Introduction

In this laboratory case study we were assigned to research curved garden walls. The main
object was to investigate what effect the curvature of the curved wall has on their ability to
take lateral wind loading and to determine when the wall should be designed as a panel or
when arching action can be taken into account.

In simplifying the problem we assumed; 'that a simple support was provided on the bottom
and two sides of the wall, ’that the material has no tensile strength, >that the effective bearing
stress is enabled over one tenth of the wall thickness, and “that flexural design strengths for
the masonry are the same as those provided for planar panels, and *the wall has sufficient
thickness such that deflection can be ignored.

It should be noted that forces acting on the concave face of the wall, which cannot develop
any arch action, will probably be more critical than those acting on the convex face.

Technical Review

With walls of small axial loading which are built between supports, the method of design is
based on the assumption that a horizontal arch is developed within the thickness of the wall.
Horizontal arching is assessed based on the lateral loading, the compressive strength of the
masonry and effects of the joints.

Equilibrium of Shell Structures — Jacques Heyman

‘The stability of a masonry structure will be assured if it can be demonstrated that there is at
least one way in which the applied loads can be transmitted to the foundations by a set of
forces lying wholly within the masonry’

Structural Masonry Designers’ Manual 2nd Edition — W.G. Curtin

‘Unlike vertical arching, which is an inherent property of an axially loaded wall, horizontal
arching has to be assessed on the basis of the applied lateral loading, the compressive strength
of the masonry, the effectiveness of the junction between the wall and the supports’

‘The code recommends that, the mortar used for free standing walls should not be less than
mortar designation (iii). In addition, it recommends limiting the height of a free standing wall

to 12 times the effective thickness.’

BS 5628-1: 2005 C1. 32.4.4

‘For walls having a length to thickness ratio of 25 or less, the deflection under lateral load can
be ignored. For other walls, allowance should be made’

‘Provided that the junction between the masonry and the support is solidly filled with mortar,
the maximum design arch thrust per unit width of wall may be assumed to be:



1.5(fk/ym)*(t/10) Eq. 1.1

BS 6399-2: 1997 CI. 2.8 Free-standing walls, parapets and signboards

Table 21 — net pressure coefficient C, for free-standing walls and parapets = 3.4 (wall with
solidity, { = 1, and with no return corners

Cl. 2.1.3.1 External surface pressures
P.=q,- Cpe - Cy Eq. 1.2
Where:

gs = the dynamic pressure form 2.1.2

C,. = the external pressure coefficient for building surface given by 2.4 & 2.5

C, = is the size effect factor for external pressures defined by 2.1.3.4

Usually a design wind pressure of 2.5kN/m?2 will be conservative for external walls and will
be acceptable for the purpose of this report.

Limiting span/effective depth ratio for simply supported wall = 35

Minimum mortar designation (iii) for vertically cantilevered walls
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The design analysis given in the code is shown above in fig 1.



If the ratio of length to thickness is less than 25, the deflection under lateral load can be
ignored.

Fk t 2
And therefore Qlat = Y—(—) Eq. 1.3

Where: qj,c = design lateral strength per unit area of wall
t = thickness
L =length of wall
fx = compressive strength of masonry
Ym = partial factor of safety for material strength

To find the value for the arch Thrust T, equation 2 was taken from Structural Masonry
Designers’ Manual 2™ Edition — W.G. Curtin.

L L - L L Eq. 1.4
e Ko X—=Tt—8—— |+ g X=-X-
Tae 573 [ ° l'DJ fae 257

In the first excel spreadsