a

single leaf, loadbearing, brickwork wall and a reinforced concrete floor
slab.

An experimental investigation is conducted on nine full scale models of
a single leaf wall with a cantilevering floor slab bearing fully into
the wall. The wall is first loaded to a set load and then an increasing
slab load is applied to failure. The effect of the following two vari-
ables on the rotation of the floor slab and the strains in the wall is

- investigated :

1. Does-the magnitude of the load in the wall above the wall-slab
Junction affect the rotation of the slab ? Three different loads were
compared. The load had little effect on the rotation of the slab unless
tensile cracks developed in the joint; then an increase in load reduced
slab rotation. ’

2. that is the relation between slab rotation at the joint and the
applied slab moment for three different walls made from the same brick
but using different mortars - 1:%:3, 1:1:6 and 1:2:9 cement:lime:sand
mixes ? The moment-rotation curves had an approximately linear slope
until tensile cracking developed in the joint. The weaker the wall the
smaller the slope.

Tests on axially loaded walls were hecessary to obtain the stress-strain
relationship of brickwork under increasing and decreasing load. The
effect of a central gap in the mortar joint on the vertical strain
distribution was in#estigated using the finite element technique. Using
the results a theory is developed to explain the elastic and wltimate

properties of single leaf brickwork under flexural loading.

As a complement to the model tests, similar joints were tested in a full
" scale, five storey, brickwork structure. The slab restraining moments
at the joints are significant - up to 30% of full fixity. The tests
confirm that precorpression has little effect on slab rotation if no

tensile cracks develop in the joint.



. PRINCIPAL NOTATIONS .

a ~ width of gap in the mortar joint

a, gap width of equivalent hollow wall

‘A cross-sectional area of a wall = bt or b(t - ae)

b length of wall; bearing length of slab into wall

c coefficient taking into account the reduced stiffness of
the wall due to tensile cracking (see fig A5.1)

d overall depth of floor slab

e eccentricity of load

E compression modulus

Eb’ Em brick and mortar compression moduli:

E oxp experimental compression modulus based on a solid section

ES true brickwork compression modulus

-

fc' concrete cylinder strength

g = 1/(1 + d/2h)

h height of wall

I second moment of area = bt3/12 or b(tB- 32)/12

% ratio of unloading to loading modulus

1 moment arm about the centre line of the wall of the slab
load, V, applied to the test models

M moment ,

Mp, M1 noment at slab level eipplied to the wall with constant pre- -

, compression A '

Mp ? I~12 moment at slab level applied to the wall with increasing

load
1

M moment induced at the far ends of the walls in the test
models A -

M slab restraining moment

P precompressive load on the walls in the test models

R see equations Al.20 and AlL.21

t wall thickness



bﬂ <

Q

distance to the neutral axis of the flexural stresses

measured from the tensile side of the wall

slab load in the test models

proportion of brick covered by a gauge length on briclkwork
depth of tensile crack
strain

stress
rotation of slab or wall at the joint



CONVERSION FACTORS

Length
Area

Section Modulus
Second Moment of Area
Density

Force
Force/unit length .
Pressure

Moment of Force

Angle

Imperial Units SI Units
1 ft 0.3048 m

1 in 25.y mm

A in® ~ 6L5.2 -

1 £t2 0.0929 m°

1 in° 16.39 x10° 3

1,inh 0.1162 x1078

1 1b/rt> 16,02 kg/m

1 1bf Lb.LL8 N

1 tonf 9,96l kN

1 1bf/ft 114.59 N/m

1 tonf/ft 32.69 kl/m

1 1bf/in2 ’ 6.895 kPa (kN/m2)
-1 1or/rt? - 17.88 Pa (N/m°)
1 1bf in 0.1130 N m

1 1bf in/ft 0.3707 N m/m

1 mrad 206 sec



CHAPTER 1 - INTRODUCTION

‘1.1 PROBLEMS AND ASSUMPTIONS IH JOINT DESIGN

1.1.1 Introduction

The primary purpose of the junction between a loadbearing wall and a
floor is the‘transfer of load from the floor to the wall. The floor
load may be transferred eccentrically inducing a moment in the wall.

In addition the end rotation of the floor may be restrained by the wall
causing a transfer of moment to the wall equal to the slab restraining
moment. Difficulty occurs in the analysis of the junction since the

* wall and the wall to slab joint can take little tensile stress.

Factors affecting the behaviour of the joint are briefly discussed in
the next two sections. This thesis concentrates on the immediate area
of the joint (see section 1.2), investigating the behaviour of full
scale models of a éingle leaf wall with a cantilevering concrete slab
bearing fully into it. The effect of two variables - the load in the
wall due to upper storeys (precompression) and brickwork strength -

- on the rotation of the floor slab and the strains in the wall is

investigated.
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1.1.2 The Unrestrained Sladb

If the slab rotation is not restrained, the moment applied to the wall
will be due to the eccentric application of the slab load. This occurs
with roof slabs and is assumed to occur in many cases at intermediate
floors (6). The slab load is assumed to cause a triangular stress dis-
tribution under the bearing area of the slab (4,6,35). If the slab is

of moderate span a uniform stress distribution is sometimes assumed (6).
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The assumption of a triangular stress distribution has some confirmation
by experiment (39) at low slab rotations. With increasing loads and for
more slender slabs the eccentricity at the joint increases to a limit
(approaching t/2, local deformation reducing the eccentricity). The
eccentricity may decrease at high loads as local crushing occurs in the
nmortar joint and/or possible large end rotations of the wall develop if
the moment is high enough to cause tensile cracking in the wall, causing
the wall to rotate more than the slab (near buckling loads). The max-
“imum eccentricity in the wall may also occur at or near the point of

maximum lateral deflection as will happen in the latter case.

The eccentricity may be reduced by providing a hinge about the centre
line of the wall or a rubber packing in the joint between the wall and
the slab (39). With mortar mixes of 1:5:L% or weaker, local deformation
of the mortar joint is assumed to reduce the eccentricity (L). More
effective wouvld be a weaker mortar joint near the slab in comparison

with the otner joints in the wall.

Typical connections with little slab restraint :

— —

1e1.3 The Restrained Slab

At intermediate floors restraint to slab rotation occurs at the wall-slab
joint. When there are no tensile cracks at the joint, the walls resist
a moment egual to the slab restraining moment while the slab load is
transferred to the centre of the wall cross-section. Homents can then
be found usirg a moment distribubtion method. The moment distribution

at the Jjoint will derend on the end moment-rotation characteristics of



the floors and walls. The more the slab end is 2llowed to rotate (slab
not cantilevering) the smaller;the slab restraining moment. The stiff-
ness of the uncracked walls is calculated by usual methods but if tensile

cracks occur this reduces the stiffness of the wall.

Reference li assumes a fixed connection when the average stress in the
wall is greater than 100 lbf/in2 and a 1:%:3 mortar mix is used. Bﬁt
weaker mortars should also be able to give this fixity at that stress
while the stress over which fixity occurs is dependent on the slab
moment. The magnitude of the slab restraining moment is dependent on
factors such as the length of bearing of the slab, the strength and
stiffness of the wall,. the load in the wall above the slab and the max-

imum moment the slzb can resist.

The effect of axial load and tensile cracking on a solid, linearly
elastic wall has been investigated by Sahlin (30,32) based on theory
-developed by Angervo and Putkonen (2). Tensile cracking at the joint

- imposes a limiting slab restfaining monent devendent on the load in the
wall above the slab "=~ failure may occur earlier in the slab, or compres-
~ sive or buckling failure may occur in the wall though buckling is not

likely with usual storey height walls (32).

The sequence of construction also affects the fixity of the slab. A
precast slab may be considered to be hinged when considering moments

due to slab dead loads since the slab is allowed to deflect and rotate
when it is positioned (35). With an in-situ slab there is a different
result since the slab is cast onto the'top course of the wall below.

If the supports are withdrawm from the slab before the next storey walls
are built, the slab ends will rotate - this rotation is opposed by the
supporting wall thus imposing a resitraining moment on the slab unless
tensile cracking occurs. If cracking occurs, a moment is applied to

the wall only, due to an eccentrically applied slab dead load. ¥ith
increasing load from subsequently built wells above the slab, the moment
applied to the wall below the slab may be considerable (see section 7.5.5).
Reference | neglects this and assumes the in-situ slab behaves as the

precast slab.

If the in-situ or precast slab is supporied while the next storey is
built, the dead load slab restraining moments will be distributed between
the top and bottom walls.



Typical connections causing slab restraint :

A L) VL L

1.2 EXPERLIEHTAL INVESTIGATION

The previous sections have given a brief review of the problems facing
the designer.when considering the floor-wall junction. Appendix 1 gives
a review of previous experimental work on the floor-wall junction.
Apart from Sahlin's work (30,31,32) there has been little experimental
or theoretical inveStigatidn into the behaviour of joinus which do not

resist tension.

The experimental work in this thesis is confined to a simple joint
between a single leaf brick wall and a reinforced concrete slab bearing
fully into it. MNo work had previously been conducted on this type of
joint although this joint is now becoming more common.

' : 4
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Two variables were investigated making use of a full scale model of the

joint : '

1, The effect of the load in the wall sbove the slab (precompression).
Does the magnitude of the precompressive stress affect the fixity of
the slab ? Three different precompressions were compared -~ 200,
;00 and 600 LLbi‘/in2 (P/ot). These were held constant while the slab

load, V, was increased from zero to failure.
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2. The effect of brickwork strength. WwWalls with lower strength mortars
are likely to allow more rotation of the floor for a given moment -
thus a lower slab restréining moment. How much more rotation is
allowed ? A comparison is made between walls made from the same
brick but with three differring mortars - 1:%:3, 1:1:6 and 1:2:9

cerent:lime:sand mixes by volume.

A combination of each of the above variables was tested giving a total
of nine 'joint tests'. There were also two preliminary tests. For each
test, slab rotation was measured as well as the lateral deflection of the
wall., 1In addition flexural strains were measured in the walls - this
has not been done before but is considered necessary if the slab and
wall rotations are to be properly understood. The assumption of a solid,
linearly elastic maverial must be checked. These measurements are
considered more useful and accurate than a measurement of the relative
rotation betireen the floor slab and the wall at the joint as Sehlin (30)

has done.

Tests on axially loaded walls were necessary to obtain the stress-strain
relationship of brickwork under increasing and decreasing load. The
effect of a central gap in the mortar joint on the vertical strain dis-
tribution was investigated using the finite element technigue. HMaking
use of the resvlts from axially loaded walls, the elastic and ultimate

properties of single leaf brickwork under fle:xural loading were considered.

As a complement to the model tests, similar joints were tested in a
full scale five storey brickwork structure. A floor bearing into an

. 2 . s
outside wall was lcaded up to LO 1Ibf/ft° to see how the wall-floor joint

behaved., This was repeated for each floor level.



The following chapters explain the tests and results in detail. Xach
chapter, except Chapter 8, has an appendix given the szme number as the

chapter but prefixed by the letter A.



CHAPTER 2 - EXPERTIHENTAL ARRANGEMENT AND PROCEDURE FOR THE

MODEL JOINT TESTS AND WALLS

2.1 THNTRODUCTIO!

This chapter gives the material properbies, the construction procedure,
the experimental arrangement and the experimental procedure for the

model wall-floor joint tests and associated tests on small walls.

2.2 BRICKWORK PROPERTIES

2.2+1 Brick

Double frogged Blairadam bricks were used (fig 2.1).
Compressive Strength : 5345 lbf/in2
Standard deviation : 595 lbf/in2

Tested in accordance with CP 3921:1965 (10)

» o 2 5 .
Size : 2% inx 43 inx 8% in exact
33in x U433 in x 9 in norrinal

Figure 2.1 Blairadam Brick



2.2.2 Mortar

A building sand together with a rapid-hardening Portland cement and a
hydrated lime were used for all mortars.

Compressive Strength : L inch cubes tested in accordance with the
BCRA Model Specification (5).
Average strength at 1l or more days :
1:2:9  2L5 1bf/in’
1:1:6 510 1bf/in°
:2:3 2345 1bf/in’
Individual results in Table 3.1 .

Mix : The mix proportions are cement:lime:sand by volume. The compo-
nents are batched by weight based on the following bulk densi-

ties :

- Sand 90 ~ 100 1b/ft>
Lime T 10 1b/gt>
Cement 90 1b/ft>
The water content was left to the bricklayer. In practice this

2 for the 1:2:9 mortar to
1  for the 1:%:3 mortar.

varied from w/c

w/c

1Y

2,3 WORKMANSHIP

The walls were built to a standard expected of supervised brickwork

in practice.

A course rod ensured uniform mortar joints and overall height. Except
for two preliminary tests, all the walls were built by the same brick-

layer.

‘Mortar was laid with a furrow down the centre - this meant that gaps
existed along the middle of the bed after the bricks were laid. This
was further zggravated by incomplete filling of the shallow downward
facing frog. This commonly happens in practice and as it is difficult
to controlvit was decided to allow this extra variable. The effect
of it is discussed in Chapter 3. The only certain way of avoiding this

is to build with bricks without a downward facing frog.
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o

oeven course walls were built onto 1 inch thick steel plates. For the
joint tests, the slab was then bedded into position, its free end
supported by a dexion frame. Seven more courses were built onto

4

the slab., The same slab was used in all the tests.

Walls were air cured in the laboratory with occasional moistening by
a spray during the first few days. The top of the wall was later capp-
ed by either a 6 in x 3 in steel channel or a 1 inch steel plate using

a 1:3 alumina cement:sand mix by volume.

2.5 SHMALL WALLS

2e541 Test Arrangement

A2

All walls were tested in a fixed head 100 ton Avery. The wall and load-
ing beams were accurately positioned along the axis of the Avery with
the help of two theodolites. Plywood packing, rubber sheets and/or
thin metal sheets were inserted at some points of the loading beams

to produce a more even distribution of load (figs 2.2 & 2.3).

Figure 2.2 Wall Type A
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2.5.2 Test Procedure

Instrumentation :

Demec gauges : 2 in and 8 in gauge lengths.

Test :

load was applied in stages. At each stage strain readings were taken
while the load was held constant (fig 2.3). In most cases the load
was increased to failure (no previous loading) but in a few walls the
load was cycled. Tests lasted a2 long time due to the many strain read-
ings taken - it also approximated the time taken in the joint tests

reducing differences due to creep.
Sone individual cases are now discussed :
1. 1:2:9 mortar wall No. § - Type A

In this test the load was cycled. In the first cycle the load in terms
of stress was increased in stages from O to 2380 1b_f‘/in2 and then unloaded
in stages back to zero. This was repeated for LB0 and 580 lbf/inz. The
wall was then loaded to feilure. After reaching each load stage the load
was held constant for 5 minutes before strain readings commenced. This
reduced strain variations, due to creep, between the first and last
strain readings at each stage. Total time spent on this test was approx-
imately 18 hours (about 5 hours/cycle and 3 hours for the test to

failure).
2. 1:%:3 mortar wall No. 6 - Type B

Load wés cycled. At each load stage strain readings lasted for 20 min-
utes for the first cyéle and 10 minutes for later cycles. Readings .

were taken as soon as the load stage was reached as there was negligible
creep except when nearing failure loads. Total time spent on this test

was 9 hours.
3. 1:%:3 mortar wall No. 4 - Type A

This wall was loaded to failure with the load applied in stages. Total

time was L hours.
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2.6 JOINT MODELS

2.6.,1 Test Arrangement

Photographs and a diagram of the model and test arrangement can be seen
in figures 2.4 to 2.7 .

Two types of loading are applied to the model - a vertical precompressive
load applied to the walls and a vertical load applied to the free end
of the slab,

The precompressive wall load was applied by a 100 ton Avery hydraulic
testing rig.

Three small 6 ton hydraulic jacks applied an upwvard force to the free
end of the slab - the loading was inverted compared to practice. This
makes the application of the load easier and it avoids complste collépse
of the model at failure. To measure the jack load a 3 ton load cell
with a self-aligning cap was placed under each jack. A stabilised power
supply provided 10 volts DC to the load cells while the output was given
by a digital voltmeter. Hydraulic pressure to the jacks was supplied
by a hand pump and in later experiments by an electric pump. The pres-
sure when using the hand pump had to be adjusted frequently. With the
electric pump, an Enerpac adjustable relief valve provided a constant
pressure setting but at certain pressures tended to rescnate causing
sudden drops in pressure - again pressure would have to be manually
controlled. In future tests a connection should be made to a more stable

hydraulic unit such as the Avery.

The models were built near to the Avery; Their size made handling
reasonably easy. The wall sections were high enough to allow an even
distribution of the precompressive stress near the joint (lqad at the
top was applied over part of the wall only). The slab length was the
maximum allowed by the test equipment thus providing the maximum poss-
ible moment for a given'jacking load. The model supported by a dexion

frame was bullt onto a steel plate with castor wheels at each corner.

The day before a test, the model was rolled into the Avery leaving the
rollers clear of the bottom losding platen. VWhen the platen was
raised it bore directly onto the plate lifting the wheels from the
surrounding floor. After positioning the model two channels were in-
serted under the slab and bolted back to back. Onto these were placed

the load cells, the jacks and the loading bars. Onto the top wall were
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Test :
Initial readings were taken. The wall was then loaded in stages up to
a set precompression. The strains obtained for this part of the test

gave the stress-strain curve in compression.

Next jacking loads were applied to the slab in stages while keeping

the precompression in the bottom section of the wall constant, This
meant increasing the Avery load by the same amount as the Jackdng load.
Strain and deflection readings were taken giving bending strains, rota-
tions and lateral deflection. Dial gauges were read at the beginning
and end of each load stage. All tests were compleﬁed without a break.

Time for a test was on average 5% hours (range 3 to 10 hours).

65in .5 in

|

Avery frame

- . / m
IL.S-S.S in L[r

L

8 in

O g

) 8in
2 in% 8.5in

Q 2in
1
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3in -

O dial gauge

¢ demec disc

Fig. 2.5 DIAL GAUGE AND DEMEC POSITIONS
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CHAPTER 3 - SINGLE LEAF BRICKVORK UNDER AXIAL CCMPRESSION

3.1 INTRODUCTION

Brickwork is a composite material composed of two phases - brick and
mortar. The phases are in parallel, implying equal vertical stress in
the brick and mortar. The mortar provides a bedding for the brick

allowing a more wniform transfer of load from one brick to another.

An investigation into the deformation of this two phase material under

axial compression is the purpose of this chapter.

The stress-strain relationship was experimentally investigated for three
different strengths of brickwork - the same bricks were used throughout
with three different mortars - 1:2:9, 1:1:6 and 1:%:3 mixes - as used in

the joint tests. Two loadings are considered :

1. ILoading up to failure giving the stress-strain curve for a wall
loaded for the first time.
2. Cycled loading to see the effect of unloading and reloading on

the stress-strain curve.

The latter aspect is necessary for the analysis of axially loaded brick-

work subjected to flexural stresses.

The latter part of the chapter deals with the transfer of load across
the mortar joint. The effect of a central gap in the mortar Joint on
the overall vertical strain distribution is considered. To simplify
calculations, the solid brick wall is replaced by an equivalent hollow

wall. This is done with the help of a finite element analysis.

3.2 SIHGLE LE=AF BRICKWORK LOADZD TO FAILURE

3.2.1 Stress-Strain Relationship

Typical stress-strain curves for walls of three different strengths are
showm in figure 3.3 . o

-

The 1:%:3 mortar wall has an initial linear curve while the 1:1:6 and
1:2:9 mortar walls usually have a non-linear curve throughout. The
non-linearity at the start is due to the mortar, the brick having an
initial lincar stress-strain curve. The curves are representative, there
being variations in strain en different sections of the wall as well as

on different walls. Variations are caused by differences between indi-
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vidual bricks (eg. cracks), differring mortar batches, workmanship and
uniformity of load application. To reduce positional variations the
strains were always measured at the same positions, these being symmet-
rical about the centre of the wall and identical cn both sides of +the
wall thus reducing the effect of load eccentricity. To reduce variations
due to non-uniform brickwork properties, the final results were at least
an average of four gauge positions (sometimes as many as twelve). Hotes

on the effect of gauvge length are given in Appendix 3.

3.2.2 Ultimate Strength

" Near failure continuous light cracking noises are heard - vertical hair-
line cracks develop at the ends (down centre and near the edge of the
bricks) and through the bricks and collar joints at the side (figs 3.1
& 3.2). Soon after small bits of mortar and brick, near to the mortar
finally causing

39} P
the cracked sections to shear and buckle off causing failure. The

joints, spall off. With increasing loads cracks wide:
g
failure process is slow, the ultimate load varying by a few tons depend-
ing on the rate of lcading.
3t
For comparison, iwo brick sections after failure are showm in figure 3.7 .
Table 3.1 gives the mortar strength and the ultimate strength for the

walls tested.

Three rectangular sections cut from the brick were tested. The nominal
dimensions were 1 in x 3 in x 9 in . The specimens were capped with

a dental plaster. Two 2.5 inch vibrating wire strain gauges were
attached to the sides. The brick properties are assuned to be isdtro-
pic for this test as the load is applied along a different axis from
that in practice. Their average compressive strength was 3650 1bf/in2
(2500, 2300 & 5145 1bf/in°).
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WALL PROPERTIES
Mortar Wall Type | Age at | L4 in mortar Ultimate Notes
Mix by | No. Test cube strength | Strength
Volume days | 1bf/in’ 1bf/in?
1:2:9 1 A 21 180 1005 WS - wall slab
g A L0 310 1185 joint model
Wwsiib | A | 60 965 | b - bottom
WS 112 308 section
ws3 15 145 t - top _
sk 18 110 section
Ws11 20 270 = 2.78 inch
vS12 32 360 mortar cubes
1:1:6 2 A 15 295 885
3 A 26 585 1150
7 'B S1 670 1340
WS5b A 5k 990
Wsét A 135 1225
WSTb A 61 1315
WSS 1 385 ’
Wsb 15 575
WS7 28 545
1:5:3 | L ‘A 107 2340 1790
6 B L2 3200 14,20
WSSb A 35 1585
Ws8 17 1365
WS9 32 2510%
S10 8L 2385




3.3 CYCLED LOADING

3.3.1 Tests and Results

Take a wall with a2 constvant precompres- Iy
. . X . . I ng
sive stress sibturated above a junction STRESS ©

with a floor slab. Vhen the slab is .
A R A precompressive

loaded it epplies a moment to the wall stress
causing a simultaneous increase and decreasing

decrease of the strain on opposite

STRAIN

sides of the wall. Thus from a point
on the stress-strain curve given by
the precompressive stress, the stress-sitrain relationship with decreas-

ing stress must be knowm.

The load on three walls was cycled to various stress levels before final

loading to failure while three bricl samples were lcaded over one cycle.

Figures 2.4 te 3.6 show the stress-strain behaviour for brickwork under
cycled loading. The figures show the behaviour over 8 inch gauge lengths
covering twe mortar joints and over 2 inch gauge lengths on brick only.
The difference in strain magnitudes shows the effect of the mortar on

the strain.

Figure 3.0 shows the siress-strain behaviour for brick over one cycle.

»

‘Table 3.2 gives the tangent modulus of the initial linear portion of the
loading path for each cycle and the ratio of the unloading to loading

chord moduli about the maximum stress for each cycle.

3.3.2 Analysis and Discussion

The walls follow similar patterns. During the first load cycle, the
stress-strain curve follows the usual path but on unloading‘a'very
different path is observed. The curve is non-linear and of opposite =
shape to thai cof the loading curve (convex looking upwards). A perma-
nent set occurs at zero stress, this being greatest for the 1:2:9 mortar
wall. Reloading causes an initial convex upward portion which becomes
approximately linear up to the previously attained stress level after
which the curve takes up the shape of the initial loading path. If the
previously attained stress level is not reached the unloading curve will
show much reduced hysteresis with little set at zero stress. This is

showm by the 1:%:3 mortar wall.
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The reloading curves for a given wall have similar slopes and can be
considered to be ecuivalent to the initial tangent modulus. Table 3.2
shows that cycling the load on the two weaker walls makes the reloading .

curve considerably more linear excent at low stresses.

The unloading curves for the walls have a much steeper slope than the
loading curves, the ratio being greaver for the weaker walls and with
increasing stress levels. The difference in the slope of the unloading
curves for the walls is not large. Figure 3.9 shows the unloading curves,
taking the origin as the point on the curve at which unloading started

(maximum stress for a particular cycle).

The tests on three brick samples show hysteresis and illustrate the pos-

sible variation betiieen the bricks.

Both brick and mortar exhibit hysteresis. In an elastic material
hysteresis occurs when more work:is done-during:loading than unloading,
the strain returning to zero but by a different path. Erickwork approx-
imately follows this pattern when the lcad is cycled below a previously

attained stress level.

For an initial load cycle or a cycle above a previously attained stress, .
the strain does not return to zero and larger hysteresis loops are observed
mainly due to the non-linearity of the loading path. Some of the resi-
dual strain will be recovered in tirie but the greater proportion is due
Lo local failure within the brick and mortar. The~r:%:3 mortar brick-
work shows relatively small residual strain as is to be expected as the
loading curve is lincar over the range tested. Looking at the loading
paths for the 1:1:6 and 1:2:9 mortar walls, the tangent modulus decreases
with increasing‘stress nainly due to the breakdown of the cement-aggregate
bond. Khoo (20) found this to occur for 1:1:6 and 1:%:3 mortars under
triaxial compression. The brick also exhibits increasing residual strain
with increasing stress. The bricks used contain many shrinkage cracks,
and compaction and breakdown along these cracks is the most likely cause

for the residual strain.
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TABLE 3.2 -~  EFFECT OF LOAD CYCLLG ON BRICKWORK MODULI

Mortar | Cycle | Tangent Chord Modulus ’

T4 N¢ HMoa

;i;;iz Ho. 22;gigi Stress Average| Loading| Unloading|Ratio| Hax Stress

1.2 © terval | Stress |l{odulus|Modulus in Cycle
3 .

1:2:9 1 0.95 | 180--280 230 0,57 1.1 1.9 ] 280

Wall 2 0.88 | 385-48%5 L35 0.L45 1.1 3.0 | L35

No. 5 3 0.62 | 585-635 635 0.32° 1.8 5.6 1 685

feilure |  0.81

1:1:6 1 0.70 | 100-200 150 0.70 1.0 1. | 200

Wall 2 0.87 | 295-395 | 345 | 0.6k 1.25 2.0 | 395

No. 7 3 0,86 |[L495-595 | 5L5  |0.5L 1.65 3.0 | 595

failure 0.82

1:3:3 1 0.96 | 375-475 | L25  |0,96 1.3 1.4 | L7s

Wall 2 0.95 200

No. 6 3 0.96 |[295-395 | 345 |0.96 7.1 1.1 | 395

L3 1.0h [ 495-595 | 55 |0.07 1.2 1.4 | 595
failure 0.95
Brick
Sections
1 1 2.00 | 850~950 900 1.65 2,95 1.8 | 950
2 1 2.58 | 810-910 860 2.l 3.1 1.3 ] 910
3 1 2.35 |930-1030| 980 2.35 3.7 1.6 1030

Notes : ‘

Units - stresses in lbf/in2 and moduli in x106 lbf/in2

1. 1In cycle 1, the tangent modulus is the initial tangent modulus.

2, In cycles other than the first, the tangent modulus represents the
best tangent in the initial poriion of the curve before the previous
load level is reached. At the start of loading the curve is usually
of a convex upwards shape - this is neglected.

3. In cycle I of the 1:%:3 mortar wall the loading and unlcading moduli
may be too low. The values depend on the strain reading at maxdinum
stress level. 0.87 x 106 lbf/inz'is likely to be too low based on
previous experience.







The gap affects the vertical strain on the sides of the wall. If the

- stresses are based on the full cross-section, the calculated value for
the compression modulus will be too small. MNow if this modulus is used
theoretically it will give the correct values for axial strains but not
for flexural strains which will be overestimated.

To obtain a better value for the compression modulus is difficult since
the stresses .are not uniform. . An analysis based on the finite element
technidue is used to find the effect of the gap.on the surface strains
of the wall.

3.1:.2 Theoretical Analysis

To simplify calculations the following assumptions are made :

1. The gap in the joint extends throughout the length of the mortar .
course (neglectiﬂg the end sections of the brick in contact with
~ the mortar)..
.2+ ‘The gap width is uniform.

The purpose of this analysis is to replace the wall by an equivalent
hollow section giving the same external strains.(fig 3.11).

o At
~' For the same axial load, P
€, = €
€ ' 1 2 .
- ' ! t Eek = 2&3 =l E&b_
1 . .
T~ T
-P-—G—-I' "ia:l"
Figure 3.11 ~ Wall with Gaps in the Mortar Joint replaced by an

Fquivalent Hollow Wall

width of gap in the mortar joint

Notation : a =
a, = gap width of equivalent hollow wall’
Eexn = 4compression modulus of brickwork assuming a2 solid
i section.
Es = +true éompressive modulus of brickwork (ie. if the

section had been solid).
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true brick modulus

Gr:j

%1 = frue mortar modulus
i
VE = proportion of brick covered by gauge length
. and ES are related by the following equation :
t A
E.=L1 e —-—= (3.1
S exp(t - ae) 3.1)

1. JAxdal loading

The first wall section in flwure 3.11 was analysed using a finite element
program {section £3.2). The analysis was carried out for differring

values of gap width, a, and ratios of brick to movrtar mcdulus, Eb/Br .
i s

The results of the analysis gave the vertical sirain over the height of
one mortar joint plus one brick. From this a value of Eexn was obtained
assunming a solid section. The value of ES is given by :

E,

. :
B = + (BB )0 - V) = (3.2)

t

The derivation of this equation is given in the aﬂpeDde (section A3.1.2).

Using the values of Ee 5 and F_, the effective gap is found from
'-1‘ =2
equation 3.1 . Results are shown graephically in figure 3.12 .

As an example, for a mortar gap width of 2.62 inches and a ratio of
Eb/Em = 1 , the effective gap width becomes 2.11 inches.
i

2. Eccentric Loading

The object of replacing the brick wall by an equivalent hollow one- is
its use in predicting experimental flexural strains in walls subjected

to eccentric loading.

Using the calculated values of a, and Es, the sirains under eccentric

loading can be predicted by simple theory.

€=+ My/E I --- (3.3)
where ¥ = moment
¥ =1/2
I=b( - al)/12

The results from this equation compare well with those obtained from
the finite element analysis (Table A3.1, Appendix 3) - the difference

only z few percent.
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2

3. Application to Experimental Analysis

From experiment a value of Eeyo is obtained. Assuming a value for the

s

gap width in the mortar joint and a ratio of brick to rmortar modulus
(only a rough value is necessary), a value for the effective gap width
is found using figure 3.12 . Fquation 3.1 gives a value for ES . The

flexvral strains can then be calculated.

Or

0.2t

0.4
E..

exp

Eg

0.6F

o8l

10—

Figure 3.12 Effective Gap versus Actual Gap for varying values

/E

m

of

o



3.5 CONCLUSIOHS

Te

The loading and unloading paths of the brick and brickwork stress-
strain curves are different. A permanent strain occurs on unload-
ing. The difference in the loading and unloading paths and the
magnitude of the permanent strain, increase with increasing stresses
and with decreasing strength of brickwork (increasing curvature of

the stress-strain curve)(figs 3.4 - 3.6).

Walls under axial load subjected to flexural strescses have different
moduli for increasing and decreasing stress. In the first load cycle
the ratio of the unloading to the loading modulus varied from 1.4

to 5.6 (Table 3.2).

Cycling the load procduces a more linear stress-stirain curve on
reloading up to the point of the mexisum previously attained stress.
This will reduce the ratio of the unloading to loading modulus to
values approaching unity. More tests are needed to obtain these

values.

Central gaps in the mortar joint will cause an incorrect experimental
value for tie brickwork compression modulus if this is based on the

full cross-section.

Substituting an equivalent hollow wall with an increased compression
modulus gives good results for both axial and flexural strains when
compared with the theoretical results obtained from an analysis of

a2 wall with gaps in the mortar .joint only.
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CHAPTER I - WHE RUTLATION BITWEEN THE EXPERIMENTAL STRAINS IH THE
YALL AND THZ APPLIED SILAB FPORCES

li.1  INTRCDUCTION

The experimental stress-strain behaviour of brickwork under axizl load
was shown in Chapter 3. The results are used to explain the behaviour

of Precompressed brickwork subjected to bending moment.

Nine brick wall - floor models as described in Chapter 2 were tested.
The walls were precompressed to given loads and then the free end of

the slzb was loaded, superimposing a bending moment in both wall sections
and an increesing axial load in one wall section. The vertical strains

due to sleb loading were measured in the walls above and below the slab.

The strains were used to predict the applied slab loading. Simple bend-
ing theory, assuming a solid cross-section and an experimental compres-
sion modulus, underestimated the applied moment while the slab lozd was
either correctly predicted or overestimated. The result for moment was
surprising since the predicted moment if different from the applied

moment would be expected to be larger because of possible stress concen-

trations near the joint inducing larger strains.
Two possible reasons are suggested for this :

1. Gaps along the centre line of the mortar joints due to unfilled
frogs and furrowing of the mortar. This causes an underestima-
tion of the experimental compression modulus if based on a solid
cross-section . (section 2.L).

2. An unloading modulus (decreasing stress) different from the load-

ing modwlus (increasing stress).

The effect of the tiwo factors on the flexural behaviour of brickwork is

investigated.

L.2 {PIRIEITAL STRATIN RESULTS

Vertical strain readings were obtained on opnosite faces of the walls
above and below the slab. Figures .1 to ;.3 show the strains result-
ing from the incressing moment and load due to the slab, starting from

the three initial precoimressions for the three types of wall tested.
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The strain planes have a cormon point of intersection and provide an
experimental basis for the assumption that a cross-section remains plane
under flexural deformation. Haller (17) had come to this conclusion
after testing a series of brick piers under vertical load at various

eccentricities (fig L.L).

The position of the intersection of the strain planes is determined by
the applied load eccentricity, the stress-strain relavionship (loading
and unloading), tensile cracking in the cross-section and to a lesser
extent any effective gaps in the wall. If these factors remsin constant,

vhe intersection noint will be in a fixed position.

In eccentrically loaded walls - increasing moment with increasing load -
the position of the strain plane intersection.point 1s determined by the
load eccentricity, tensile cracks and the loading stress-strain curve.
In Hzller's tests* (17}, assuming a linear stress-strain curve and no
tensile strength, the load eccentricity is predicted quite accurately
by the intersection point of the strain planes fig L.h). The predicted
eccentricities are slightly larger than the appliied eccentricities., The
difference can be reduced by taking the experimental stress-strain curve

and the lateral deflection of the pier into account.

In tests described in this thesis the slab moment to slab load ratio is
a constant in all the experiments - thus constant load eccentricity for
the strains due to slab forces. The eccentricity of the existing axial
wall 1oad increases with increase in slat moment. There is a major
difference between these results and those.of Haller - the moment.is
applied after the wall has been loaded. The effect of the unloading
stress-strain relationship must ve taken into account. Thus loading

history is important.

3 v . . . , . .
In this reference, the figure illustrating the strain planes contains

incorrect values for the eccentricity due to elastic strains (compare
to ref. 16). 1In both references one of the eccentricities due to

total strain is incorrect.
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h.3 LINTAR S5TRIESS-STRATH ANALYSIS

A linear stress-strein theory, developed in Appendix lj, takes into account
the effects of a gap in the mortar joint and a differringz loading from
unloading modulus. The basic parameters are illustrated in the following

sketch showing a typical stress distribution :

8
'Q— Z _———-»'-n—- b4
| ¢ t l Moment = X A + X A
cc v t
I N | A |
Ee-J - o= kE ¢ . - N
Y Increase in fxial Load
S '.A_c ) \\l l / . S b3 Q.
- - i . —
N 7] ? T A Ay
' T Frecompressive
I 4 S _
Stress

k = ratio of unloading to

lozding moduvlus

a = effective gap

The effects of the ratio of the unloading to the loading modulus, k, and
the gap in the mortar joint represented by an efiective gap, a,, are

1llustrated grashically.

Figuwre L.6 shows, for a wall subjected to a pure bending moment, that
a visible effect of k on the stress diagram is the displacement of the
neutral axis from the centre line of the wall. This is shown for all

values of a, (section Al.h.1, part L).

This displacement could also be due to an increasing axial load. When
axial load is present and k>1, one of the difficulties in experimental
analysis is differentiating the effects of the two. In figure 4.7 the
effect of changing the value of k, by an amount Ak, on theAmagnitude
of the axial lozd is shown (section AL.};.2). The effect is greatest
vinen the neutral axis is displaced a small amount. Varying k has a
grcater effect on the magnitude of the axizl load than varying ae

(ae has no efiect if k = 1).

e | [o] [&
| s | 1
i .}
— <
Strain Stress

Dignlacement of tie neutral axis due to :

. Increasing Aol k>1
. Lozd
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Figure ;.5 shows the effect of k on the magnitude of the moment for
various values of ay (
load, the effect of ch

especially with higher values of k. The graph chows the ratio of the

section Al.l1.1). Here os opposed to the axial

anzing N is greater than that of changing k
moment for a given value of k and 2, vo the moment for a sclid section

with k = 1 (in both cases the same value of flexural compressive

strain, ec).

3.0

qk<

[k
L0

41.4

0 0.2 0.4 0.6 0.8 1.0

ag It

Fig. 45 Effect of k and a, on moment predicted
from strains
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Fig. 4.6 Effect of k and aq, on the position of the
neutral axis
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Effect of a change in k on axial load
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L.ly  CORRELATION BET7RI THE EXPERTHENTAL STRATNS AYMD TEZ APPLIZD SLAB

MOUEIT AD 104D USTIG THE LINEAR STRISS-STRATH THIEORY

L.l

1.1 Forces Acting on the Fxoperimental ilodel
The following sketch shows the forces acting on the wall-flocr test model

(section 6.2 does this in detail).

'Y
FINDHY
H [P+V
M o=Vl -
. _ s
k 1
h M o+ H + T
: H = D ptv
: 2n + d
\jP+V o
7 o4y If the ends of the wall are fully fixed :
; 1
va( id Mp = 11/2
i Lﬁ V- )
ﬁ;— M +_V/a
If Hlnged :

1 1
M=} =0
P P

=
A7 ._.._..__;m

The top and bottom of the model are partiélly fixed. The possible range
of moment along the wall is showm in the sketch telow. Strain results

show that the end restraining moments are very approximately 20% of the
full fixing moment (section 5.l:). That amount of fixity does not affect

the moment much at the position where strain was measured.

full

fixivy hinge

\

i\ \

E-i-v -

SN .

\\\\\\\ Range of moment at the centre line
5\\ of the 8 inch strain gauge-
\\ v 0.56H ~ 0,59

/2 if the top and bottom

s have the same properties)




Loli.2 Constants needed for the Iinear Theory

and B have to found for

»:q

To use the linear theory, values of k, a,

each test model.

1. Ratio of the Unloading to.the Loading Modulus, k

Assuming there is no change in axial load due to slab forces in the

lower wall section of the test models (only a moment is applied), any

displacement of the point of intersection of the strain planes from the
centre line of the wall is asswued to be caused by the differring moduli
under increasing and decreasing load. Knowing the displacement, the ratio
of the wiloading to the loading modulus, k, can be found using equation k.1

(Table L.1).

1 +a/t +1(0.5 ~ v/t)
ko= VAR Ry == (4.1)
ae/t >1 - 2v/t
(0.5 - v/t) = displacement from the centre line of the wall.

Derivation in section AL.3 .

TABLE .1 - RATIO OF THE UNLOADING TO THE LOADING MODULUS FROM
EXPEFRIMENTAT, STRHATINS
Precompressive Type of Brlckworh o
Stre832 O 1:2:9 Nortar 1:1:6 Yortar %:3 Yortar
e O e PN
in in in
200 0.1 1.8 (1.8)1 0.3h 1.6 (1.h)| O 1.0 (=)
100 0.62 2.6 (2.7)| 0.3L 1.6 (2.3)] -0.07 0.9 (-)
600 0.82 I3.8 (5.0)1 0.l 1.8 (3.3)] 0.21 1.h (1.4)
Notes : 1. Displacement v taken from figures 4.1 to 4.3
2. t=01.12 in ,
3. In calculations lc taken to be 3 1
L. In brackets are the values (some inberpolated) obtained
 from the tests on axially loaded walls (Table 3.2)
5. Values of a, 1:2:9 = 1.54dn 3 1:1:6 = 1.5 in ; 1:2:3 = 1.2 in
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2. Valves of Bffective Gaon *Hdth - ae

The 1:%:3 mortar walls at precempressions of 200 and 400 lbf/in2 are
assumed to have values of k = 1 since their strain planes in the wall
subjected to moment only, pass through the centre line of the wall

(fig L4.1). Using the results for the L0OO 1bf’in2 test, a value of

a, was chosen to give resulits for moment equivalent to those in a model
with hinged ends. This value of a, was used to obtain values for the

other walls,

The experimental value of a, was 1.2 inches (ae/t = 0.3). From
figure 3.12, the actual gap width of the mortar joint is 1.9 inches.
Taking this value, values of a, for the other walls are obtained from
figure 3.12 - dependent on the ratio of the brick to mortar modulus.

The results are given in Table L.2 .

3. Values of the Ixperimental Comoression Modulus, Eexn

The velues for the moduli are obtained from the stress-strain relation-

ships of the wall sections obtained when loaded to their set precompression.

These can be determined fairly accurately for the 1:%:3 mortar walls -

& linear stress-strain curve over the precompressions tested.

So that the linear theory could be applied to the 1:1:6 and 1:2:9 mortar
walls, both having non-linear curves, the tangent modulus at the set
precompression is used. The estimation here is more approximate than
the 1:%:3 mortar walls. As the wealker walls vary more in their proper-
ties, using sirains to predict moments and loads can only be used with

any accuracy if the experimentel stress-strain curve is knowm.

Lh.l;.3 Results

1. IMomenit Predicted from Strains

Table 1.2 gives predicted moments in the vpper and lower wall sections
and compares their sum to the applied moment assuming a moment distri-
bution based on walls with one end hinged. TIigure 1.8 shows the results
graphically for the 1:%:3 mortar walls and compares them to the results

obtained assuming a solid section with k = 1.

The overall results are good. For the weaker walls, the compression
. . . . .2 e
moduli are estimated to the nearest 50 x 103.1bf/1n from their indi-

-~

vidual stress-strain curves at the point of the set precompression. Thus



the possible error increases with decreasing modulus explaining the
increasing variation with the weaker walls and the low result for the

. 2 . . .
1:2:9 mortar wall at 600 1bf/in” precompression. See also the discussion

in Chapter 5 on lateral deflection (section 5.5).

The values of k are based on the bottom wall and assuned to be the
seme for the top wall - another source of error. In addition the gap

in the mortar joint is assumed to be constant.

The weaker walls show increasing difference betieen predicted and applied
moment with increasing moment - probably due to a decreasing tangent

modwlus.

The 1:%:3 mortar walls give good results (to be expected for the .
L0O 1bf/in2 wall) except for the 200 lbf/in2 wall. The large difference
at higher moments may be explained bj tensile cracking which will occur
at approximately z slab moment of 30 x 10° 1bf in/ft (Table L.lL).
A possibility at lower moments is- an incorrect modulus for the well, the

modulus based cn a curve extending to only 200 lbf/inz.

2. Increasing Axizl load Predicted from Strains

Table L.3 gives the predicted increasing axial load in the wall section
with increasing precompression. Tigure L.8 shows the results graphically
for the 1:%:3 mortar walls and compares them to the results obtained

assuming a solid wall with k = 1.

The increasing axial load should be equivalent to the increase in slab
Jaclking load. The only accurate results are those for the 1:%:3 mortar
walls which have a linear stress-strain curve. The 1:2:9 moriar wall

at 600 lbi‘/in2 precompression gives good results too but this may be more

luck when compared to the other results.
-

Apart from the latter result, the results for the 1:1:6 and 1:2:9 mortar
walls are far out in magnitude but nobt in proportion (i.e. +twice the
Jacking load produces approximately twice the pfedicted load). Changing
the value of k would correct most of the results without affecting the
morient resulis very much.. The necessary changes in k range from 0.5

to 1.5 .
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3. Conclusions

S

The experimental results were carefully analysed - curves for strain

4

versus morent were drawn through the experimental points tc get better

estimates and spot obvious errors including zero errors.

The results cznnot be improved very much as they depend on too many
variables., MNany more tests are needed to evaluate the effect of these

variables.

Wlth an increasing number of tests better average results will be oblained
but nevertheless it will always be difficult to apply these to individual
walls except for the 1:%:3 mortar walls which can be expected to give

consistent results.

o k=1 as/t =0
x As Tables 4.2 & 4.3
E — Applied load & Moment
o 30F ¥ < 3f
= X W
= x s
(@] -
2 N7
x Q?’g\e;\‘\g
— X
z R ° i d
g 20 oc‘o\’\ o w2
.a g.{+e6 :J L]
t ) © g o
3 8 z
<
[G] (=]
10 < °

b 8 s 'r X

X - %
L . °
w (] < x
LS =
o >
= <

1 ! 1. 1 " . 1 I 1 !

10 20° 30 40 10 20 30 40

SLAB MOMENT Mg b3 103 Ibf in/ft
Figure 4.8 Momen®t and Axdal Load Predicted from Experimental Strains

-~ 1:%:3 mortar Test Hodels



TABLE 4.2 - MOMENT PREDICTED FROM EXPERTMENTAL STRAIN RESULTS
Preccwnre551on 200 L0oo 600 lbf/in2 lotes
e e Tu | |x M o on M u | x
I- O 691I lp+v.; IIP 1 Il_t Iip+v I‘I : }L_b lip-{_v Iip 1
3 - i ‘ i
1:5:3 mortar. ! |
! i
10} 6.9 | 3.5; hi i1k | 3.60 3.110.97 | 3.4y 3.8 1.04 a/t = 0.L5
20} 13.8 | 7.8 8.9]1.21 | 7.27 6.1} 0.9 | 6.9' 7.5 1.0 P
: R H i 4
30| 20.7 13'hi13°6 1.30 [11.5° 9.15 1.00 {10.8.11.3 | 1.0k o /t = 0.30
Lo 27.6 |22.6;18.L | 1.48 [16.1112.1 11,03 {15.0 15.0 | 1.09 e
— 1:1:6 &
B op 1.061.06 1.07,0,85 | 1.0 10,96 1:2:9
X 1 h 1o 1.h 1.k a/t = 0.37
i
t/2 - v |00 oo 0.62 [0.21 |
| ! : M, =M __ +M
T ] v P
1121:6 mortar | f ? Units
° . . . ° E . . x"-8 . ‘OOO
1 SN el Bl oed ot ol B St Dol I
O ’)o b © o Oa 1 1.0 . . | ° ! 1.0 ‘
20412 71099 4 9.2, 0.9,1.09 | 1o x10° 1bf in/ft
301 20.7 [11.4110.L | 1.05 |13.5 10 5.1.16 11, 1113 1.08
10| 27.6 [17.5113.9 1.1 [18.4 13.9 1.17 163 15, o‘ 1.3 | W2 -+
- — ! : - ; , inch
| i
0.6 Oe 006 fo. ! Oa ,O ;
Eoxp 5 ; 5 55{ 5 | 55§ .
k 1.6 (1.6 | 1.6 1.6 1.8 1.8 | exp
| | _ ; g of ;2
£/2 = v |0.62 o.3u% 0.96 10.3] 0.96 0.11 ! x10” 1bf/in
s : ]
l ; {
1:2:9 mortar ; { {
10| 6.9 | 3] 3.8 1.0 | Lo] 3.7 1012 | 2.5, 2330,70-
20 13.8 | 7. 8I 7. 63 1.12 | 8.8 7.5 31.18 5. h( 1.9 0.75
301 20,7 [14.1111.3 1 1.23 1kl 110 [1.25 | 8. 8 7.6 10.79
woier.6| -1 | 21.0’15.5 1.32 13.3.10.6; 0.87
. el E T o s S S
[nd i
EeXp Onus 033) O ho 0)5 . 0020 g()0205
k 1.8 1.8 2.6 2 6 | 3.8 3.8
t/2 - v |0.96{0.11 1.03 0.62 1.17 0.82 !
Hote : The sum of the moments at gauge points in terms of slakb moment

should be

0,561

0.6911
s

if the far ends of the walls are hinged

.1f the far ends of the walls are fixed

-



TABLE L.3 - AXTAL LOAD THCREASE PREDICTED BY EXPERT:
Hecomressa_on ’>OO ! ___)__,QO ) ! 600 lbf/m L
b A |
ﬂ@li 7 - +V/V v P%ﬂ/w;y VoV
1bf in/f L tonf | tonf ton.f . Etonf q
| i i E
1:%:3 mortar | ! '
1:z:3 ,
10 0.1 | 0,35 | 0.86 0.30 ' 0.72 |0.L8 117
!
20 10,81 | 0.76 | 0.9 0.71 - 0.87 0.9 11.16
30 §1 22 | 1.29 | 1.05 1.18 10,97 [1.25 1,02
Lo 63 | 1,58 1 0.97 11.03 112 11 68 '1 .03
e e e ....L.. .. b ' ; - S, e e
|
1:1:6 nortar I | §
| f
10 101 | 0,19 046 10,66 11,60 [0.58 1.2
20 10.81 | 0.8 ! 0,59 ‘1.3h i 1.65 11.05 i1, 20
| ! |
30 [1.22 | 0,78 § 0.64 11,99  1.6h {1.62 1,33
i ; | i
BO  [1.63 | 0,93 | 0.57 2,89 | 1.77 l2.25 [1.38
i
I N | .
1:2:9 mortar [ i E
10 101%| 0.66 ; 1.83 10,67 | 1.6L4 {0.38 10,92
| ‘ .
20 10,81 | 1.32 1 1.86 11.32 [ 1.63 [0.77 10,9
| . '
30 (1.22 | 2,26 2.1 !1.88 1,54 11.13 .0.92
Lo 11.63 ‘ 12,47 | 1,51 (1,60 30.98
i !
Notes : I

a/%

¥_ is the applied slab moment
= 0.L45

(other values see Table L.2)

%por the 1:2:9 mortar test model at 200 1bf/in”

precompression,

by 10%.

V  applied slab toad

Vp +V

load obtained from strains

the values of V are reduced

L9
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ho.5 TENSICH IN RRICKWORK

h.5.1 Eccentricity Causing Zero Stress on (ne Face of the Wall

Vhen tensile strains occur, bricikwork is assumed to take no tensile

N . S < . . nye 2 .
stresses although iv has resisted stresses up to 135 1bZ/in® in
laboratory tests (3L)%

The point at which the strains become tensile is thus of interest.
This is usually taken to occur when the load eccentricity exceeds one
sixth of the wall thickness. This value is based on the assumption
that the stress-strain relation is linear and the cross-sectiion is
solid and rectengular. .

A rectangular cross-section with a central gap increascs the eccenbtri-
city necessary to cause tension while a non-linear stress-strain relation
(reducing tangent modulus) reduces the eccentricity. This is illustrated

in the following sketches based on results from Chapter 6.

2
| UT
! e/t = 0,167 e/t = 0.3
_#21,4f77 y Lli7 .
7 N 7 _

7

N

J4f4577<(;/;f4; =

- T

| | .
| |t | Ji/t =0.12 . le/t = 0.29
e - L
/////,/ Y] /’ 70 a
A o v
€

STRATN L . STRESS | STRESS

Section AL.6 in the fAppendix giﬁes vhe basic theory for walls with a
linear stress-strain relation, a gap in the centre and an unloading
modulus greater than the loading modulus. The results are showm
graphically in figure 4.9 .

* Six brick high, two brick length wallettes were eccentrically loaded
(10 in from centre line of wall - top and bottom). Using one brick
(11 770 lbf/in2 compressive strength, 10.6 g/min/30 in? suction
rate ), mortars similar to those in this thesis were tesied - 1:2:9,
1:1:6 and 1:3:3 mixes giving flexural strengths of 85, 96 and

135 lbf/in2 respectively (average of 5 samples).
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4.5.2 Experimental Results

Tensile cracks develon in the mortar joints, the bricks being able to

take considerably more tension,

The moment at which tension occurs is predicted using the linear

theory and compared to the experimental results (Table L.hL).

The following values for effective gap and k (unloading/loading medulus)

give an an écceniricity of 0.23t necessary tc cause tension (fig L.9).

il
1l

0.30 k
0.37 k

ae/t
ae/t

1 1:%:3 mortar

¥ 1:1:6 & 1:2:9 mortars

The experimental strains were measured at two levels :

1. A 2 inch gauge length across the mortar joint between the slab
and the first brick in the wall.
2. An 8 inch gauge length covering two mortar joinbts and brick

(centre line 5 inches from the slab surface).

The necessary moment in terms of the applied slab moment for tension
to occur at these points is given by slab moments equal to 2.3Mc and
2°9Mc respectively where moments larger than Mc cause tension (derived
asswning the far ends of the wall are hinged -~ any fixdty will increase

the slab moment necessary to cause tension).
The exverimental slab moments produce a flexural tensile strain equalling
the average precompressive strain., The effect of rermanent residual

strains is also considered for the 8 inch gauge length - this reduces

the moment necessary to cause tension. \\\\
: RN Flexural
. _Strain
Precompressive ! 7
Strain } ', Residual
+ I Strain

The theory developed gives better results than the usual assumption of

a solid section and a single modulus (values in brackets in Table U.l).

“Here a linear unloading modulus depends on the residual strain at zero

stress (see section AL.5, part 3).




52

TABLE L.} -  SIAB MOMENT CAUSING TENSICH IN THE WALL SUBJECTED TC
' nOMENT ONLY

I .
PTecompression? Jut ;mbment in terms of Applied Slab Moment
1bf/in® - x103 | x10° 1bf in/Tt

3 hmmyi Bp mwmy!E@3 Top?
200 9.5 22 22 27 % 21 -
6% 1(6) | 3 | (20) | 28 | 33
-
- | 3k 25
1400 18.5 b2 |l s L6 | -
(13.6) | (31) Lk (39) + 7 62
1 6o | 73 | 60
. RSN PR N
600 28 6l 69 81 ! 96 93
(0.) am) | e | s | e |
- - 70 70
Notes ':
1. Vhen the tensile strain exceesds the average precompressive
strain for the 1:%:3,'1:1:6 & 1:2:9 mortar walls respectively.
2. Residual strain at zero stress taken into account using
values from figures 3.l to 3.6 .'
3. Mc = Pe Where P= pregomp?egsive_force/ft ) .
e = eccentricity at start of tension (0.23%)
. Values in brackets for e = 0.167t (solid section)
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.6  COMCLUSIONS

1. The relation between moment and the resulting flexural strains is
aifected by the following parameters :
1. Stress-strain relationship - loading and unloading.

2. Central gaps in the mortar joint.

2. The strain planes due %to slab moment have a cormon point of inter-
section, large deviations only occurring when tensile cracks

develop (figs L.1 - L.3).

3s A linear stress~strain theory is proposed taking into account an
effective central gap in the wall and an unloading mocdidus difterent
from the loading modulus. This gives better results for moment
than for axial load and in both cases better results than those
obtained by assuming a solid section with a single modulus. The
method can be used with accuracy with the 1:%:3 mortar walls having
a linear stress-sbrain relationship cver most of the ctress range
covered. Unless the stress-strain curve is known for the other
walls there will be large variations between theory and experiment.
With repeated slab loading the modulus for the latter walls will

become approximately linear and thus may give better results.

i, The eccentricity at which tension occurs in the wall is increased
due to the central gao in the mortar joints. Residual strains on

unloading will decrease this eccentricity.

~

0.2 0.4 06 0.8 10
ap /'t

Figure 4.9 Fecentricity Causing Zero Stiress on One Face of
the Wall



CHAPTER 5 -~ FLOOR SILAB ROTATICH AT ITS JUNCTION WITH THE WALL

5.1  I¥TRODUCTION

Two factors affecting floor slab rotation at its junction with the wall
are the rigidity of the wall and the precompression in the wall. The

factors are investigated experimentally and theoretically.

Yhe rigidity of the wall is varied by changing the mortar in the brick-

work thereby altering the elastic modulus.

The precompression mainly affects the point at which tensile cracking
occurs in the wall while to a lesser degree it may also affect the
elastic modulus of the wall if the precompressive stress falls within
the non-linear range of the stress-strain curve. Taree different pre~
compressive stresses are compared - 200, L0O and 600 1bf in2. The .
precompressions are high, allowing larger applied slab moments and thus
larger strains and rotations before tensile cracking occurs - the effect

of precompression is then more clearly seen.

The theory concentrates on slab rotations before tensile cracking occurs
giving values for the slope of the initial linear vortion of the moment-

rotation curve.

A final section discusses the lateral deflection of the walls and the
slab,

5.2 FLOOR SLAB ROTATION

5.2.1 Results

~In each test, load was applied to the slab thereby producing a moment .
at the joint. Slab rotaticn at the joint was measured at'regular
intervals, the resulting monment-rotation relationships shown in
figures 5.1 to 5.3 .

5.2.2 Discussion

The relationship between moment and slab rotation has a definite pattern.
There 1s an initial approximately linear porticn which begins to decrease
in slope as tensile cracking begins in the wall and rapidly decreases

as the wltimate moment is reached. Mon-linear stress-strain curves would
cause a decrease in slope too, although more gradual than that due to

cracking.
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For a given strength of brickwork, the initial slope has a fairly con-
stant value for the three precompressions considered. Thus low moments
will produce similar rotations at all three precompressions: - little
effect on fixity. At higher moments curves will be non-linear, the
point at which non-linearity occurs being mainly dependent on the
precompression. Here, for a given moment, an increase in precompression
will cause a decrease in rotation - an increase in fixity.

The slope of the linear portion of the curve decreases with decrease
2

in brickwork strength. Taking values at a precompression of 200 1bf/in
B> g i 3

the relative experimental values of rotation for a given moment, over
the linear portion of the curve are in the ratio of 1:1.2:2.2 for the

1:2:3, 1:1:6 and 1:2:9 mortar walls respectively.

Another effect for the 1:1:6 and 1:2:9 mortar walls, although not
clearly showm, is a reduction in slope with increase in predompression.
This is due to their non-linear stress-strain curve - increasing stress
causes a decrcase in modulus although this is partly offset by the
effect of the unloading modulus which is little affected by the precom-
pressive stress end may even slowly increases with increasing stress
levels (fig 3.9).
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AT THREE PRECOMPRESSIONS
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5.3 SLAB ROTATION I A WALL VITH
STRAIN CURVE

P

5.3.1 Theory and Results

1
hpw
7\ I'
) M
G H p+v DAV o N -
h
¥
2h + d q
{’.
h
A KA

The initial part of the experimental moment-rotation relationship for
the slab at the joint is linear. Tensile cracks in the walls do not

develop until the latter part of this initial stage.

The angle of rotation at the ends of each wall at slab level are assumed
to be the same - slab much stiffer than the wall. The angle of rotation
at slab level is obtained using the equation showm (équatioﬁ AS5.7,
Aopendix 5) '

g. = -m—l-;-lz b ~== (5.1)

M ») w1 '

3
b

wnere }'-'I1 & I~'12 are wall end moments

h = height of the wall
shen modified. One wall section is considered those
hge of both sections. Thus moment from the slab

is diztributed cqually to toth walls, Assue the fixing monents are
Z

ero (this assumption is considered later - section 5.h).
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Fquation 5.1 becomes :

g = §§%‘“ﬁf --- (5.2)

EeXD = experimental compression modulus

I =bt’/12

In terms of slab monent equation 5.2 becomes :

AN
oy

s A
W~ 30F_ T === (5.3)

s exp : :

Fquation 5.3 gives values of éS/HS for a solid section with an unloading
modulus equal to the loading modulus (k = 1). The results arc shown

in Table 5.1 .

The equation is next adjusted to take into account a wall with a central

gap and a value of k>1. Equation 5.3 becomes :

s _ h ‘ 1
H, o~ 6.0E T /A == (G-b)
s exp ae,k ae-O,k—1 _

where values for the latter term are obtained from figure .5 for given
values of ae/t and k. Results are shown in Table 5.1 together with the

experinental values.

5.3.2 Discussion

The theoretical valuves for rotation based on a solid éectionAand a
compressive tangent modulus overestimate the experimental results while
values based on a gap in the joint and an unloading modulus in addition
to the loading modulus underestimate the results. This underestimation
may be due to several factors such as variations in assumed properties

and local deformations in the mortar joints next to the slab.

Slab rotation after tensile cracking occurs is not investigated although
Appendiz 5 gives an equation (A5.10) for the rotation of a short, solid,
linearly elastic wall with no tensile strength. A more thorough
investigation will need to take into account walls with gaps in the joint
non-linesr stress-strain curves, unloading curves different from the
loading curve and a variable though small tensile strength. Test models
will need lateral restraint at floor level and more accurately defined

end conditions.
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TABLE 5.1 -  SIAB ROTATION AT ITS JUNCTION WITH THE WALL

t

Mortar Precom- E -k 'ia /t | M 8 P B 8. g
Mix  pression exg i ; € i H, . Sexp T: - Sae,k
. .2 %10 * L oe_s . H s s
1bf/in :lbf/inz' % k=1 .8 g . Zs ]
| ‘ ‘ ‘ ! do . | B e£p
| ! . : ; bk ‘
t ; ; § x10_9rad/lbf in/f4
B N ; | T
1:%:3 200 1,06 1 T0.30 . 1,38 L3 I L6 33 . 0.77
| 400 0.9 1 030 1.38 LS 50 | 36  0.80
| 600 - 0.98 1.y 0.30 . 1.46 - 38 w9 | 3h 0.9
15136 . 200 . 0.55 1.6 :0.37) 1.6 : 52 | 88 | 55 . 1.06
. L0O - 0.60 1.6 0.37 ; 1.6 | 59 81 50 | 0.85
| 600 : 0.58 1.810.37 . 1.6 | 60 83 | 52 | 0.87
o . SR | |
1:2:9 ° 200 ; 0.0 1.8 0,37 | 1.6 P95 121 75 1 0,79
- 100 é 0.38 2.6 10,37 | 1.69 2 109 127 75 i 0.69
& | i :
| 600 | 0.20 [3.8:0.37  1.76 ! 105 22 | 137 | 1.30
! { ! i i .
! ! | ] . | |

Notes : 1. For the 1:1:6 and 1:2:9 mortar walls, the compression
- modulus, based on 1 brick + 1 mortar joint, is about 63
less than B, based on an 8 inch gauge length covering
two mortar joints - thus theoretical values showm can be

increased by 6%.

2. The theoretical values of rotation are based cn walls with
their far ends hinged. An end fixity of 20% full fixity

will reduce the ¢ values by 6%.

3. Eevp is the average tangent modulus of the top and botton
=S
walls at the given precompression (see Table ;.2 for

individual values).
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S.h, EID FIXITY OF WALLS

The fixdty at the far end of the walls is difficult to estimate. If
fully fixed, the fixing moment will be one half the applied moment at
the slab end of the wall.

Short walls with a resulting greater stiffness and smaller rotaticns
will have less fixity for a given end condition. Yokel, Mathey and
Dikkers (41) have found this to be so for eccentrically loaded concrete

masonry walls with a flat ended condition.

To obtain an estimate of the fixdty, rotation was measured in some
cases at the top wall end but the few results are too erratic though

they do show significant rotation.

Another approach is to measure the bending strains at two different
levels and then to compare their ratio with the same ratio assuming

a fully fixed or hinged joint. The sum of the bending strains (both
positive) was taken to be proportional to the moment. Here again the
results vary especially for the bottom wall (Table 5.2). From the
results the end of the top wall has a fixity of approximately 20% full
fixity while the bottom wall up to twice that amount although one result
gives hardly any fixity. There is also a tendency for the fixity to 5
increase with increasing moment (increasing rotation) - this increase
can be marked if there are 1arge lateral deflections (such as the 1:2:9

mortar wall at 200 lbf/in2 precompression - see figure 5.5).

If a fixity of 20% full fixity is assumed, this would reduce the theo-
retical values of the rotation-moment ratio (ﬁs/Mg) for a hinged end

condition by 6%.

TABLE 5.2 - FIYITY AT THE FAR ED OF THE WALLS

Slab Homent A Percentage Full Fixity
#10° 1bf in/fh Top ¥all Bottom Wall
1:2:9 1:1:6 1:2:9 1:1:6
200 lr LOO + 200 T 14OO | 200 T 10O | 200 | LOO

10 bl 22 ol 22: 30 33| ol 7

20 150 22 | 14| 22, 301 W8 o] 7

30 22y 221 13119 Wl os6 | ol 7

1O -] 26 | eh 22t ‘ 56 71 1
the : Values are the-percentage fuli Tixity in 2 given mortar wall

at a set precompression (lbf/in?)-
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5.5  LATERAL DEFLE ‘“IOU OF THE TALL-3TAB TE5T MODEL

During each test, lateral deflections were measured at three levels,
The deflections versus slab moment are shown in figures 5.l and 5.5.
An approximate curve is drawn through the three experimental points
assuriing tne top and bottom of the model have no lateral movenent.

The mazximum recorded lateral deflection at slab level is also showmni.

The deilection curves show an effect similar to thet of the strain
planes - there is a common point of intersection situated along the
centre line of the wall, This points towards little change in moduli

and a constant ratio of slab moment to slak load over the range showm.

An explanation is nezeded for the variation in height of the intersection
point or in other words the cause of laleral deflection at slab level.
Cne of the differences between the model tests and a wall-slab inter-
section in practice is the restraint to lateral movement at slab level.
In the former, lateral deflection is allowed while in the latter it is

restrained.

In the tests, if no lateral movement is to occur at slab level, the
horizontal forces induced by the applied moments must be balanced at

slab Ievel.

f\M;”V 1
Hpew™] M + M
H =.DX _ piv
[ Hpe prv h For equilibrium :
Mp oo
pev
: H =1 thus :
, M C_—T 1 ptv P
hT~ Hp ] B+ 1 1 : 1
‘ H = g + ] =¥ +}
J(- ., b i Mp+v Hp+v I; ip
A
Mp

If there is a moment difference at slab level due to unequal stiffnesses
of the walls, lateral deflection will occur until the sum of the moments

at both ends of each wall is equal.

K11 the models follow this trend except for three cases. The 1:1:6
mortar wall at LOO 1bf/'in2 precompression shows an inversectiocn about
the centre line of the slab while the measured modulus for the top wall
is larger than the botton wall. An error in the top wall modulus is
possible as the movent predictions from sirains are ‘oo high (Table 4.2)
(see also followiag discussion). Tne 1 2 9 mortar ralls al precoim-
pressions of 100 1b /_n? and 600 1bf73d show little difference in moduli
it

thus shiould have no lateral deflecition at micdheig
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The reason for the discrevancy is probably due o the initial precom-

pression which causes a much larzer gtrain on the slab side of the model
than the other, the effect being greater in the bottom wall (fig L.3). .
On applying sleb moment this differcnce in strain is further increased

in the Vop wall while reduced in “he botitom wall. The effective modulus
for the top wall will be lower than predicted from average strains while
the converse happens in the bottom wall.

Top Wall Bottom Wall

r\‘§N§§;‘~‘_‘T Precompressive
, ! Strain

modvlus lower _| i s - modulus higher
, Ehan predicted f\\\\\\h\‘\\\j\\%endlng Strain /{/////// ,//41}’”‘§han predicted
rom average pE from average
. /

strain , strain
unloading -
modulus

~When cracking occurs at the joint, greatly increased lateral deflections
occur towards the slab side. This is due to the upper wall resisting
an increased moment caused by eccentric application of the slab load

(as ooposed to moment). teral deflection occurs unbtil this extra
moment is redistributed between the two walls - for example an increase
in fixing moment for the bottom wall and a decrease in top wall fixity..
Not much adjustment occurs at slab level as the deflections there are
still comparatively small compared to wall width - 0.08 inch (maximu

observed) versus a wall thickness of L.12 inches.

The 1:%:3 mortar model at 200 lbf/in2 precompression deflects in the
opposite direction to that expected at failure. This is probably due

to tensile cracking occurring in the top wall while none occurs in the
bottom wall (excluding the wall-slab joint)(see fig L.1). The tensile
cracking occurs first in the top wall due to the non-uniform precormres-
sive strain (little compressive strain on the tenszile face - figure L.1).
Yhe reduced top wall stiffness can cause incrsased rotation of the wall
reducing the tensile crack at the joint, thus reducing the resisting
noment. To counteract this effect a movement away from the slab side

occurs.
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5.6  CONCLUSIONS

—
.

The moment-rotation curves all have an initial approinately linear
porivion. The initial rotation-moment ratio increases with decrease
of brickwork strength - an average of L2 x 1077 rad/1bf in/ft for a
1:2:3 mortar briclzrork, 57 x 1077 rad/1bf in/ft for a 1:1:6 mortar
brickwork and 103 x 1O~9 rad/1»f in/ft for a 1:2:9 mortar brickwork

(figs 5.1 %o 5.3 & Table 5.1).

The theoretical values of slope based on a solid section and egual
loading and unloading moduli overestimate the experimental rssults.
Theoretical values taking into account a gap in ths moriar joint
and an unloading modulus larger than the loading moduwlus tend to
underestimate the cxperimental results. The reasons for this could
be variations in the assumed properties and local deformations near

to the joint (Table 5.1).

Precompression has little effect on the slope of the initial linear
portion of the momentnrotétion cuorve. Thus no increase in fixity
with increasing precompression. There is the possibility of a de-
crease in fixity with increasing preccmpression whén it causes a

reduction in the tangent compression modulus.

When tensile cracking occurs the slope of the moment-rotation curve
rapidly decreases becoming zero at the eguilibrium moment if wall or
slab failure does not occur. In this range increasing precompression

does reduce rotation (figs 5.1 to 5.3).

The ends of the wall have a variable amount of fixity tending to
increase with increasing rotation. Assuming 209 full fixity for

both walls reduces the predicted rotation by 6% (Table 5.2).

ateral deflection curves intersect at a comnon point thus following
a patbern similar to that shown by the strain planes (figs 5.4 & 5.5
and li.1 to 4.3). As opposed to the wall-slab joints in prectice,
lateral deflection at slab level occurs, this being swall in the
tests. The deflection is initially due to differences in siiffness
between the top and bottom walls and later, with tensile cracking,
due o the exira noment resisted by the wall taking the slab load

in addition vo the precoupressive load.



CHAPTER 6 - FATLURE AT T¢B

i

ALL-FICCR SIAB JUMCTTION

6.1 THTRODUCTION ' ’

This chapter investigates the failures in the wall-floor slab joint

of the test models.

The first section deals with the behaviour of the floor slab-wall joint.
The top wall is under a constent precompression while the applied slab
moment is increased. Weither the wall nor the slab fails but as the slab
moment increases tensile cracks appear in the joint between the walls
and the slab (no tensile strength) until finally the slab levers the

walls apart at a constant moment - equilibrium failure.

Fguilibriwa failure in three test models is then discussed and compared

with a simple theorestical analysis.

, . L . . 2
Wall failure occurs in test models vader precompressions of L40Q 1hf/in

and 600 ZLbi‘/':i.nﬁa - spalling of the bricks near the joint. A theory is

gives betler results than the assumption of a solid section.

Three cifferent types of floor slab failure were observed - two shear

and one tensile (first two may also be considered as tensile). Two of
the failures occurred during preliminary tests after which the slab waé
designed to be stronger than the wall at failure loads. It enabled the

slab to be used for the remaining tests.
Photographs shou the wall-floor slab jeint in an inverted position while
to avoid confusicn in this chapter, the text treats the joints in their

correct position.

The notation for the applied wall noments is also changed - I-'Ip becomes
M, and M__

iy becomes I-ig .

1



6.2 TORCES ACTING AT THE JOINT

6.2.1 Yo Tension Cracks

- The forces acting at the joint are shown in the following sketch :

™
{F lP
_‘} E“ H H [P,
| | 1,
h - Top e
I g
d| E | .
N : ! i Bottom
i | P Wall
h ! ?E_/ ) .
i 1
g 1 —H
PV Ppsv
{ Kl/
Iv12
Yoment aprlied by the slab = HS
Moménﬁ applied ﬁo-the walls above and below the slab :
1
HH = Hn - }H —— (6.1)
X1 = T - ! - ‘
M, th Mé (6.2)
t 1
where. H = (M1 M, 4 Ms)/(2h + d)
1 o ’
If the far ends of the wall are hinged M1 = M2 =0 and
g = = 5 1
111 1»12 O,SLS/(n + d/2h)
= 0.5, -~ (6.3)

where 1/g =1 + &/2h
For the test models g = 0.886 (hinges assumed at far ends of the wall).
For the full scale test building (Chapter 7) g = 0.96 (hinges at
0.5 or 0.7 of wall height). '



6.2.2 loment Distribution in the Test liodels when Tensile Crecking Occurs

1. Tension Cracks zt the Joint

When tensile cracking occurs in the botiom Joint, the slab reaction is

off-centre transferring a greater provortion of the moment onto the
bottom wall.

o;lr
- = - P
M, = Pe, . | ‘;V .
|
1 d
f |
af :
4 T H H i"‘"“" ¢
r12 = (P’PV)?z foet ~T{‘z/2 ot J P
Tet
_ Vo i1 v
= pe1 * 5 \-/],/ -;‘»m] -
Moment applied to top wall = Ii1 A
Koment applied to bottom wall = 1‘-{2»= M1 + Vg/2 - --= (6.4)

depth of the tensile crack -
3(e, - /6) | - (6.5)

(for a solid, rectangular wall - see figure Ali.2)

where =2

]

. where e, =..I'-I,2/(P + V)

{ =M - M
where II1 gty 1-2

Substituting the latter three expressions into equation 6.l :

- P + V z - T ) ——— 6 6
M? m(ghs Ocszu) ( » )
For the test models this equation becomes (MS = V1) :
(‘/tQ'LV(‘t )
_17.3V(P + ¥ 7
M, = v , (6.7)

The relationship is presented graphically in figure 6.1 in the form
H,/ gl versus I‘-IS/P'c .

The maximm value of V occurs when e, = t/2 giving M, = (P + M)x/2 .

Equation 6.7 then gives Voo /P = 0.5y (see part Li of this section).
Al
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2. Tension Cracks in the Joint and the ells

The previous analysis considersd a ‘tension crack at the joint. The

effect of talding the wall behaviour into account is now investigated. .

Assumptions :

1. The far ends of the wall are hinged.

2. The angle of rotation of the walls at the
Junction is equal throughout the cracking
stage.

3. The effect of a:rial Joad on lateral
deflections is negligible *.'

L. Solid, rectangular walls.

i
u
|
i
|
Tpsv

If the angles of rotation of the walls are equal at the junction with

the floor slab, then 551 = ;52 or uvsing equation A5.10 :

II,l /c,l = Mz/c2 where ¢ is a coefficient taking into account
_ the reduced stiffness of the wall due to

tensile cracking (fig A5.1).

Letting o+ M, = g - : --- (6.8)

= M = T/ 0y
eT/'b M, /Pt e2/’o M?_/(P + V)t

] (eq /ey,
then g, = 1'12 (1 + c, /c2) and Pt = e
c, /e
-1 i _ A2 o
vt = IIQ(ezft e1/t) =~ (6.9)
Eliminating M, between equations 6.8 and 6.9 gives :
o2 . B/ e (6.10)
t c, gl VAT e /t :
(= 7% ) 1
2 ©1

“For the test models at 600 lbf/i:a2 preconpression, the load is mmch
less than the buckling load. In terms of h2/EI the range is 0.24 to
- . 2
1.2 1bf 1 for the 1:2:9 to 1:4:3 mortar walls compared to T~ for

“buckling.
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etbing M=Vl equation 6.10 beconmes :

e2 = 2035 —— (6.11)

——

t c, 2.35 + 91/’0

1
() + 1
02 .e,]t

For a given value of e /t the corresponding value of e2/t can be

found by trial and error using figure A5.1] relating e/t to c¢. The

results are presented graphically in figure 6.1 .

3. Avoroximation to the loment Distribution in the Craciced Stace
DI g

The relationship tetween I=12/@"-1S and I»is/Pt in figure 6.1 is replaced

by a linear one. One point is given by the moment needed to start tension
in the top wall and the other by the limiting eguilibrium moment, In
this way lines can be drawn for walls which crack at eccentricities other
than t/6 .

144
: I"0.!506
0.60f
0.58
M Considering joint only ——
M2 Taking walls into account
R Linear approximation
gM 036 Tenscilon e/t > 0.167 \
0.541¢- Linear approximation
Tension e/t > 0.29
0.52}
0.50} ng < M1 + Mz
0.0 0.6 0.8 1.0 3 %
Ms /Pt
Fig. 6-1 DISTRIBUTION OF SLAB MOMENT TO WALLS AFTER

TENSILE CRACKING



h. Maximum Sleb Moment - FEouilibrium Failure

-

P P 1
T H, T —
1 1 h‘{
h
p | v
1y . . e U
H1 P HT I ;I‘,fl r’H
d B+Y i SLB
- —H %—+ H /R’A+V
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h
p
|
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2 iy p+vf 2
Ty '." '\-/I-lz
For equilibrium the horizontal forces must be the same at slab level.
m H ] ‘
thus H =H, or N -HN,=Tt/2

The slab in the test models cannot resist the difference in horizontal
reactions. The horizontal forces are equalized by an increase in
- relative fixity between the top and bottom walls, The wall end fixing

monents are assumed to increase and decrease in egual increments, thus

'

1 .
M, = - M;_ = Vt/,  at failure.

The horizontal forces thus become :
H] = H2 = (t/2h)(P + 0,5V)
The maxdimun possible value of V is found by taking moments about B :

Pt +Hd =V (1 -1%/2)

1 ma
substituving for H‘I gives :
v o ' »
nax .b(‘] + d/2h) t/g — (6 12)

P T- (/20 +d&/m) T T-t/%g



For the test models the value for maximm V is V 3/ P
mas

The maximum slab moment = My =V .1 =5.94P .

max
max

The maximum moments applied to the wall are :

M, = Pt/2 M, = (P + V)t/2

and (1-11 + 1-12 )/HS = 0,88 = ¢

nax

0.5L .

("

In this case the ratio of the sum of the applied wall moments to the

slab moment has not changed.

The maximum moment in the slab itself is not M_ but
. fed

V(L - /2) =M - Vt/2

-~ (6.13)
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6.2.3 Yoment Distribution at the Joint when the Slab is Supported on

ore than Cne Side

1. Haximum Slab Moment

One of the joints of a floor slab supported on two sides is considered.

There are two important differences with the test models :

1. The moment is statically indeterminate - it is not proportional
to the glab load except in a linearly elasﬁic system with no
tensile cracking.

2. The flcor slab provides restraint asainst lateral movement at
slab level.

The slab moment considered at the joint is the slab restraining moment
and not necessarily a moment about the centre line of the walls (the

latter will occur tefore tensile cracking at the joint).

Top i P+V P
Wall || hoo. | .’ i
: L I I o ey \ ;
Cl - B H Ly -
u ; { h | iv 2 H2 H1
1 ! ‘-b ' } ! I”"V
EAR - op g _{‘:U_':_._.,!.
P | Bottom
k4 1{2 r:’ ‘;'Jall
.-'TP-!-V

From the sketch, taking moments about B gives :

M =P, + Hd
S 1

Assuming pimned ends, the difference in horizontal forces is now
resisted by the slab.

H = Pt/2h
M= Pb(1 + 4/2h) = Pb/g - - (6.1))

he span of the slab is reduced by t/2 which is usvally insignificant.

he moments applied to the walls are :

'zvfj = Pt/2 M, = (P + V)5/2
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The top moment is a maxdmum but the bottom moment can still increase

with increasing slab load.

2. lioment Distribution Throughout the Cracking Range

Before cracking occurs the top wall moment is half the slab moment
(slightly reduced by the factor g). when cracking occurs throughout
the joint, the top wall moment is again half the slab moment. This

is assumed to happen throughout the cracking range. Therefore :

M, = g /2 -— (6.15)
M, = gM /2 + Va/2 | | - (6.16)

The bottom wall resists an extra moment frem an eccenvrically applied
slab load.

For a solid wall the crack depth is given by equation 6.5 :
z = 3(92 - t/6)

For a wall in the full scale test structure (Chapter 7), cracking is
assumed to occur when e/t = 0.22. Assuming a linear reletion for z »

Substituting equation 6.5 into equation 6.16 gives :

P+V

Compare this with equation 6.6 .
Substituting equation 6.17 into equation 6.16 gives :
My = sp——trey (e, - 0.786Vt) = (6.19)
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0.3.1 Exverimental Resultis

Bquilibriunm failure occurred in the test models when the precompreassion
. 2 , . .

was 200 1bf/in". fThe resulis are given in Table 6.1, and photographs

showing equilibriun fzilure and local crushing of the mortar joint are

shown in figures 6.2 and 6.3 .

6.3.2 Other ixperimental Results

The Wational Institute for Materials Testing in Sweden (2L, 31 & 32)
tested two models similar to the test models. These also>seem to have
failed without failure of the slab or walls (except for some crushing
at the mortar joint), but failure was due ‘o instability as opposed

to eqguilibrium.

The tests have a different loading pattern - the precompression and slab
load increase from zero to failure at the same rate and in the same
proportion. Instead of having a constant precompression with increasing
eccentricity, there is a constant Precompressive eccentricity with an
increasing precompressive load enabling the relative rotation between

the slab and the wall to be investigated.

The walls had hinged ends, the hinges placed off centre ‘to simulate a
full length wall with points of inflection half way up the wall. The
point of zero moment is thus effectively 53 inches from the centre line
of the slab (Apvendix 1).

2 P__IA —_— 197 Ibf/ in2

108 bt/ in

VIP = a constant = 0.5

20 000 bt in/ft

Maximum observed moment {VI} ———— 36500 Ibfinfft
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The moment from the slab was enough to cause tensile stresses at the
joint - eccentricity in the top wall load at slab level was 0.32t .

As the loads increased tie two models failed in opposite directions
from excessive lateral deflection. This produced two different ultimate

moments - one about twice as large as the other.

Heving pinned ends off-centre will give a2 more realistic behaviour of
slab-wall interaction, but the slab should also be restrained from
moving laterally. Without this restraint, the model is unstable at
higher loads and will give neither consistent nor relevant results. If
the slab is restrained, failure would occur at much higher moments
caused by failure of the slab or wall. Equilibrium failure will not
occur as the wall resisting moment is larger than the applied slab moment

- a constant ratio throughout the test.

6.3.3  Discussion

The theoretical analysis of joint behaviour assumed small forces, the
effects due to lateral deflection, local crushing and non-linear stress-

strain being neglected.

Even with low 1oads, an eccentricity ratio of e/t = 0.5 should theo-
retically cause failure in walls with no tensile strength. Why this

does not occur in the tests is due to several foctors.
The eccentricity in many cases is a maximum at the joint only.

The briclwork can usually resist some tensile stress - one series of
tests gave average tensile stresses ranging from 85 to 135 lbf/in2
(3L, see footnote section l.5.1). The British Code of Practice for
Brickwork (8) allows a value of 10 1bf/in2. A solid four inch wall
allowed the latber stress would resist a moment of 320 1bf in/ft or a
load of 140 1bf/ft at an eccentricity of 0.5t (equivelent to a roment
of 1;80 1bf in/ft together with an axial load of 140 1bf/ft).

In nmany cases the maximum eccentricity will tend to a value slightly
lower than 0.5t. Iocal deformation and crushing may occur especially
in the mortar joint adjacent to the slab (fig 6.3). In the test models

no crushing of the brick occurred up to averaze precompressive stresses

RIA

W
;

of 200 lbf/in2 - a stress not often encountered in practice 7., In the

“The masximm permissible axial stress for 8 ft high walls supported top
N .
-:3 mortar and 5000 1bf/in” bricks

bt

and bottom by concrete floors with 1:
is 180 1b£/in  (8).

Il



1:2:9 mortar test models spalling of the mortar joint to a depth of % inch
-was observed, representing a limiting eccentricity of O.hlit. This reduces
the ratio vﬁax/P to 0.1i6 . Iocal deformation reduces the limiting
eccentricity even more. The limiting eccentricities for the test models
failing in eguilibrium ranged from e/t = 0.L2 for the 1:2:9 mortar test
models to e/t = 0.45 for the 1:1:6 and 1:%£:3 models (average of top and

bottom walls).

Watstein and Johnson (39) obtained a limiting eccentricity of O.L4t for
beam end rotations wp to L x 10"3 radians, for a simply supported steel
joist, one end supported on a brick by a bed of gypsw: plaster enclosed
by polyethylene sheets (thus no bond). A similar test with bonded plaster
(no polyethylene) gave a limiting eccentricity of 0.25t. This result

is surprising ~ a similar eccenbtricity to the previous test would be
expected or if the bond had not broken a larger eccentricity. A reason

for this could be restraint to lateral movement of the strut (see sketch).

tood

o
brick < A
steel capping plate \::T\\\\ : 6~ n. 1- beam
. S A
: F gypsum=>1
plasiter
A bea(ing . *
¢ .
1
strain gauges = 0.00I ~ In, micrometer dial
(=] I = i
—
hollow steel strut —
b e SPAN ¥OTiEY e

Misalignment between the top and bottom walls can increase or decrease
the ultimate equilibrium moment. This effect is expected to be small

in the test models - misalignment not greater than approximately 1/8 inch.

The analysis of slender walls under high loads of varying eccentricity
is complex. Iateral deflections become significant, the point of max-
imum eccentricity occurring in the region of maxdmum lateral deflection.
The higher stresses usually mean a reduction in the tangent modulus

causing increased deflections.

Sahlin (30) used an analysis for wells without tensile strength taldng
the lateral deflections into account and assuming a linear stress-strain
relation. The analysis shows greatly increased rotations and stresses

at loads approaching the buckling load. At high loads the wall end could



80

"rotate more than the slab and would then be restrained by the slab

reducing the effective buckling length of the wall., Hethods for

calculating the buckling curves for walls with no tensile strength

having a mathematical non-linear stress-strain equation are reviewed

by a French publication (12).

Hore experimental tests on full scale,

storey heigh® walls are needed before these factors can be considered

in detail.
TABLE 6.1 - SIAB LOADS AND MOMENTS AT FATLURE
Brickwork | Test. Precompression | Maximum - Mezcdimum
Mortar Model Slab Ioad P” — | Slab Moment
by volune; No. lbi‘/in2 tons tons 1bf in/ft
1:3:3 8 200 10 .7 o.mS 51 oooh
9 1,00 20 8.5 0.2 93 000
10 600 30 12.5 0.2 137 000
1:1:6 6 200 10 k.9 0.8 | 51 000
5 100 20 7.8 | 0.39°] 85 000
7 600 30 9.0 0.30 99 000
1:2:9 11 200 10 4.0 O.h23 L1y 000
12 1,00 20 7.5 0.38 | . 82 000
L 600 30 6.9 0.23 76 000
1
T . = B IR = . / = )
Hotes : 1. vﬂax 4.9 % when P+ V=15 t ; WmmJI) 0.L8
2. Vmax= 78t when P+ V=231t ; Vﬁax/P = 0,39
3. V=4t whenP + V=13.5%t ; V/P=0,42 . The
jack load, V, should have been 3.5 t but the wiring
to the load cells incorreci. 3Istimated VﬁeY= Lol t
- difficult to hold load steady ; VﬁaX/P = 043 .
. Moments to the nearest thousand - further accuracy
not justified. Homents based on a2 moment arm of
11 inches.
5. The theoretical Vﬁay/P = 0,5 .
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6.y WALL FAILURE

6.1i.1 Bwmerimental Results

The ultimate slab loads and moments are shovm in Table 6.1 . Failure

of the wall is showm in figures 6.l to 6.8 .

6.1.2 Failure of the Walls

At higher precompressions, wall failure may occur before the equilibrium
condition is reached.

Before failure, the joint tends towards an ecuilibrium failure - hori-
zontal cracks develop along the mortar joints, usually in the joint
between the wall. and the slab. In the test models the lower wall
resists in addition to the precompression, slab load and a moment up

to 50% more than the upper wall (at equilibrium failure). TVhen failure
is imminent, spalling occurs from the surface of the mortar joints in the
lower wall near the slab. Gradual failure then follows with spalling

of the brickwork usually confined to the two or three courses adjacent
to the slab although in the case of the 1:2:9 mortar wall at 600 lbf/i112

precompression failure extended over most courses (fig 6.5).

Sahlin (30, 31 & 32) heas shown failure occurs a few courses away from
the slab because of its restraining influence. In his case the slabs
were cast in-situ resulting in an excellent bond with the top course of
brickwork which may be considered as an extension of the slab. The trend
is not shown in the test models, only two cases (figs 6.5 & 6.6) failing
a few courses away, but this may be due to variations in briclowork
properties and lateral deflections if these arel lavge. Szhlin (30) also
tested some precast concrete connections in which the floor bore fully
into the wall and there was no insitu connection - the walls failed in

areas immediately adjacent to the slab.

With increasing precompression failure will occur without tensile cracks
developing. The limiting precompression is the ultimate axial strength
of brickworl when no slab moment can be resisted. These aspects are

discussed in the next section.
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6.,.3 Strength of Walls Under Axial Load and Moment

The precuampressive force, slab load and slab moment may be conéidered
to be equivalent %o an axial load and a moment. A well #ill resist

no moment when there is no load (no tensile strength) nor when the load
equals the ultimate compressive load for the wall. In betieen these
velues of load the moment capacity varies (fig 6.9), becominz a maximun

as half the wltimate load is reached.

An interaction curve based on a solid cross-section and a linear stress-
strain curve considerably underestimates the experimental results.
Using an experimentally obtained stress-strain curve from a concentric

loading test does not explain the difference.

1. Axial Ioad - Koment Interaction Diagram

An explanafion for the difference in the test models may lie in the fact
there is a central gap in the mortar joint. The actual ultimate stress
at failure is then greater than that based on the full wall cross-section.
The area adjacent to the mortar jecint is considered and therefore values

of actual gap width are used.

Several moment-axial load interaction diagréms are derived for the 1:%:3
mortar walls (fig 6.9 & Appendix 6). The experimental stress-strain
curve is used to dérive the interaction diagrem for gap width to wall
width ratios (a/t) of 0.6L, 0.45 and 0. The first gap is based on the
actual width of the frog while the second is based on strain readings
(section l.h.2). Two further interaction curves assume a linear stress-
strain curve and gap width ratios of 0.8l and O. Curves based on the
experimnental stress-strain relation and a gap width ratio of 0.8l are
drazm for the 1:1:6 and 1:2:9 mortar walls (fig 6.9). The curves are
similar in shape to the one plotted for the 1:%:3 mortar wall. 1If the
interaction diagram were plotted in a dimensionless form the curves would

coincide (load/max load vs. noment/max moment).

2. Ioad Reduction Factors for Feccentricity

The moment-arrial load interaction diagram.is also presented in the form
of failure load versus eccentricity of the failure load (fig 6.10).

The curves are compared with the proposed load reduction factors
(slenderness ratio of wall = 6) given in the Draft B.S. Code of Fractice
for Briclmwerk (9). The resulting curve is similar except at low eccen-

tricities to a curve for a solid wall and an experimental stress-strain
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relation. The code factors greatly underestimate, at higher eccentri-

cities, the failure load for a wall with a central gap.

3. loment - Axdial Load Interaction Curve for the Test Fodels

A curve is derived relating moment in terms of slab load to precompression
for the test models (fig 6.11 & Appendix 6). The curve is the same for
the three types of brickwork - dependent on the shape of the axial load-
moment interaction curve. At low values of precorpression there is an
inivial slowly decreasing curve representing the increase in moment in
the moment-axdal load diagram. The suddenly decreasing portion repre-
sents the drop in moment with increasing axial load. lost of the
experinental results fall within the range covered by the curves for

gap width ratios of 0.45 to 0.6 . The results follow the general trend
~of the curve, scatter being caused by the small nuwber of tests and the

variability in ultimate stress of the axially loaded specimens.

6. .y Discussion

A central gap in the mortar joint increases the predicted moments sub-
stantially. Compared to the maximum predicted for a solid wall with a
linear stress-strain curve, the non-linear experimental curve with gap
ratios of a/t = 0.6l, O.L5 and O gives increases of 110%, 80% and 203

respectively.,

Yokel, Hathey .and Dikkers (L2) have derived the interaction diagram
aséuming a solid, rectangular cross—sectioﬁ and a linecar stress-strain
relationghip, the wall failing when a limiting stress is reached egual
to the ultimate stress under axial load. The theoretical curve consider-
ably underestimates their experimental results on short prisms. Assuming
an experinental siress-strain curve from a concentrically loaded prism
does not malke up the difference nor did they consider it likely to be
due to end fixity conditions (eccentric loading at the top of the prism
while the bottom has a flat support). Their explanation assumes that
the flexural compressive strength of masonry increases with increasing
strain gradients - the stress-strain curve for an axially loaded specinen
is different from that in the compressive zone of a flexural specimen.
But Clark, Gerstle and Tulin (13) who investigated the effects of strain
gradient in concrete and mortar specimens concluded !'there is practically
no diffierence in the stress-strain curves up to the point of maximm

stress as a result of subjecting either concrete or mortar to a strain
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gradient', The gradient did increase the strain at feilure. A similar
increase may occur in brickwork (Table 46.1), bub the experimental
resulis obtained depend to a large extent on how close to failure the
strain was recorded. An increase in ultimate strain beyond thab already
assumed is not likely to increase the predicted moments much more than

1.
I§

the 207 menticned earlier.

Clark, et 2l. found that the effect of strain rate is more important.
With faster strain rates, the maximum stress increasss, the strain
corresponding to this stress decreases, and the ultimate strain also
decreases. A ratio of strain rates of 25 (0.001 in/in/hr - 0.025 in/in/hr)
showed variations between 2 and 103 for the above guantities. Again

for the test models this is not likely to explain the large difference

in experimental moments (assuming a solid wall).

An investigation into eccentrically loaded short walls similar to that
conducted by Yokel, el al., is needed to clarify some of their results as
well as those in this thesis and the effects of sirain gradient, strain
rate and gaps in the sortar joint. The behaviour of the mortar joints
will need careful investigation since failure is usually initiated at the

joints.

The ioad reduction factors in the proposed revision of the brickwork _
code (9) are based on solid walls with a linear stress-strain curve
together with a 25% increase in permissible stresses. This in effect
takes into account the non-linear behaviou; of the stress-strain curve
but nevertheless at low eccentricities the factors are too high. Factors

based on an experimental curve throughout would be more realistic.
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6.5 FLOOR SIAB FAILURE

6.5.1 rtroduction

Slab specifications and design calculations are given in Appendix 6.
The failures observed were shear failures in the portion of the slab
enclosed by the walls and a tensile failure in the slab at the face of
the wall. The following diagram of the principal stress trajectories

pA
will be a help in visualizing the discussed failures

s compressive trajectories
4l
s

tensile trajectories f

6.5.2 Shear Failuré Round the End Reinforcement

Test No. 1 -~ 1:2:9 mortar walls at 200 lbf/in2 precompression.

The concrete sheared round the end reinforcement as the slab began. to
lever the two wall sections apart (figs €.12 & 6.13). The precompressive -
. : , . o o 2

load was 10 tons producing an average shear stress of 200 1bf/in® over

the concrete cross-section.

The theoretical failure stress of the concrete in shear without taking
- . . 4 . 2 .

the reinforcement into account is 140 1bf/in (equation A6.12 and

section Ab.li). The reinforcement at the end might have been of some

help in increasing the shear sirength beyond this value.

To stop this occurring again the slab was extended beyond the well in

the remaining tests.

24
ey

from a publication by I'ranz and lfiedenhoff (ih).
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6.5.3 Shear Failure Across :he Reinforcement

2 .
Test No. 10 - 1:%:3 mortar walls at 600 1b7/in recompression.
4 P

An inclined crack developed in the portion of the slab enclosed by the
walls (fig 6.6). Horizontel cracks developed in the joints between the
walls and the slab, the slab therefore resisting a precompressive load

~ . C . o /s 2
of 30 tons causing an average shearing stress of L10 1bf/in°.

- R . . . . T -
e calculated shear stress causing diagonal cracking is 315 1bf/in
(section 46.3.3). Stresses beyond this will not cause failure, the

ultimate load going up to four times the cracking load.

Johnson *(19) mentions that at small values of span/depth, the principal
1 ) 3!
tensile stress at the neutral axis may be high enough for the diagonal
i g ug g
crack to form before yielding of the tension reinforcement. The pro-
portion of longitudinal reinforcement at the critical cross-section
then has little influence on the cracking load, which is governed only

by the dimensions of the cross-section and the strength of concrete.

If the slab had not been carried through the wall, the failure would

have occurred round the end reinforcement.

6.5.4 Tensile Failure

Test No. 3 - 1:2:9 mortar walls at LOO 1bf in2 precompression.

Failure was caused by tensile cracking, the tension steel yielding and
the concrete hinging about the compression steel (fig 6.1L). The
recorded failure moment was 52 000 1bf in/ft.

The calculated value is 45 000 1bf in/ft (section 46.5). In a slab
without compression steel the calculated ultimate moment would be
approximately 33 000 1bf in/ft .
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Two Views of

of the Wall
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6.6 CCNCLUSIGHS

1. After tensile cracking in a wall-floor slzab connecvion, the totton

wall resists a greater proportion of the tobal applied monment

because the slab reaction is displaced from the centre line of the
wall.

With the wall stresses allowed by the British Code of Practice on
Brickwork (8), failure at the wall-floor slab junction is usually
confined to :

1. eguilibrium failure - the end of the floor levers the walls
apart at constant moment causing horizonbal cracks and local
crushing of the joint with the weaker mortars.

2, tensile failure of the floor slab at the inner face of the wall.

3. shear failure round the end reinforcement or a diagonal crack

across bhe reinforcenment.

An explanation is given for the failure of short single leaf walls
with no tensile strength under axial load and moﬁent. If the wall
has central gaps in the mortar joinit, the predictéd wltimate moment
based on axial loading tests is much increased., The maximum moment
such a wall can resist occurs when the precompression is half the

ultimate axial stress.

The load reduction factors for eccentricity in the proposed revision
of the British Code of Practice on Structural Brickwork (9) greatly
underestimates the strength of the walls in the test models. As the
factors are based on a solid wall this may partly explain the
difference. Even so, the factors are too high at low eccentricities
and should be reduced to a level obtained for a solid wall and an

experimental stress-strain curve. )
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CHAPTER 7 - FLOOR SIAB -~ WALL THTERACTICH IN A FULL SCALE BUILDING

7.1  THTRODUCTICH

A full-scale, five storey brickwork building (figs 7.1 & 7.2) was built in

a disused quarry to investigate its properties under lateral loading (33).

An investigation into the behaviour of the floor slabs at their junction
with an outside wall is presented in this chapter. Two questions led to
this investigation. Is there increasing deflection and end rotation of
the floor slabs in the higher storey levels ? What moment is transmitted
by the floor slab to the outside wall 2

A floor section supported on three of its sides (marked A in figure 7.2)
was uniformly loaded. This was repeated for each floor level in turn.
The free edge was instrumented to give vertical slab deflection and
rotation at its junction with the outside wall. Sbrain was measured in

the walls surrounding the loaded slab.

A simplified theoretical analysis is presented for the behaviouvr of thé

Junction of the wall and the floor slab near to the free edge of tne floor.

This investigation was a preliminary one. Further tests are in progress
on a full-scale, five storey cavity wall structure built in tne same quarry.
In this structure the walls and slabs are supported on two opposite sides

only, making a theoretical analysis relatively easier.

Perforated, wire cut bricks were used : 2 5/8 inch Coatham-Stob Cormon
. o . . cov s i T fs L
Bricks. The average compressive strength of 10 bricks is 5020 1bf/in“,

(Tested in accordance with CP 3921 (10)).

1ind __

\_‘\

11/8x11/8 in ;

!
2 5/8 in
1
P
e,
b 1/8 in = B
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The mortar was a 1:%.3 cement:lime:sand mix by volume. For provortioning
of the lime and sand, batching boxes were used, their volumes in pro-

portion to that of a bag of cement.

Cement - rapid-hardening Portland cement
Iime - hydrated white lime

Sand - a comrmion building sand

The average compressive strength of I} inch mortar cubes at 28 days was
(tested in accordance with the BCRA }odel Specification (5)) :

2000 1bf/in® - laboratory cured
1730 1b£/in° - site cured in air

T7.2.3 Concrete

A 1:2:y cement:fine aggregate:coarse aggregate mix by volume was used.
The bottom two inches of the floor slab were precast while the top three

inches were in-situ ready mixed concrete. For the in-situ concrete :

Cement - Ordinary Portland cement

Coarse Aggregate -~ 3/L in and 3/8 in maximum size

The average compressive strength of L inch laboratory cured concrete
cubes at 28 days was 3165 lbf/inz.

7.2.4 Brickwork

Prisms, six bricks high, were tested between plywood sheets to obtain
their compressive strength and their stress-strain relationship. The
éverage conpressive strength of the brickwork at 28 days vas

250 1bf/in® (site cured in air).

The average compressive modulus was 1.2 x106 lbf/in2 - range from
0.9 to 1.7 x‘lO6 1bf/in2 (this excludes the 5th storey results where

most prisms were damaged).

7.2.5 Tloor Slabs

The floor slabs are composed of 2 inch precast 'Omnia "Hde Slabs! with

a 3 inch in-situ concrete topping (fig 7.3). The result is similar to
an in-situ slab vhile there is also a saving of shutterring and %ime,
The 2 inch precast sections do not bear onto the walls, therefore a good

. .. .. . . R . . o .
bond is obtained with the in-situ concrete. HMesh reinforcement (% in
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square twisted bars at 8 in c/c) was provided in the botitom of the precast
slab while similar reinforcement was provided in the top of the slab above

the supports. The slab was designed to take a live load of 4O lbf/ftz.

The modulus of elasticity to be used for the floor slabs presented sone
problems. Only two concrete cylinders were tested for their compressive
modulus and these gave erratic results. The Value/used to obtain the
Tthecretical slab deflections was taken to be 3 %10° 1bf/in2. This is
based on an empirical formula suggested by the American Concrete
Institute (1).

E =33 /i f;

1
vhere f
c

the concrete cylinder strength
= 0.8 x 3165 1br/in°
w = ‘the concrete density
= 150 lbf/ft3 (value obtained from site cubes).

Poisson's ratio taken as 0.15 .

As a result of this uncertainty an extra floor slab was cast for the
cavity wall structure mentioned in the introduction. £An experimental
value of the elastic modulus will be obtained from it and compared to

the value obtained from cylinder and cube results.

“from reference 25, page 397 or reference 19, page 29 .

o™
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7.3 PRECAUTICNS AMD TECHNIQUE I¥ OUTDCOR TESTING

-~

Testing a full scale structure in the open presents difficulties not
encountered in the laboratory. To obtain reasonable results several

points must be considered.

Plan observations so values can be confirmed. This is done for slab
rotation which is measured by dial gauges and a clinometer. Strains

in the wall and slab deflection give indirect confirmation.

- TAth limited experienced personnel, there must be economy in observations
to ensure reliable results. Recording of results must also be simplified.
Printed forms were provided for gauge and clinometer readings while strain
gauge readings were recorded on a portable tape recorder. Consistent
numbering of gauge points is important - later analysis of results is
then nuch easier. The same numbering is used on each floor, strain gauge

points on opposite sides of a wall having the same initial number.

All gauge points were measured after the floor was wnloaded. The results
could then be compared to the initial reading as a check on accuracy.
Again, to improve accuracy it is best to repeat the tests - this was

done in a few cases.

Atmospheric effects are important. If possibie, tests should be conducted
on dry, overcast, calm days. This ensures a steady temperature and little
wind. Wind affects the dial gauge supporting frames while sun causes
temperature variations, thermal expansion of the walls (=6 x 10—6/°C)
masking some of the small strains due to slab load and also affecting

the dial gauge suvporting frames.

Some good reviews on experimental technicue are given by Rocha (29) and

a RILEY symposium on the Cbservation of Structures (28).

The floor slabs were loaded with bricks (fig 7.4) - the same bricks as
those used for the walls. These were available in quantity and easy to
hendle. The floors were divided into sixteen rectangles by chalk lines,
to each of these rectangles was placed 19 + 19 bricks equivalent to
loadings of 20 and LO 1bf/ft2. For most tests ten bricks were weighed
as a check on slab load. Differences in weight were small and nainly
caused by water absorption. Bricks were kept under cover when not in

use., Hewman (26) gives details on slab loading tests.
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7.l SIAB LOADIMG TESTS ;

7.1i.1  IExverimental leasurements

The position of the gauges is best illustrated by the following diagram :

dial gauges measuring
slab rotation supported
by dexion fixed to
quarry face

] i 81,75 .63 50in . lcaded
il \ HEs " N il A RO siab 1
<
+ i f ? ‘f’ ? 7:) dial gauges for f /
‘ . stab deflection %
F—ii dexion |
c - o %
= — members stop twisting _
;’, — 7 of top dexion support ]
3 dexion /
| F—
wooden clamp —
_: support .
24 in i’ I
demec l ] ; /
gauge | {_ |
£ 1
1 4 _clinometer plate f
1 e
= |

N alternative dial gauge
support system but is
affected more by
temperature




]
|
1!
-1
2
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2. Slab Deflection

The deflection along the free edge of the floor slab under a2 uniform

load of L0 1bf/ft° is shown in figure 7.5 .

3. Wall Strains Near the Wall-Slab Junction

The bending strain distribution along the walls, above and below %he
floor slab, is shown in figure 7.6 . The axial strains are not presented

as they are small as well as showing considerable scatter.

TABLE 7.1 - ROTATION OF THE FLOOR AT ITS JUNCTIOH WITH AN OUTSIDE
BRICK WALL

T
Floor g Experimental Values nrad
Sleb | : e
Load & ; 20 1bf/ft2 40 1bf/ft2 0 1bf/ft2
No. | Clino.| Dial | Clino.| Dial | Clino. | Dial
: E Gauge Gavge Gauge -
1 ? 0.13 0.16 0.30 O.LO 0.07 0.11
| 0.23 | 0.13 - 0.33 | (-.27)| 0.22
1 0.0 | 0.3 ¢ 0.23 | 0.2y | -0.07- | -0.07
0.3 | 0.07 ! 0.28 | 0.22 | 0 -0,07
kol 045 0.8 | 0.0 | 0,36 | -0.02 | 0.07
0.7 ] 0.3 ] 0,28 | 0,29 | 0 0.07
5 f 0.27 | 0.2 | 0.36 - I 0 | (=.h7)
| - 0.27 | - O.LT é - 0.09
Hotes : .
1. Values in brackets - change in angle fr&m.ho to
0 1bf/ft° load.
2. Two sets of readings are the results of two tests.
3. Clinometer resolution : = 0,03 mrad (7 sec)
Dial Gauge resolution : = 0.02 mrad (5 sec)
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7.5 AHALYSIS OF RESULTS

7.5.1 Introduction

The analysis is meant for walls and slabs spanning in one direction bub
has been adapted to explain the trend of the experimental results along
the free edge of the slab Uhére its behaviour tends most 4o a one way
system. Hore needs to e known about wall behaviour before = more complex

analysis is used.

The effect of axdial load on the lateral deflection can be neglected as
the loads are low and the wall is restrained at one end.

The outside walls are-:assuned to have the same properties above and below
the slab, thus before tensile cracking occurs, half the slab resiraining

menent 1s taken by each wall.

The analysis is divided into the following saction

[}
.

1. An estimate of the average dead load stresses in the outside walls.
2. Ind moment - rotation relationship for the walls.
. Ind moment - rotation relationship for the slabs together with
the deflection of the slabs.
L. Combining relations (2) and (3) to give the equilibrium position
for the wall -and slab.
5. Bvaluating the moments applied to the wall together with the

resulting strains in the wall.

7.5.2 Preconmpression

The precomwression was estimated on the basis of the following sketch.

It assumes uniform su:

gy

port conditions for the slab which in practice.

is not the case bul a more accurate analysis is not warranted.

\ﬁ ; S ) ,// : !
AN ;5.& £t

Y 1
2.6 £t
i

i
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1. ¥leight of Rriclorork

The Weight of brickwork is taken to be 320 1bf/ft run of 8 ft high wall.
The stress at the bottom of a wall due to its own weight = 6.5 1bf/in2.'
2. Yelght of #loor Slabs

Dead load = 62.5 lbf/ft2
Live ILoad = ;0 Ibf/ft2 (one floor at a time).

Average stress over wall due to slab dead load

i

L.5 1bf/in° .
3 1bf/in? .

n

Average siress over wall due to slab live load

3. Average Stress in the Outside Walls Due to Dead Ioad

Floor Stress (lbf/inz) Above Slab Below Slab

1 Lk L9
2 3 38
3 22 27
in 11 16
5 0 5

7.5.3 Rotation of the ¥Walls at the Junction witﬁ’the Slab

1. Ind Homent-Rotation Relationship

The initial portion of the wall moment-rotation relationship will be
linear. As tensile cracking develops at the joint, the relationship
becomes non-linear tending to a limiting equilibrium moment.

iy

For wall rotation the previous loading history must be taken into account
as the moment-rotation relationship is not linear throughout its whole
range. Thus dead load must be considered. It is uniformly applied to
all the floor slabs while the live load is applied to only one slab ab

2 tinme.

The sleb dead load will induce an approximately equal moment in the top
and bottom walls of a joint. The slab supports were not removed before
the next storey was built. For dead load the following deflection pattern

is assumed :

]

n/12ET
97 nrad/1bf in/ft

N

¢/,

i 3 é ) Mﬁ

nof i

e
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For live load another pattern is assumed :

;5/1-15 h/8EIL

-
t

145 nrad/Ibf in/ft

were

b4 ) Fg H_ = slab restraining moment

N E =1.2 x 10° 1be/in?
I =69 :'Lnl‘L

N h =96 in

’ $ = wall rotation at junction with

the slab

2. Iioment Causing Tensile Cracking at the Joint

If there is an 1 inch gap in the mortar joint (width of perforations
and mortar furrowing) cracking will be delayed .

The ratio of mortar’ joint gap to wall thickness, a/t, becomes 0.2l
giving from figure .9 an eccentricity ratio, e/t = 0.22, the eccentri-

city necessary to start tensile cracks for a material with no tensile

[9)]

trength. Thus tensile cracking starts when e = 0.9 in as oppesed to

7 in for a solid section. It is the point at which the moment-

[v}

0.
rotation relationship becomes noa-linear.

The cracking moment is given by 2 6bt(0,22t) where 0 is the dead load

stress.

3. Ultimate Zpuilibriwm Moment

The stresses in the walls are low and thus it is possible for the equi-
librium monent to be reached. The limiting equilibrium moment is reached

when the eccentricity eguals half the wall widtn.

P, ' Slab restraining moment

= P'D
) H Moment in upper wall = Pt/2
. s
gﬁrig;CEZEZ—o : loment in lower wall = (P+V)t/2
] ==_z v
P+V
"‘\l.
LI

“This is an assumption but is inserted to show its effect on the calcu-

lation procedure. TIts effect on the compressive modulus is sma2ll,
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These equilibrium moments are based on a constan preccmpression. Bub
for ©this building, uplifi at the joint can cause considerable increases
in precompression (18) causing an increase in the limiting equilibrium

monient.

Lt}

Tne equilibriwn moment is the upper limit for the noment-robation curve
- the rotation keeps increazsing at constant moment. In terms of the

dead load stress the limiting moment is given by (obt)t .

The moment-rotation relationships are plotted in figure 7.7 . The non-

linear part is an estinmate.

7.5.14 Rotation and Deflection of the Floor Slab

1. TIloor Slab Deflection and Rotation

The floor slab deflection and end rotation were ana ysed using a computer
program, 1tially a finite difference technicue was used and later -

a standard finite element program (see Appendix 7).

This was tried for various boundary conditions - combinations of fixed
\aﬂd simple supports. The deflections for the free edge are shown in

figure 7.h .

2. lomeni-Rotation Relationships

Consider the junction of the slab with the outside wall. The end rotation

and end restraining moment can very between two limits :

1. IFadly fixed - maximum moment with no rotation.

2. Simply supported - no restraining moment with maximum rotation.

s
! “r — E O ~
! Ty T T
“::,\_:V_\ :_YXL : T T N - PR TA
A - 'j N 1
; g ; ) :
.j . : A
! Y }I }6 T———— : - ﬁ
] s’ T i
_Déad Toad” Dead Ioad Iive Ioad
M = 6800 1bf in/ft 4 = 0 M, =0 M, =0
Live Toad® g = 0.52 mrad _ $ = 0.42 mrad .

M= LLOO 1bf in/ft 4 =0

e ) .
TFixding moments from Theory of Plates & Shells by Timoshenko &

Woinousky-Krieger (36).
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The limits are plobtted on the graph in figure 7.6 and a straight line
draim between them., This assumes a linear veriation which is reasonable
as long as 1o craclking occurs at the other boundaries of the slab and
the slab has a constant stiifness within the load range taken.

5

7.5.5 Interaction of the Floor and the Wall

1. Slab Restraining l'oment and Znd Rotation

The slab restraining moment and end rotation are given by the intersection

2

of the wall and slab meoment-rotation curves.

Tonis dis initially {ound for the slab dead load and then for the slab
dead load plus live load. The difference gives the moment and rotation
due to live load. If the wall moment-rotation cuives were linear these
values could be found directly taking only the live load into account.
The wall curves are different for dead and live load, the latter having

a smaller slope.

The method used here is a graphical form of moment distribution wiiich
is easier to work with when the moment-rotation relaticnships beconme

.non-linear.

The slab restraining moments and end rotations are given in Table 7.2 .

2. Homent Applied to the alls

The moments applied to the walls at their junction with the floor slab
are given in Table 7.3 . The slab moment is distributed egqually betireen.
the walls above and below. If tensile cracks occur in the joint with
the botbtonm wall, the wall will have to resist an additional moment from
an eccentrically applied slab load. Section 6.2.3 explains the procedure

for ecalculating this additional moment.

Before cracling cccurs, the ratio of slab restraining moment to slab load
is approximately 11 inches which coincides with the ratio in the test

models.

3. trains in the Wall

Table 7.l: shows the vending strains for the outside wall towards the
free edge of the slab at the level where the experimental strain measure-

nents were made. The assumed nioment distribution is also showun.
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G
=S
™ Limiting Moment - 1rst Floor
o
-—
X
8
1. Wall Moment-Rotation for
}_‘. Stab Dead Load
=z .
u 2. Wall Moment-Rotation for
s Slab Live Load
o .
= Equilibritm position
o irst ftoor
pzd 3rd floor
= / Limiting Moment - 3 rd Floor
= =
o
F_.
)
L
o
o Start of tensile crackin
RPN ) g
3 at joint of 3rd floor
[¥2]
1 1 1 1

0.2 0.4 0.6 0.8 1.0 1.2
ROTATION mrad
Figure 7.7 -~ Ind Moment-Rotation Curves for Floor and Wall
TABLE 7.2 ~ TLOOR RESTRATNING MONMENT AND END ROTATION
Floor ; Dead Load ! Iive Iload Iive+Dead Load
| Moment Rotation' Homent Rotation! Moment Rotation
| Iof in . mred | 1bf in mrad | 1bf in nrad
: e — I
1 '3000 (L;L')i 0.29 1700 (39)! o0.25 1700 0.5h
3 {2900 (l-,B)i 6.30 [1200 (27); 0.29 11100 0.59
5 , 0 ' 0.52 0 0.2 l 0] 0.9
Hote : Values in brackets are percentage of full fixdity
(no wall rotation).




TABLE 7.3 - NOHENTS APPLIED TO THZ CUTSIDI HALLIS
1 oor} all lonent Ibf in/t b
_! _Lf)ead Lo;}c% __“f__“ L:Lve ]'.oad__ “____";u_rg Dead Tpad
' | Eccentric %— Siab Lccentrlc 1 Slab ! Eccentric ‘ 5 Slab
! fSlab I.()ud liomen”u xe Tao I_oad xo*ne 1t fqlab Load. : i‘oment
I ; - _. e SR S
1 , Upper ! - 1500 - 850 - 2350
lover | O 1500 0 850 0 2350
I v
3 Upper | - 1450 - 600 - 2050
l - Pl
Lower | 120 1450 535 600 655 2050
5 llower! 60 | 0 300 | o 760 0
! [
TABLE 7.L, - STRAINS IN THE WALLS DUE TO LIVE LOAD
Floor 1 3 5
mnall B Upver rLouer U*m er | Im-:er Lower
" Bending -6 , L T ) i
rain K10 M5 1 #5 | +10 f 20 | +6
llotes : Bending strains given by * ¥/EZ wvhere E = 1.2 %10 1bf/in
Strains at demec level. Z =34 in3.
Assumed lioment Distribution :
Top Floor Other Floors
. fixed ' M /2
t e [~ < . M ~ j‘~—_\_ max
cerr::lsck T H ""!i;i;‘_""—'mr—j"“‘f' L
¢ RSN 3 SR S ._.-»/_ !
demen | !
62in ’93in
i 38 in
[ :
(0 8 N A |
demec . I
181n
fiXEd — = 7 - ¥ —J,——.— Iy i
I f m(l)'./2 l
b - = T
Ydeme 0.79H mnax IcL,mec O'?anex
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7.6 DISCUSSICH

This chapter measures the behaviour of the joint under working loads in
a full-scale siructure. Because joint behaviour under working loads
was investigated outside the laboratory, the small deformetions due o
slab forces are difficult to measure accurately. In the model Jjoint
tests there were higher loads and deformations under laboratory

conditions.

The slab deflections causing the largest gauge readings gave the best
resulis, the residual deflection on wunloading being comparatively small
(approxdimately 79).

" The slab end rotations show larger variations but this is mainly due to
the smaller deformations measured - errors become more important. The
difference betueen two gauge 1"ead;m% was no more than about 20 divisions

(0.002 in).

dith strain measurements, only the difference of the sirains on opposite

0—4

sides of the wall, equivalent to bending sirain, gave good en wugh readings

bt

b

0 show a general trend. The sum of the strains, equivalent to the axial

t‘-

strain, gave too large a scalter (LOMUTBSSLOH tve, tension -ve).
This shows the care and accuracy needed to obtain good results.

The theory predicts the general trend of the resulis with sleb deflections
alling within uhe limits of the theoretical calculations - these are

based on the assumption that the correct section properties have been

‘The slab robations for the first four floors are approximnately in the same

range, experimental scablter making it difficult to detect any differences.
The roof slab definitely showed larzer end rotations but less so with
strains in the walls caused by

-slab deflection. There are also bending
.

the slab, the theory showing that the slab restraining moments are
aporoxinately 30% of the full fixing moment. The nmaximui calculated
restraining moment (including dead and live TOad) is 4700 1bf in/ft .

. . A 2
This would cause a tensile stress of aparo**nauely 100 1bf/in" in thn

. 2
1ab But the concrete can take an estimated %ensile siress of 500 1bf/in
()* 5 thus no cracking would occur in practice bubt nevertheless some
norrinal top reinforcement should be provided. 'The slab centre span moment

will also be reduced.

0 1 '
7.5 /fc to 12 JQ; (375 to 600 lbf/inz) where £, = 0,8 x 3100 1bf
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Changes in precompression do not seem to alter the slad rotations nor
the wall bending strains. This confirms the results obtzined from the

model joint tests.

When cracking occurs, the precompression will have an effect but while
theoretically the third and fourth floors are expected to develop cracks,
the experimental results do not definitely show this. The roof slab
definitely cracked at the joint (one course dowmn from the slab) to at
least half way along the outside wall. The end brick of the top course
at the free edge was in fact fully separated from the brick below due

n

to faulty ercction of edge shucterrlnv used for placing the roof slab,

These tests have been a good lesson in experimental technigue outdoors
and have shown it is vossible to obtain reascnable results wnder working

loads.

7.7 COICLUSICHS

1.. If tfere are no tensile cracks in the joint, the precompression does
S
not affect the slab restraining moment. This is confirmed by the
model joint tests.

2. The slab restraining moment can be quite considerable - up to an

estimated 30% of full fixdty in these tests. Top reinforcement should

be provided although the tensile strength of the concrete was not

©

exceeded.

3. Tensile cracking occurs in joints with very low precompressions. This
occurred ia the roof slab. Although no moment is “ransferred from
the sleb, the slab load is aprlied eccentrically.

L. With low loads, the possible failures are confined to cracking av the
Joint with possible tensile cracks in the slab at its junciion with

the wall.
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CHAPTER 8 - GENERAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER
ESEARCH

=]

4

8.1  GEMNERAL CONCLUSIONS

A knowledge qf the behaviour of the joint, wall and floor is needed to
find the moment distribution between the floors and walls. The wall
and the wall-slab joint have been investigated for a concrete slab

bearing fully into a single leaf brick wall.

1. Stress-Strain Relationship of the Wall Under Axial Load

The stronger the wall the more linear the stress-strain curve at low
stresses - walls with increasing mortar strength. Over the precbm-
pressi#e stresses used in this thesis the 1:%:3 mortar wall has a

linear curve while the 1:1:6 and 1:2:9 mortar walls become non-linear

in this range (reducing modulus with increasing stress).

(n unloading a different stress-strain path is observed of increased
modulus, and a permanent strain occurs at zero stress. The permanent
strain and the ratio of unloading to loading modulus (at the point of
maximum stress) increase with decreasing brickwork strength and with
increasing stress levels. On reloading there is a more linear stress-
strain curve (exceptAat very low stresses) up to the point of the max-
imum previously attained stress - the curve may be considered to be

equivalent to the initial tangent modulus.

The experimental compression modulus based on a solid cross-section is

underestimated if there are central gaps in the mortar joint.

2. Flexural Behaviour of the Wall due to Floor loading

No Tensile Cracks

The flexural behaviour of the wall is related to its stress-strain
relationship. A non-linear stress-strain curve (reducing modulus)
causes increased rotations with increasing stress levels while an un-

loading curve with a higher modulus decreases the rotation.
 Central gaps in the mortar Jjoint must be taken into account if the
stress-strain relationship is found experimentally. Otherwise the

calculated compression modulus will be underestimated.
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_A'linear theory is proposed taking into account a central gap in the
mortar joint and an unloading modulus different from the loading modulus.

This can be used with accuracy with the 1:%:3 mortar brickwork.

The experimental moment-rotation curves of the slab at the joint all
have an initial approximately linear portion. The initial slope of this
curve decreases with decrease in brickwork strength. The linear theory
overestimates the experimental initial slope. Reasons for this could
be variations in assumed properties and local deformation at the joint.
Assuming a solid section and a single compression modulus will under-

estimnate the experimental slope.

The linear theory also predicts the moments and load applied to the wall
by the floor slab, the best accufacy being obtained with the 1:%13 mortar
walls. ' '

The experimental moment-rotation curves for a given mortar wall have
approximately the same initial slope for the three different, constant
precompressions applied to the wall. Thus if there are no tensile cracks
precompression has little effect on slab rotation., An exception to this
may occur when the precompressive stress causes a reduction in the wall

tangent compression modulus allowing incressed slab rotation.

Tensile Cracks

In a solid, linearly'elastic, rectangular wall, tension will occur when
the load eccentricity exceeds one-sixth of the wall thickness. A non-
linear stress-strain curve (reducing modulus) and/or residual strain at
zero stress will decrease the eccentricity necessary to cause tension

while a central gap in the mortar joint will increase the eccentricity.

Horizontal tensile cracking occurs in the mortar joints as these are
usually weaker-in tension than the bricks. The cracking reduces the

. slope of the moment-rotation curve of the slab, the slope beqoming %2er0
when a limiting eccentricity approaching half the wall thickness is
reached or when failure occurs in the wall or slab. The maximum eccen~
tricity is limited by local deformation and failure at the Jéint., 1In
the test models the limit ranged from e/t = 0.42 to 0.45. Over the
cracking range an increase in wall précompression will reduce the floor

slab rotation at the joint.
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With tensile cracking in a wail-floor slab connection, the bottom wall
resists an additional moment because the slab reaction is displaced from
the centre line of the wall. Failure in a wall therefore usvally occurs
in the wall below the slab.

3. Moment Distribution

When no tensile cracking occurs, the moment distribution may be calcu-
lated using standard methods but the flexural properties discussed in

the previous section must be taken into account.

In the tests on the full scale structure fhe slab -restraining moment
was quite considerable - up to an estimated 30% of ‘the moment allowing
no slab rotation (full fixity). Top reinforcement may be necessary
although in this case the tensile strength of the concrete was not

exceeded.

With tensile cracking, the joint behaviour becomes non-linear. For ten-
sile cracking in the wall at the Jjoint, an approximate graphical method
“has been proposed and used to explain results from the full scale

structure.

Tensile cracking in the wall makes and ysis complex. A theoretical
solution to this for a solid, linearly elastic wall has been given by
Sahlin (30,32).

4. Ultimate Strength of the Joint

With wall stresses in practice, failure at the wall-floor Junction is
usudlly confined to

1e Tensile cracking at the joint leading to equilibrium failure or shear
failure round the end reinforcement of the floor slab or a diagonal
crack across the reinforcement.

2o Tensile cracking of the floor slab at its junction with the wall.

Wall failure occurs at higher wall precompressions. If the central gaps
in the mortar joint are néglected, the predicted ultimate moment based
on the axial stress-strain relationship is considerably underestimated.
With central gaps, the maximum moment a wall can resist occurs when the

precompression is half the ultimate axial stress.
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The load reduction factors for eccentric load in the proposed revision
of the British Code on Brickwork (9) greatly underestimates the strength
of the walls in the test models at higher eccentricities. The code
relationship is similar to that for a solid wall with a non-linear
stress~sirain relationship. Even though the factors ray be far too low

at high eccentricities, they are too high at low eccentricities.

8.2 SUGGESTICHS FOR FURTIER RESEARCH

The work in this thesis has shown there is a need to investigate some

aspects in more detail. Two such aspects are :

1. The stress~strein properties of brickwork under axial and flexural
loading (including cycled loading).

The ultimate strength of brickwork under flexural load. Are there

other reasons apart from gaps in the mortar joint for the increased
flexural strength ? Are these gaps significant in nine inch brick-
work ? The use of solid bricks with no frogs and perforated bricks

mzy answer these questions.

2. Further tests on wall-floor interaction models similar to those in
this thesis but with more accurately defined end conditions - hinged
ends together Ulth lateral restraint at floor level. The investi-
gation should consider tests on differring joints, cycled loading
and a theoretical curve for the non-linear part of the slab moment-
rotation curve. The tests should concentr te on 1’»' mortar

brickwork which gives the most consistent results.
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APPENDIX 1

A1.1_ REVIEW - SAHLIY (30,31,32)

A1.1.1 Introduction

A review of Sahlin's work is presented with comments. Notation is
Sahlints,.

His work is the only extensive treatise on the subject of joint behaviour
in brickwork. His experimental work on brickwork covers wall-slab joints

where the slab bears half way into a 10 inch (two bricl) thick wall.

A1.1.2 Theory

1. Wall Beheviour

Sahlin has further extended the theory for the behaviour of linearly
elastic, solid walls with no tensile strength including the effect of
axial load on lateral deflection. This gives the relationship between
wall end rotations, ¢v, and the magnitude and eccentricity of the applied
load.

" Euler buckling load 1 Ep
2,2 R A /
B — e ‘
) - 1 !
_ -7 -"e G v
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2. Floor Slab Behaviour

A simple analysis is proposed for slab end rotatlon for the following

‘case . : I
zd 7

- /if
— /l - T

. —~ ] Z

s 1 z

17 1 h
B ()

1 .
The slab end rotation, ¢h’ is equal to the simply supported.rotation
minus the rotation due to a restraining end moment = P wu t Pi ik
Assuming e, ~ & = e, the restraining moment becomes e(P_u + Py ).

In the analysis an error occurs when the roof slab is considered. There
Bu= 0, allowing the slab to rotate freely but‘the analysis gives an end
restraining moment = Ple1 which can only occur if tensile stresses are
allowed. At low eccentricities before tensile stresses occur there is

no end restraining moment either.

3. Joint Behaviour

Next Sahiin considers the joint between the wall and the slab., If the
Joint is rigid, the wall rotation equals the slab rotation, é ¢

For a wall resisting no tensile stresses this relatlonsnlp is valld
throughout thr cracking range (assuming no failure, local crushing and
deformation). If the wall can resist tensile stresses except at the
joint then a difference of rotation may occur dependent on the rigidity
of the walls and slab. If local failure occurs at the joint but not in
the rest of the wall then it is possible for the load to increase while
the slab restraining moment is constant - !'plastification'. This latter

case is considered by Sahlin.
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The relation ¢v= ¢h is true up to a limiting slab restraining moment,
Mhl,'after which there is a divergence between the two rotations given

.by 0, the fjoint rotation?t.

°=4 -4 0 =0 for M<M,

Thereafter joint rotation increases at approximately constant moment,

M?lo M
M
pl Idealized
case.

O

ult-

Joint rotation is primarily due to failure at the Jjoint and partly due
to local deformation. Care must be taken in evaluating joint rotation

when tensile cracking occurs at eccentricities greater than d4/6.

e’ vere

The limiting moment, Mbl,-and the wltimate joint rotation, 6
measured experimentally in a series of full-scale model tests - both

statically determinate aﬁd indeterminate. TFrom these results a

relationship between Qult and the wall failure load, P, was proposed :
a1t
e
o
, P
0 | 1.0 Paxial

This is a very approximate relaticnship there being a large scatter of
results. A centrally loaded wall close to failure will tolerate little
disturbance due to joint rotation., A more exact wording would be slab

rotation - it is not necessary for joint rotation to cccur at higher
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loads especially for a slab carried through the wall. Tor slabs bearing
half way into the wall the assumptions are more correct as initial failure
is due to vertical splitting of the wall zbove the edge of the slab which

may allow some joint rotation bed re final failure.

Lh. Failure of the Well and Jeint

Using the experimental results the theory can bve used to predict failure

loads. Four cases are considered :

1. 0=0 (¢v= ¢h-) O<M< le 0ed.ge= ult axial
Failure occurs when the ultimate edge stress is reached before

the limiting slab restraining moment is attained.

2. 0820, M=, ®edge” %vlt axial -

Failure occurs when the ultimate edge stress is reached after

the limiting slab restraining moment is abttained.

3. 0<@-= it _ H = le : oec’-.ge< Sult axial

Failure occurs when the limiting joint rotation is reached.

<Q = . M<K
3b. 06 gul*b M(Ipl

For cases where there is not a ‘pronou_nced yield poiht - gradual
Yielding at the joint. The maximum load is governed by the
maxiiwn permissible rotation 9.1 (1 - P/rdmal)

Equations for solving these cases are tabulated in reférence 32,



Al.1.3 Experimental

1. Test Procedure

The following type of structure was co
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During each test a constant load ratio, PU/P s Was maintained, repre-
senting a joint in the structure sketched.on the previous page in which’
all floors are simultaneously loaded. The storey level considered
depends on the ratio of the loads,'Pu/Pl, The loads were increased
from zero to failure in the same proportion. For a statically deter-
minate test this means a constant wall load eccentricity at the joint
with an increasing precompressive and slab load, erabling an investi-
éation into the relative rotation between the slab and the wall due to
‘plastification! - thus the effects of tensile cracking are minimized,
or nil if the eccentricity is less than 4/6 (this eccentricity is
assumed to cause zero stress on one side of the wall). This test pro-
cedure is different from that used in the test models in this thesis
where the eccenbtricity increases with a constant precompressive load

- the latier procedure is‘also, in effect, used in Sahlin's tests on
roof joints where the precompressive load may be considered to be
constant and equal to zero while the eccentricity of the load on the

wall below the slab initially tends to increase.

For the statically indeterminate tests the eccentricity reduces as higher
loads are reached. This is caused by failure and local deformation at
the joint, limiting the maxiimum moment even though axial loads still

increase while also limiting the maximum eccentricity (for roof slabs).

2. HMaterial Properties and Construction Procedure

The compressive strength of the concrete slabs, the brickwork, brick and

nortar is

Brick 3800 lbi‘/in2 (tested according to the Swedish code)
Mortar 28 day strength of cylinders :

120 bf/in2 1:5 lime:sand by weight

240 Y6£/in®  2:1:15 lime:cement:sand by weight
Brickworl 600 lbf/in2 1:5 mortar mix

1000 lbf/in2 2:1:15 mortar mix

Concrete Six inch cube strength - statically indeterminate models :
' a2
1630 1bf/in
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Hortar joint thickness was an average of 0.5 inch. The floor slabs were
cast in-situ producing an excellent bond with the adjacent brickwork.

Cne test shows brick failure before bond failure.

3. Heasurements

The angle of rotation of the wall and of the slab were measured, the
difference giving the angle of rotation of the joint. Tor slabs
bearing into 2 wall, the joint was satisfactory (0 = 0) up to a limiting

moment, M which caused splitting in the wall above the slab. The

L
pl ,
increase in Jjoint rotation is then very large while the moment is fairly
constant or decreases. ‘There is an uncertainty in the angle of joint
rotation because of inaccuracies in wall rotation obtained from deflec-

ticn measurements on the outside face.

f~—.

"

For a slab bearing onto a wall (roof joint) there is an important
difference with the other tests. Tensile cracking starts at an early
stage, a crack predominating in the first mortar jocint below the slab.
Joint rotation occurs at low loads increasing with increasing load.

Here the momeni-rotation ideslized diagrem is not followed. Joint
rotation is predominately due to tensile cracking with increased differ-

ence at higher loads when local crushing may occur.
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A1.2 REVIEW - NATIONAL INSTITUTE FOR HATERTALS TESTING (24)

The work is experimental and has been reviewed by Sahlin (31,32).

Brickwork and blockwork models of the following type were tested :

|

P : . '
l Concrete Sl¢

L— Steel Beam '

o]
4
1

r
]
T
|
L

SAAANNANSANN

/Woll

- ' : i .| .
o\lnfleclion Point ' . e——*{}’ .
T
B Type 3
N, | b
53in :
| le :
! i
) I 1
. 53inj. .
' . .
=) Type 2 — Type 1
=,
e 1t
}
Pror. =Py * Py
o’/lnflec!ion Point

The tests measured joint rotation, the limiting moment, Mpl’ and the
wltimate failure loads.
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Model types 1 and 2 differ in some respects from a statically indeter-
minate model at failure. The slab moment is directly proportional to
slab load thus any reduction in slab moment after the lirdting 'plastic!
moment, npl’ is reached means a reduction in slat load ;nd therefore a
reduction in the load on the wall above the slab (one control for both
loads). The average streés at failure then is less than the stress _
when ﬁ?l is reached. In addition there is no lateral restraint at slab .
level. Results for model 1 are not accurate due to leteral deflection
partly initiated by tensile cracking (see section €.3.2). For type 2
the eccentricity of the load at slab level does not cause tension, the
walls are thicker and the slab does not bear completely into the wall

thus the lack of restraint is not so imporiant.

1. Material Properties

- The compressive strength of the concrete, the bricks, the blocks, the

brickwork, the blockwork and the mortar is :

Bricks 4250 1bf/in?
Concrete Blocks  LS0 - 810 1bf/in?
Mortar 1600 lbf/in2 Class B 1:1.85:15 lime:cementisand
by weight
850 1bt in2 Class C 1:1:15 lime:cement:sand
by weight
Concrebe 5700 1bf/in8 6 inch cube at 28 days.

Slabs cast in-situ.
. ’ o) - . 2 )
Brickirork 1060 - 1680 1bf/in
. A
Blockzrork 310 - 630 1bf/in”.
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Al1.3 REZVIEW - WATSTEIN and JOHNSON (39)

Watstein and Johnson have conducted some preliminary tests on the

eccentricity of the floor load for attic type joints (see diagram).

Lood

a- - .
brick \ i EL

steel capping plate \\ ’ 6-in. I- beam |
~\

N [~ Sypsum.
plaster
~ Beoqing s
e L
. ]

T
e

0.00! - In. micrometer dlal

strain gauges™ L
hollow steel strut

fo—r————e——————Spon vories ————— ]

An interesting point is their method of finding the eccentricity of the
floor load. As the wall they use a hollow steel strut to which are
attached electrical resistance strain gauges. The eccentricity is then

found by measuring the strain on opposite faces of the strut.

The results are preliminary and only simulate localized behaviour at
the wall-floor joint. The floor is simulated by a steel joist bedded

onto a brick which in turn is glued to the top of the steel strut.

For an_unbonded plaster joint (plaster confined between polyethylene
sheets) with increasing floor load, the eccentricity increased from
e/t =.0.35 to a limiting value of 0.43 for the range tested.

For a bonded plaster joint the eccentricity decreased from e/t = 0.324
to a value of 0.2L. This result is surprising - a higher initial
eccentricity is. expected for small floor rotations if the bond was
unbroken, the bond imposing a restraining moment on the floor. When
tensile cracking occurred the eccentricity should drop to a similar

level obtained in the- unbonded case (see section 6.3.3).

Tests using a rubber packing reduced eccentricity, the floor reaction
tending towards the centre of the floor bearing length for the initial
floor loads and slowly increasing with increasing load and floor

rotation.
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Al.ly REVIEW - CARLSEN (11)

Carlsen tested a small number of joints between a precast concrete floor
slab and a brickwall.

Axial compressive strength '
of brickwork = 980 1bf/in® - A

Width of model =l ft

LIl E e
7inf ¥i = St
==
5 22 R
i

The reference only gives very brief details about the experimental work
‘and results.

Precast concrete slabs were placed into position as shown in the sketch.
The gap -between the slabs was filled with concrete and then a further

section of brickwork built onto the joint.

The purpose of the investigation : The effect of the length of bearing
of the slabs on the bearing capacity of the joint and the ultimate slab
restraining moment. The effect of slab moment on the ultimate strength
of the wall.

The conclusions : The bearing capacity of the wall is not affected by
the bearing length of the slabs. The slabs are clamped in position.

A reductlion in bearing length reduces the ultimate slab moment.

From the information given it is not clear if both slabs were loaded
although this seems likely - for all the loading cases there was

ittle difference in the ultimate strength of the wall,
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A1.5 REVIEJ - MAURE/BRECHER and HENDRY (22

FH

Maurenbrecher and Hendry have published experimental results given in

.

this thesis covering the following two aspects :

1. Relationship between the slab rotation and the moment exerted by

the slab at the joint for varied precompressions in the brick wall.

2. The ultinlate strength of the joint.

The publication assumes a simplified analysis for ultimate equilibrium
failure (section 6.2.2) and an incorrect ultimate moment for a joint
test with a 1:2:9 mortar mix and a precompression of 200 lbi'/in2 (too
low a result because of faulty load cell wiring).
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APPENDIX 2

A2.1 EXPERTHENTAL EQUIPMENT

A2.1.1 The Demec Gavge

The demec gauge is a demountable mechanical strain gauge (3, 23). Its
main components are an invar main beam with two conical locating points,
one fixed and the other pivoted on a knife edge. This pivoting move-
rent is transmitted to a dial gauge (graduated in 10-h in). The gauge
requifes only very small témperature corrections during use. An invar |
reference bar ‘is provided as a check and is also useful as a guide to
the general condition of the gauge. Reference bar readings are usually
taken before and after a test. '

A setting out bar is provided to give the correct gauge length when
gluing: the stainless steel discs onto the test structure. The discs
are 7 inch in diameter with a 0.0l inch hole into which the conical gauge
points are located. The surface of ihe test structure should be smooth,
dry and clean. The position of the discs is marked out by pencil lines,
then a thin layer of Durofix is spread over the marked positions and
allowed to dry. A second 1ayér is applied to two points at a time and
the discs pressed onto the two positions énd kept in place by the sett-
“ing out bar for'approximately one minute to allow initial setting of the
glue. Several hours (preferably 2li) should elapse between fixing the
discs énd using them. An alternative to Durofix is sealing wax. Fach
locating disc is backed with a dab of sealing wax. One disc of a pair
is fhen held in position by a small screwdriver and a soldering iron
applied, melting the wax. When the wax has rehardened, the chér disc
is held in position with the setting out bar and similarly stuck on.
Discs stuck in this way can bé used immediately. Wax is more successful
than Durofix on damp surfaces.

When measuring strain with the Demec gauge just enough bressUre should
be applied to the gauge to provide good contact. The reading is repeated
to improve accuracy. The gauge is always held in the same way for a
particular position. %hen measufingvvertically the fixed point shouwld
be in the lower disc. Throughout a2 test only one person snould take
readihgs for a particular measuring point. With experience accuracy

improves.
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Specifications :

Menufactured by W H Mayes & Son Ltd .

Gauge lengths obtainable - 2 to 80 inches. _
Price range - gauge, setting out bar and invar reference bar - £57 to
£128 . Stainless steel discs - 112 @ £1.75 .

Calibrated by the Cement & Concrete Agsociation :

2 inch gauge - 2.48 x 107 strain per division
g8 n - 1.01 x 10-5 n n o
-6 _
12 n " - 6,6 x 10 no 1 ]
2 » n - 3.33x 10-6 1 n n

A2.1.2 Vibrating Strain Gauge

Gauge :
Tyler Recoverable Surface Mounting . (38).
Manufactured by Gage Technique at approx. £11 each .

Lengths used : 2.5 in and 5.5 in . ‘
. Gauge factors : 0.5h4 x 10-9 for the 2.5 inch gauge
3.0 x 1077 for the 5.5 inch gauge

Plucking voltage : 24 volts for the 5.5 inch gauge while 60 or 120 volts
'~ was necessary to obtain stable réadiﬁgs in the 2.5 inch
gauge. '
Accuracy 1.5 to 3 x 10'-6 strain for equipment reading to 1 Hz .
Measurement of Frequency :
A portable digital strain measuring instrument, Model PSM, measures the
period over 100 or 1000 cycles.

Manufactured by Deakin Instrumentation at approx. £600 .

Hounting of Géuges :

Brackets were fixed onto the test specimen (fig 3.7) using a Cataloy
paste. To make sure the brackets were in the same plane and the correct
distance apart they were bolted fo a steel plate which kept the brackets
in position while the paste hardened. The plate was then removed and the

gauge put in"its place.

A2.1.3 Dial Gauge

Specifications : Baty Dial gauge costing approx. £8 .
‘ 1 division = 0.0001 in

Range 0.2 in or 0.5 in
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A2.1.); Clinometer

Inclinometer Model M1 manufactured by WH Mayes & Son Ltd .

Description :
The instrument is based on an engineering sine bar with 3 inch centres.
- A micrometer thimble (graduated in 0.0001 inch/division) is fitted to

obtain the vertical displacement. A bubble spirit level (sensitivity

1 division = 1 minute) is fitted to provide a datum zero. The clinometer

is supported by three hemispheres.

Feasurements

The accuracy of the measurements are dependent on two main factors :

The first and main difficulty is in estimating the central position of the
bubble - it depends on the direction from which the level is viewed.

Thus the level should be viewed from the same stition. To overcome

this problem in future an optical system should be attached which makes
the ends of the bubble coincide.

The second difficulty is ensuring the clinometer is in the same position
every time a reading is taken at a particular point. Flat steel plates
were used as bases (éee sketch). The clinometer was positioned by a
cone shaped depression and a stop. The clinometer position could be
reversed to further improve accuracy. The plates needed painting to
prevent rust. In future completely flat plates would be best, the clinc-
meter held in position by stops only. For outdoor use the plate should

also be resistant to rust.

1 ).L in ! '
1 t
L 4in | 1 1.4 conical depression
ol stop in the form of a bolt
3 in ¢ screwed into the plate
i S in
' %
1 b
' !
t .
b
) X

12 4in i
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A2.1.5 load Cells

Load was measured using 3 ton Davey United Toroidal Ioad Cells with a
self-aligning loading cap. They have an output of 13 mV at 3 tons with

a 10 V DC stabilised power supply.

A2.1.6 Digital Voltnster

The output from the load cells was measured by a Dynamco Digital Volt-

meter.

~Resolution : SQ/uV and a later model (IR 2022) 10V .
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APPENDIX 3

A3.1 EFFECT OF GAUGE LENGTH ON THE MEASUREMENT OF VERTICAL STRAINS

A3.1.1 Choice of Gauge Length

The gauge length over which the strain is measured affects the accuracy
of the strain. The length should be large in comparison to the compo-
nents of the material making up the structure and large enough to give:
deformations the strain gauge can measure. The gauge length is restricted
by the condition that strains over the gauge length should either be
constant or vary linearly. Rocha (29) discusses the choice of gauge

and gauge length. ' - »

' Gauge lengths should be-short enough to accurately represent the strain
(no sudden variations within the gauge length)., Full scale models and
structures have the advantage of having gradual strain variations over .
larger gauge lengths - larger than in small scale models thus the choice"
of .gauge and gauge length is not unduly restricted by this Ffactor.

Brickuork is a composite material thereby affecting the choice of gauge
length. Figure A3.1 illustrates the variation in the measured briclarork
modulus with gauge length and position for a brick to mortar modular
ratio of 5 - approximately equivalent to a 1:2:9 mortar wall ( the ver-
tical dimensions of the brick and mortar are 2 7/8 inch and 3/8 inch
respectively). The possible values of modulus calculated from measured
strains are given by the area enclosed by the two limiting curves.

When using demec gauges the demec discs are usually positioned on the -
brick thus the variation in modulus is given by either of the two limit-
ing curves, the area in between becoming significant when a fraction of

a mortar joint is enclosed in the gauge length.

In the experimental work in this thesis gaugé lengths are kept in
consistent positions. Vhen strains between different experiments are
compared these will have been measured in similar positions on the
brickwork. This removes some of the restrictions on zauze length.
Quoted moduli will usually be that obtained from an 8 inch gauge length-
covering two mortar joints and thus not the moduli eguivalent to one

brick and one mortar joint.
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Fig. A31  Variation of the Brickwork Compression Modulus with the
Size and the Position of the Gauge Length

A3.1.2 Relationship between the Gauge Iength and the Brickwork Modulus

Notation : Es = brickwork modulus over the gauge length considered
E% = brick modulus
Eﬁ = mortar modulus
gy S o/ﬁb = strain in brick
€ = O/T% = gtrain in mortar

€y = average strain over gauge length, lbr
1br = gauge length

1_ = thiclness of mortar joint

V.
Vv
m

m
n = number of mortar joints covered by gauge length

b proportion of brick in gauge length

"

1 - Vb = proportion of mortar in gauge length

vertical stress

1

(o]

The brick and mortar are in parallel. The vertical stress is thus the
same in both materials. In a vertical gauge length, 1br’ covering toth

brick and mortar, the provortion of brick covered is :

Y = (lbr - nlm)/lbr | == (43.1)
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The average strain over the gauge length becomes :

Vﬁlbr Eb * vﬁlbr'em

br T

The comoression modulus becomes :
E =0/ = : = EE ~-- (A3.3)
s br Vb + (,..b/nm)(T - Vb) .

This expression assumes that the brick and mortar moduli chenges,due
to their interaction at the interfaces,are negligible. Alternatively

the moduli can be taken as those occurring in the composite state.

Vertical strain measurements were usually carried cut with gauge lengths
of 2 and 8 inches. The corresponding values of V£ are (assuming a
3/8 inch mortar joint) : 4

8 inch gauge length A&cross two mortar joints v, = 0.9
‘ across three " " v, = 0.86
2 inch gauge length across one " n VB = 0,81

A gauge length crossing the equivalent of one mortar joint and one brick
has a value of V, = 0.88 (3% inch gauge length). Large gauge lengths
will tend to this value.

B

LIZENT ANALYSIS

A3.2 EFFICT OF A GAP IN THE MORTAR JOINT - FIHITE

A3.2.1 Finite Flement Progranm

A standard program provided by IBM is used - STRUDL, The Structural
Design Language (21). Tts finite element capability applied to two
dimensional problems is gquite extensive, allowing a choice of many
different types of element. The element chosen was rectangular with
four nodes giving eight cegrees of freedom - Type ?SR. The displacement

function is of the form :
u(v) = a + bx + cy + dxy
there a, b, ¢ and d are constants.

Bach element is given values of elastic modulus and Poisson's ratio
(isotropic). The program allows plane stress or plane strain - the

former is used.

The program was run on an IB% 360/50 computer.
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A3.2.2 Analysis

The finite element program was used to investigate the effect on vertical

strains of gaps in the mortar joints of a single leaf brick walli.
Two types of wall section were analysed :

1. Three courses of single leaf brickwork under uniform load. The
structure is symmetrical, therefore half the section is considered
(fig 43.2).

2. Four courses of single leaf brickwork under uniform and eccentric
load. The effect of eccéntric loads on the vertical strains was

investigated (fig A3.3).

The results from both analyses are shown in Table A3.1 . In addition
the principal strain distribution is shown for the case Em/Eb =1
‘ (fig AB -h) .

Elements covering the gap in the mortar Joint were given an elastic
modulus of 1 lbf/inz, effectively removing them from the structure.

To improve accuracy in the wall section with three courses, the applied
loads at the top can be readjusted and the program re-run according to

the results obtained from an intermediate mortar joint in the first run.

TABLE A3.1 - RESULTS OF THE FINITE ELEMENT ANALYSIS

Input ' Output Simple Theory
Em - - Ee'.
1’;.; By | Bn | 2 BB Ee:cp N S €] % —E-;Q
1. |2 J2 jo |2 |2 2 |h3hle |70 {Lk2lo |1
0.3]2 |0.6 |0 1.9810.6111.57[553[1.57[ 70 [563}0 1
1 1.96]1.96]2.6210.92|1.38/0.96|508]1.96] 60.5|521 [2.11 [0.1,9
021 2.k 0.5 [2.62]0.95(0.250.71[627{1.65|57 1653]2.36]|0.43
1 2.4 12.h 11.92(1.58{2,08]1.63[3762.L | 67.6[351 |1.32]c.48
1 2.4 |2.h [1.06(2.08(2.33[2.11] - |2.k |70 - [0.36]0.88
Fotes :
tnits : E % 10° 1b£/in® ; & inches 3 T ind ;e + 1070
€ - flexural strain due to applied moment.
a, & ES obtained from equations 3.1 & 3.2 respectively
I =1t -a2)/12 (nere b = 12 in)
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v =01
CPU=~ 450 sec
13.38 in
O5R p06in | 4
1 & A 3
0.75['1-1 .
b L1210 1
Three Courses of
Divided into Elements Fig.A3.3 Four Courses of Brickwork

Divided into Elements

|‘-s7 ]20 ]—e

284 498 {477 \1023 164
52 7‘?5‘1 276 )(3"*7 /\/'555
50 go LIS Y30 100

1459 1296 11083 793 392
- -13
# 1163 < -205’%——’[15 ‘)\{122 X
2 .5° -5° -12° -25°

—ra——

Fig. A3.4

1198 l965 717. 370
-f— ‘-
130 f—ao -15 99

W
>

Principal Strain Distribution

23 STRAIN x1078
+Ve compression

-293 -ve tepsion

30

E, zE_ = 1x 105t/ in2
b™"m

v=01

30 Average stress = 644 Ibffin?
A Position of elemants given hy
19°

%x &y in figA3.2




APPENDIX I ~  TINFAR STRiZSS-STRAIN THEORY

Al

THTRODUCTTON

The efféct of the following is considered :

1. Iinear stress-strain
2. Differring loading and unlcading modulus

3. A central gap in the wall

Notation :

Ec = compressive strain +ve

Et = tensile strain +ve

147

v = distance to the neutral axis from the side under tensile
strain.
Ac = area under the compressive stress curve +ve
At = area under the tensile stress curve +ve
Oy = compressive stress +ve
9, = tensile stress +ve )
t = thickness of wall
ES = compressive modulus (loading)
kE_ = tensile modulus (unloading)

a_ = width of central gap
e .

b width of wall

it

Assumptions :

Note

Plane sections renain plane.

The term tensile strain is used for convenience.

The strains used

in the calculations are measured bending strains talien about a set

precompressive datum., Thus tensile shrain is the unloading strain

and does not become a true tensile strain until the initial com-

pressive strain is overcome,
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Alj.2  CTUTRAL GAP TN VALL a /t €1 = 2v/t

e - o E
c PICIED) o~ g

1
\ie _ -vu
W - (OC‘FOC)\L; ae)b+ & "=z 7
c N v
H
Oé(t - ae - 2V)b
L
]
-1 -
Ay =z 0,0 ? o
. 1 t

Al.2.1 Yoment

Taking moments about the centre line of the wall :

+ +

1 "
- - 1 - - - + - DY
oc(u _ ae)(t 4 2ago Oc(u ae)(Zt + ae)b oc(t a 2v) (¢ 2ae av,’

M=

2l 2l 2l
o, (3t - 2v)vb
. . ——— (Al
+ 12 ' ('Lﬁ'“l )
In terms of the compressive strain :
Esbtz Ec ag v2 v
Y S —e— 2 - £ 1-( - — Al .
M-y (05 3) 0 50 - - )] (8.2)
- E, T & B
If k =1 U= 7 ——— (4.3)
B 2
bt - a))
tvhere 72 = T —
B b2 3 42 s
~ e =0 Lo e T e BN Y T ——— R
I e § it 5T _“{7{7[1 —t?-() _b)(i l/] (M h)
Ifa =0
¢ Ec Et ‘s
k=1 IR — e (31.5)



AL.2,2 Increasing Axial Load

Letting the increasing axial load =

AP = - A

A
c t
In terms of the compressive strain :

E bc(1 - a /L) €, '
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AP

P = ——
AP = [0 - )
: Ab.2;3 No Increase in Axdial Ioad
Ac - At

In terms of strain :

k -a/t
€& " & T TE %
If k =1 ec = st
Ifa =0 e =Jke
e c t
In terms of v :
V2 k ~ 1
(E) ér*~"~—j7~7) -z *O0. 5=0
If k =1 v/t = 0.5
If a =0 v/t = 1/(10 + Vi)

2
1 - ZV\ _ (\(71/'5-)- (1\ - 1)] — (A)_L.é)

2/%)

e (Mo?) )

~—= (2],.8)
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Ali.3  CENTRAL GAP IN WALL ae/t > 1 =-2v/t
' T
v/t = Et/(ec + Et)
[ Vol e
o Ec(t - 2v + ae) a _? [
c 2(t - v) ¥ ‘
. Eci g .
v g eV -t ae) ¥ i ST
€, = i 5 &
t v et{\\\\\\\\J £
1 Lt
o, * 0, (t - ae)b :
A = i
c 2 2
H ¥
. - 0, * 0, (t - ae)b .
t 2 2 LS
v

Ah.3.1 foment

Taking moments about the centre line of the wall :

b(t - ae)

M= g [( oc' " o,;)(t +2a) + (o, +0, )2 + ae)] - (8}.9)

In terms of compressive strain

Ec_b"o2E(__ 2a 3
U= ooy {6 -1 - 20 + 1) )+ 30 - 1)(

2 2

v g %e

S0 - =5 « 2] mm= (Al.10)
t t

if k = See equation Al.3

It a_= 0 Hot valid unless k¥ = 1 . See equation sal.b

If k =1

2= 0 See couatvion Al.S

A;.3.2 Increasing Axial Load .

=t the increase in axial load = AP
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In terms of the compressive strain :

BE(1 -a/thte, y
BP = St [2(1 - 2v/t) + (1 +a /t)

- x{v/t - (1 - ae/t)}] ' - (Alh.11)

Ali.3.3 No Increase in Axial load

Ac=At

In terms of v :

v/t = ;(?Jtl): =X)L o5 o === (aha12)

In terms of k : !

1 + ae/t + h(O.S.- v/’o)l

S R R T A7) w (3)

Alyly MOMENT AND AXTAL LOAD PREDICTED FROM STRAINS

" Al b1 BEffect of a_ and k on the Moment Predicted from Strains

When experimental strains are used to predict the moment, the magnitude
of this moment will depend on the chosen values cf effective gap and the
unloading to loading modulus ratio.

Figure l.5 shows the variation. It is based on the following equations :

1. Solid Section

E, Ecbt2
Using equation Al.5 M= — ——— (a.1h)
where k =1
. a = 0
e
€ = €,
[ V)

2. Section with Gap aft> 1 - 27/t ¢

Using equation AL.10 and writing it in terms of Ee*m vhere
it

B = (1 - a/4)B

£ bz
C XD

M = £ a 2 avior AL L o ) 5
M A=A = ae/"") [ as equavion AL.10 ] (Ah15)
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Dividing egquation Al.15 by its value when k=1 and a_=0 gives

/14 - f= 1 \ oy ":-L‘ P, )
I“qisﬂ,ae=° B0 = /8000 - 8,/%) [ @ equation .10 ] (ah.16)

3. Section with a Gap ae/t £1 - 2v/t

Using equation AL.2 and writing it in terms of Eerp gives

M = Ecbt’ZEe:fp (1 a€33)+V2(3 Yk - 1) (Ah17)
"12(1-v/‘°)T—ae/t)[ B IA I ] D

Dividing equation Al;.17 by its value when k = 1 and ae= 0 gives

1

. _ 1 . s ;
M/Mk=1,ae=o T o T (e ae]’tﬁ [as equation Ah.??] -—= (AL.18)

L. Relationship between v/t and k

ﬁle,relatiozlsbip between v/t and k is given by equations Al.8 and Al.12 .

Kily.2  &ffect of ag and k on the Axial Ioad Predicted from Strains

If the axial load increase is predicted fron experimental strains, the
nagnitude of this predicted. load will depend on the chosen values of

k and a2 .
e

Figure L.7 shows the effect of k and a, on axial load. This graph is

based on equations &}.6 and AL.11 which give :

= . KRR 1 / < —— A}
AP RLG}_DD‘E EZC Al (Al .19)

S

vhere R 1s given by :
v/t + ae/t -1

< - O 3 - o ..,: ,
ae/h 21 C.V/u R 6(1 = 'V/t) (A«_,.ZO)
a /t £1 v/t P = ("/t\'? - (ah.21)

/0 S T I IR R
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Al;.5 STRESS DISTRIBUTION DUE TO ECCENTRIC LOADIHG IN A SOLID, LINEARLY
ELASTIC VALL WITH FO HISILE STRENGTH

Consider a wall under two differring loading arrangements :

1. An increasing moment applied to a wall under a constant precompres-
sion (constant axial load and an increasing moment).
2. An.increasing moment applied to a wall with an initial precompres-

sion which increases in proportion to the moment.

Figures Al.1 and Al.2 illustrate and explain the two cases. The
following points should be noted :

1. Before tensile cracking occurs, the strain planes in both cases
have the same slope for the same moment. With constant precom-
- pression all planes pass through a comrmon point situated on the
centre line of the wall at a lével equivalent to the constant
Precompression. With increasing precompression (increasing in
direct proportion to the applied moment) all planes also pass
through a cormon point at a level equivalent to the initial pre-
compression but offset from the centre line of the wall (this
offset depends on the ratio of the increasing precompressive
force to the increasing moment).
~ 2. The diagréms are drawn to the same scale thus giving an idea of
the relative magnitudes of the stresses with increasing moment

for the particular loading condition.

AL .6 MOMENT CAUSING TENSION IN THE WALL

In the test models, tension occurs when the bending tensile strain ex-

ceeds the precompressive strain., In terms of stresses this occurs

when : -
P . W _—
1. A Solid, Rectangular Section
M=Pe;7=%/2;1-= bt3/12 s A =bt - with these values equation
Alj.22 vglves = /6 _ : : e (AL.23)

the eccentricity beyond which tension.
oceurs.



N
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2. A Rectanguler Section with a Central Gap

M=Pe ;7=t/2 ;1= b(t3 - az)/12 s A=b(t - ae) - with these values
equation AL 22 gives a2 -
=(t +a + —-)/6 -—~ (AL.2L)
t

larger eccentricities causing
tension.

Fquation AL.2l; is illustrated graphlcally in terms of e/t and
ae/t (fig L.9).

3. A Rectangular, Solid Section with a 'Tensile! Modulus larger than

the Compressive Modulus (k>1)

An unloading stress-strain curve different from the loading curve becomes
significant for 1:1:6 and 1:2:9 mortar brickwork. The eccentricity
causing tension depends on the loading stress-strain curve for the

side under increasing compression and on the residual strain at zero
stress for the opposite side-(here a linear unloading modulus depends on
the residual strain). Both are represented by a linear curve as

shown in the following sketch. Typical stress and strain planes are
also shown.

k =1 k >1
1
+* v

T i E.-#r _L e

P4 Tooe; ﬂ 12

= - o /m fe St i¥
! - a !

’ ' P I [\\\\\\ L i éo

y/&E _ iop Sg t-v I \\\\J } ¥

> k— v
_G,Lresidual = t a
strain ' - -

L. A Rectangular Section with a Central Gap and k> 1

Considering a similar stress-strain curve as sketched in the previous

section the'case is considered where a /t > 1 -2v/t.

- Equation Ali.15 in terms of the tensile strain becomes 2

e bt2

LO(v/t)(1 - a_/t) {(5 - x) -2k +1)(5 )3}
8.2 3,2

P3e-DE0 - B - D] —— (A.25)
1

ct
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v/t
hi¢ £ = €
vhere % c TV
For no teasion €, < ~;E———
: Ty T btke
exp

Substituting this into eguation aL.25 :

- o = 1 s
=g = RCTICE ae/t) [as equation Ah.25] - (4}.26)

=

Ifk =1 Equation AL.2) is obtained.
If ¥k >1 e_ 1 1-v/t M e (A.27)
6 5 — o<
t K v/t 'k=1,ae=0 '

the latter term of the equation is given by
‘equation Al.16 or figure 4.5 .
A similar procedure:is used for the case aé/t £ 1 =~-2v/% .

The effect of k on the eccentricity causing zero stress on one side of
¥ A _

the wall is shown in figure 4.9 for k = 2.



[
bt P=20bt
M=0

T\
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4,e=0

Previous Cases
Superimposed

-l

e-2/2

e

5M_
blt-z)*

!
o

P
(t-2)b

4
s B —— )

8
3

T

Fig. As-

Case 1

lv

P constont
V increasing
M= VI

Stress diagrams drawn
to scale with 1=t

MOMENT WITH CONSTANT PRECCMPRESSION
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A P
¢ wall
+ - intercection of
' X strain planes
Pl | p=2obt : X Ino tensite cracking)
bt
M=0
4 e=0 !
LA
*
M Previous Cases
7 Superimposed
]
|
P \\ \\\
P+Vl | b,vz220t bt NOY
bt ' A
M=122Z N
i N
e=t/1l - - =+
1 -
NOTRES -
UNCRACKED SECTION

Maxdmum & Minimum Stresses

;o P+V M
B

P+V= 24 bt
M= 247
e=t/6 )

where Z = bt2/6
- Ioad Eccentricity
e = M/(P+V)

CRACKED SECTICN

Mascimum & Iinimum Stresses
o = o L(Ee)
max  3bt(1 - 2e/t)

01.—

Section Properiies

Effective depth = t - 2

Bffective eccentricity about centre

e 307 bt | of effective depth = e - 2/2

e=t/5

P+V= 25bt . [
|
|

N
I
!
|
| Effective eccentricity = (t -~ 2)/6
\ !

N Fguating two previous expressions
gives z = 3(e - t/6)

Area under siress diagram =
; bt = z) = P+V

’ 2(P+V)

Mo KR =
v =t ,a constent Giving Olna,;;r_ m

T
v
N
f.
i
1~ >

1,

W

Fig. A4.2 Case 2 - MOMENT WITH INCREASING PRECOMPRESSION
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A5.1  FQUATICHS GOVERI'TNG THE BEEAVIOUR OF A SOLID, LIIM:ARLY ELASTIC

VALL WITH N0 TENSILE STREGTH

A5.1.1 Wall with No Tensile Cracks

]
ET 9-3?’- + Ple+y)=0 ' e (A5.1)
dx .

where e = the ceccentricity of load P

If the effect of axial load on lateral deflsctions is neglected

eguation AS5.1 becomes :

FL —(}—-X + Pe =0 ——= (45.2)

A5.1.2 ¥Wall with Tensile Cracks

- 2
E:[(t - Z)) a S + P(E “...'é. = 0 ——— (AL(" 3)
T - 2 -“6 Ao
azl

where z = 3(e +y - %)

If the effect of axdal load on lateral deflecticns is neglected

equation A45.3 is still used but z becomes 3(e - t/6).
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A5.2 TDQUATICHS FOR WALL DEFLECTION AHD ROTATION

A5.2.1 a1l with No Tensile Cracks

From equation A5.1 the lateral deflection and end rotation become

1 1 ' (I‘L, + 1"12 Yz
yo=- n cos qx m(}i,l cos gh + I-'12)51n ax - T
1*41 .
- - - = (25.14)
2
where. q° = P/EL
I‘Ilh ' ¥M.h
. 1 1 2 - 1 1 3¢
8, = m=r 3(z— - ) = 7= 6( - o ) --= (A5.9)
1 . 3uI 21 taIl 20 (211)2 OFT (21,’.)2 . 2u sin 2u ‘

where v.2 = Pl12 LET

If the effect of axial load is neglected, equation AS.2 sives :
o d 5 £

M, o+ 1 Eoxm o (2 - My)hx
L (L v S R - e (25.6)
BI' Bh ¢ 2 6 o
2, - i
- h 1 ’ 2 R A 7
6, = grl—g=— (45.7)
M. -
6. = _E(.“% 1 -~ (25.8)




160

A5.2.2 Wall with Tensile Cracks

The effect of axial load on lateral deflections and end rotations is:.
taken into accownt by Sehlin (30, 32) and Angervo & Putkonen (2).

Fquations A5.2 and AS 3 are used in the follow:mg analys:.s in which the
effect of axial load is neglected. '

Tvro portions . of the wall have to be considered - a length where the
eccentricity is greater than t/6 thus causing' cracking and a length

in which there is no tensile cracking.

2 0 €£x <h
S % . C
0+, dy —2P.
12 t 1 e Y)Y
h | dx 9Eb(-2- - -13(M1 - (I»11+ M, )E))
h <«x«<h
c
dzz 1 X)
= e (M L+ 1)
- dx2 - ELYM 2
:h . i
. C :
—— i ’I - ] '
y —}-12 ) 11 Mc
h 1, + I\Tz-

It is assumed that NZ will never be large enough to cause tensile cracking |
-in the top section of the wall. The resulting equations for deflection
and rotation contain many terms and only one of main interest is given

-~ +the value of 6, .

1
6, = E (1 +A) —- (45.9)
17 B2 W, /P 24
. where k = 2P2hI/9b(M.‘ + M’Z)
r = hc/h
1. h M. h
7 p
A= "135(1 r) - ‘2}2(1. - 3% v 2r) - A log,(
g ; M o+ 1
2°FY T TE ) ]
T W ) -0 - 1) -
5 - T’l 5 -l - (I-i1 + ¥ )r)
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For the case where I'-'22= 0, equation A5.9 becomes :

- . | | "
6, = 357G o . (45.10)
1_ ¢4 3 1 1 _ ] - 4. 1 )
vhere S (3;745) + 18(e/t)2(o'5 - e/t 2e/v e o8 1.5 - 3e/t
e = M#/P |

The relationship between ¢ and e/t is illustrated graphically in
figure A5A%, V

0.4F

0.1 0.2 0.3 0.4 0.5
eflt

Figure A5.1 The Relationship Between c and ¢/t

“Also presented grarhically by Sahlin (30, 32) baced on work b7
H. Iiylander - Undersdkning av barkraften hos murade cementstensviggar
(Investigation of the Load-Carrying Capacity of Cement Block ifasonry

Walls), Betvong, Hifte 3, Stockholm, 19LL.
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APPENDIX 6

A6.1 THE AXTAL LCAD - MOMINT TNTERACTION DIAGRAM

A6.1.1 Iinear Siress-Strain

The walls are assumed to fail when a limiting stress is reached. The
failure stresses are taken from values obtained in walls axially loaded
to failure : '
1790 lbf/in2 for a 1:%:3 mortar brickwork.
1340 l’o:E'/:i.n2 for a 1:1:6 mortar brickwork.
1000 1bf/in® for a 1:2:9 mortar brickwork.

1. Solid: Cross—section

To obtain the maximum stress, equations based on those in figure Ah.2

are used.
No fensile cracks : o= 4 H —— (A6.1) .
N bt A *
Tensile cracks : o = ____El____?__ -—= (K6.2)
. il
(1 -

vhere @ = axial load on the wall.

2. Cross-section with a Central Gap

The mortar joint is taken to be the critical section, thus the actual
gap in the joint is considered - 2.62 in, the width of the frog in the

brick (see sketch).

it
—
Q

i

No ténsile cracks : M 0.

I . va . ‘
d) T - (A6.3)

1
b(t-a)( 0.~ 0,)/2 - (26.1)

"

Q

vhere I = b(t3- a3)/12

With tensile cracks : The moment and axial load are
calculated directly from the stress distribution over. the

cross-section of the wall. -

b v !

ot tensile
crack

-
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A6.1.2 =merimental Stress-Strain

The stress-strain diagram obtained from an axially loaded wall is used
to predict the stresses in an eccentrically loaded wall. Failure is
assunied to occur when a limiting strain is reached. Using this strain
as a fixed point various strain planes can be drawn and the corresponding
axial force and moment for each plane can be calculated by dividing the
cross-sectién up into parallel sections with the stress variation linear

over each section (see sketch).

The limiting strains have been estimated from the maximun observed strains
in the test models (Table A6.1). The strains used in the calculations -

are
a

3000 x 1070 for the 1 :%:3 mortar brickwork.
L0000 x 10’6 for the 1:1:6 mortar briclwork.

5000 x 10°0 for the 1:2:9 mortar brickworlk.

Stress
2
.1790 1bf/in ]
79 / L ! Stress-Strain Curve
! ; 1:%:3 Mortar Brick-
- ; . . work
P
ags 2
-4 1160 1bZ/in
hoo 3000 P Strain
xio ~ x10 '
—kw.zo.éz_.mw‘
T +
\ﬁa » “235
b o Nl el ., tensile
o ~ "
o v o} ! . crack
o ) o O: .
Az f“‘f b J{_ .
Strain ‘ = train l
| 2 =. |
; FAPN : ! i
g * o = 5 ; L
o, 1 o NEW i
§§r g - EF ! § %
Al A - - Lo
! ~ - O ! l !
Q! io 3 8 - o
S Pt =~ : ;

Stress Stress



TABLE A6.1 -

MAXTH{UM RECORDED CCIIPRESSIVE STRAIN

16l

Wall No. Strain Homent Stress
i Flexural| Axial | Sum |Strain | Ultimate | Strain | Ultimate
| x070 x10° 1bf in/ft lbf/i_nz
Mortar |
wsiz | W2l 1 919|533 7° 82 100> -
wsh . | 3439 1762 | 5201 66 76 600 -
Wi ! - 2,00 | 2,00 - - 845 1005
W5 - 2u8s | 24,85 - - 1005 1185
1:1:6
Mortar |
wss | 2l59 773 | 3232 7 85 1,00 -
W37 296l 939 13903 88 99 600 -
W3 - 1782 {1782 - - 905 1150
H7 - | 26302630 - - | 185 | 13L0
1:%:
Mortar
WS9 1616 LSl | 2070 88 .93 1,00 -
wsio ¢ 2121 788 {2909 | 132 137 600 -
v f - 1590 | 1590 - - 1180 1420
we o | - 2360 | 2360 - - 1380 | 1420
W ‘ - 2085 | 2285 - - 1720 | 1790
Notes :

For wall properties see Table 3.1
wall-slab test model ;

Flexural strains are measured in the more heavily loaded wall

W =
1e

.

section and includes strain due to slab load.

. 2.
3.

Flexural strain measured at this moment.

Azdial strain measured at this stress.

W = wall loaded axially to failure
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A6.2 REIATION BET/ERN ULTLHATE HGENT AND PRECCHPRESSION IN THE JOINT
TEST MCDELS

Using the axial load - moment interaction curves, a curve can be drawn

relating uvitimate moment to precompression for the test models (fig 6.11).

The more heavily loaded wail fails. From the axial load - moment inter-
action curve, the ultimate moment is knowxm for a given axial load

(in this case P+V). If there are no tensile cracks at failure, the other
wall is assumed to take the same moment. If there are tensile cracks,
the more heavily loaded wall takes a greater proportion of the moment.
Relationships for the latter case are obtained from figure 6.1 using

a linear approximation.

Relationships for three gap width ratios are given below :

a/t = 0.L5 12 gH :
= O. 128 ———.+ O.llily ‘ —~= (A6.5)
v2 - (3.12(P+V) + 0.7263-12)v + O.726(P+V)Mé =0 - (46.6)
(e/t)tension = 0.22

a/t = 0.6 1~12 M '
7~ = 0.15L = + 0. I - (86.7)
ng .
V- (8.57(P+V) + 216107 + 2,16(P4VIM, = 0 —-= (A6.8)
(e/t)tension = 0.29

a/t =0 M, gl
-g—l-I—S' = 09103 —1;,_;- + Ooh?S o one (:i6.9)
Vv - (2. Oh(P+V) + 0.4h 131, YV + 0.LL3(P- V)r‘ = -~ (46,10)
(e/t)tension =0.12

%here MQ/gHs > 0.5 ; if less M, = gMS/Q (e/t)LeH"IOI based on

an experimental stress-strain cuzve.

Using these equations, V may be found for a given value of P+V and h2
(the moment in the more heavily loaded wall section). Knowing V, the
sleb moment, M, and the precompression, P, are found. The curves plotted

in a dimensionless form ere the same for the three types of mortar tested.
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A6.3 DESIGH OF THE SIX INCH SIAB

46.3.1 Specifications

1. Design Loads
The maxdirmm precompressive force, P, applied to the wall is 30 tons.
The maximum possible jacking load, V, then becomes 16.2 tons (0.5LP).

The maximium shear force is either 16.2 tons or 30 tons as the slab -

levers the two wall sections apart.

2. Concrete and Steel Strenzth

Concrete :

A 1:2:}y mix by volume.

The 4 inch cube ‘strength at 28 days = 5300 lbf/in2 (average of 3 cubes).
The equivalent cylinder strength is approximstely 0.9(5300) = L4750 lbf/in2
(25). |

Steel':

Plain mild steel bars were used.

Yield stress = 36 000 1bf/in?

Ultimate stress = 63 000 lbf/in2

3. Dimensions and Reinforcement

_A74dn

| / ’ e .
Width —o—— ]
27 in : 65 in
. ' O O e

2
18x § in ¢ bars

@ 1% in c/c

e,

" Values from reference 7 used. They compare well with experimental

values.
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A6.3.2 Ultimete lMoment.

If the ultimate moment is reached the slab will fail by yielding of the
tension reinforcement (p‘ < pb). - Using equations from a textbook by

Vinter, Urquhart, O'Rourke and Nilson (40), the ultimate moment is given
By «
' Bf

\ - —1 - _——-—Z ———
M, =Tz Asfyd1 (1 — p) A (46.11)
C

1

365 000 1bf in
This is larger than the maximm design moment = 326 000 1bf in .

Notation to equation A6.11 :

d1 sz S.h in - 0.69*

A_ = 2in (18 x 3/8 in dia. bars) B = 0.406

1

p = A/bd, = 0.0137 a =£./f
' .2 ~

£, = 4750 1bf/in C = £, o

£, = 36 000 1b£/in®

A6.3.3 Ultimate Shear

de Paiva and Siess (27) have shown that deep beams can support a
considerable additional load beyond diagonal craclkding for shear span to
depth ratios, a/d1 < approximately 3. They give an equation which

predicts the inclined cracking load due to diagonal tension :

VoS 2.10 E + LléOOde1 /M — (86.12).

iz ! o /s —
For values of £, & L 000 lb1/1n2 a and B ere consbtant (0.72 & 0.425).
S s age 2 . 2
a decreases by 0.0h for every 1000 1bf/in” above 5000 1bf/in”,

>
B decreases by 0.025 for every 1000 1bf/in” sbove 5000 1‘01"/1112,
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vcr= average shear stress
Vv =v btd
cr cr 1
M = moment at section considered
Vv

= shear at section considered

The critical section is assumed at the middle of the shear span (for
short beams the crack is initiated at the middle).

For a 9 inch shear span of the slab (a/d1 =1.7), Vops 221 lbf/'in2 or
a shear force of 1li.L tons. This underestimated the maximum possible
load but should that load have been reached final failure would not

have occurred.

For a !} inch shear span (if 1ever1nc of walls occurred)(a/d = 0,7h),
= 315 1of/1n or a shear force of 20. 5 tons. Thus if llftlng of

the walls occurred during 7"a test with a 30 ton precompressive load,

diagonal cracking will occur. This will not cause failure, the ultimate

load reaching up to four times more than the cracking load.

A6.3.y Bond

The minirum Tengtn necessary to develop, by bond, a given bar force,
A f i is given by (LO) :

AL Ju z, : we= (26.13)

Ld T st M
= 8 in
vhere fS = stress in steel at point of maximum moment

26 000 1bf/in°

1

Zo = sum of bar perimeters
=21.2 in
1
u, = bond stress for plain steel bars

300 1bf/in® (LO)

Adequate bond length is provided.

A6,y SIAB FOR TEST MODEL MO. 1

1:2:9 mortar walls at 200 lbf/in2 preconpression.

A6.L.1 Slab Properties

Concrete Strength : 3x L inch cubes at 30 days = L650 lbf/ind
Size + L x 11 x 27 in .

Reinforcement : 13f - in diameter bars at 2 in c/c o



169

A6.5 SILAB FOR TEST 1ODEL 0. 3

1:2:9 mortar walls at 10O 1"::1"/:|'_n2 preconmpression.

A6.5.1 Slab Properties

Concrete Strength : Lx L inch cubes at 28 days = 6160 lbf/in2
Size : L4 x 17 x 27 in

Reinforcement : 13x % in diameter bars at 2 in c/e . :
' 2 *

£ =36 000 bf/in® 5 £ =55 500 lbf/in
A, = 0.6l in® ; p = 0.007
d, = 3.k in 3 a =0.66 3 B =0.386

A6.5.2 TUltimate Moment

~ From eguation A6.11, the ultimate moment is

Mu = 76 000 1bf‘in

At that moment the slab would fail by the yielding of the tension
reinforcement. In this case there was compression steel in the top of.
the slab (same amount as the tension steel) - this would retard failure
.oi‘ the concreie in compression and the slab would be able to take more
moment allowing the steel stress to reach its ul‘r,i_m.ate- tensile ¢apacity '

(although together with large crack widths).

Increase due to top reinforcement :

|1}

Asfsu(d1

100 000 1bf in

M
u

- a)) VRN

1
< : where d1 is the distance from the surface of the slab |
to the centroid of the compression reinforcement

= 0.6 in .

At this moment the slab would hinge about the cozﬁpression steel and rotate

at constant nmoment.

M.

" experimental value
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APPm\zD'Ix 7

AT7.1 Finite Elément Analysis of the Floor Slab Deflection

A standard program provided by IBH is used - GC 21 (Analysis of a plate
in bending) (15). It was run on an IBY 360/50 computer. The finite
element approximation of the slab.using rectangular elements is shown

in figure A7.1 .

The program allows the calculation of the displacements, internal moments
and reactions of a plate of any shape in bending. The plate can be

3#
supported in any possible way and loaded by any external force.

The plate can be of constant or variable thickness. It can be simply
supported or clamped on separate points or along segments of a straight'
line. The values of the displacement at some points can also be imposed;
this possibility is used in the analysis of the subsidence of a support.
The external forces are formed by distributed vertical loads, concentrated
loads and concentrated moments applied to the boundary. Several load .

cases can be processed in the same run.

The nmathematical model of Kirchhoff is used; in this modei, the unknown
is the vertical displacement of the middle plane of the plave. The
mmerical calculation is then performed by the finite element method.
The curved boundary is treated as polygonal lines; +the plate is divided
into triangular or reptangular elements; both types can be used together

in a sane comoutation.

Rectangular and triangular elements (with four and three nodes respec-
tively) are used with six parameters to each node. The deflection, w,
along the sides of an element is a polynomial of the fifth degree and
the normal derivative, dw/dn, is a cubic polynomial. The elements

satisfy the displacement compatibility (both deflection and slopes are

continuous across element boundaries).

&

This paragraph and the following two are obtained from section I of

the instruciion manual (15).
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A7.2 Tinite Difference Analysis of the Floor Slab Deflection

Before the finite element program was available a finite difference
technique was used to obtain the slab deflection'. A set of L2

. simultaneous equations obtained from the 16 inch grid representing the

floor slab were solved by a program written in Fortran IV on an IBd

360/50 computer (fig A7.1). The program incorporated a standard matrix

subroutine, SI}MQ, which solves AX=B by Gaussian elimination (X & B are

single colum matrices). -

Theory

Tl.le basic equation to be satisfied is :

ther/(ix)'L + 26h1-r/6x26y2 + {Shw/(iyLl = q/D ~—= (A7.1)
where D = E‘b3/12(1 - vz)

q = load/unit area

t = 'bhick:ness‘ of the slab

v = Poisson's ratio

The finite difference approximation is :

20w - 8 Y, + ZZW’S + ng = )\hqo/D - (A7.2)

where A = mesh size . 10
6 P 5 'lf
v ‘ "
YL‘ 13 D i 9 1

X
| 7 I 8
12

The boundary conditions are given by (perpendicular to x direction) :

Fully fixed boundary : &w/6x = O —-= (47.3)

Simple support : 621-1/63:2 =0 —-—— (A7.1)

pr

" see, for example, Timoshenko & Joinowsky-Krieger, Tncory of Plates
and Shells, p. 361, (36). '
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Free edge (two conditions)- :
621-,'/6 x° + v62w/6y2 =0 . =—= (A7.5)
631«1/5:9 + (2 - v)63w/5x6y2 =0 -—- (A7.6)

Finite difference approximations :

W, - W

= 3 ‘ e

(5W/6X)o '——2'r—' . (A?,?)
‘ W, + W, - 2w
©%u/6x"), = - )\g ° —- (A7.8)

Wa + W - 20
(521cr/5y2)° =2 lé 2 - (87.9)

X

W, ~ W - 2w, + 2w

(631-7/6x3)0 = 2 ”2 )\3. 1. 3 -== (A7.10)
Vo + Wg - W, - W, - 2W, + 2W

(63w/5x6y2)o - S 6 7 L 3 (A7.11)

2 %
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L 1‘5 N ex 112.2 in §
At .
16 in . et
6x8 elements 16in
. 10 x 8  elements
CPU time * 260 sec

FI.NlTE ELEMENT CPU time = 400-500 sec

- - FINITE DIFFERENCE

_ _ Stab divided into o« 6x8 grid
_ CPU time =20 sec '

Fig. A71 FINITE ELEMENT AND FINITE DIFFERENCE MODELS
OF THE FLOOR SLAB



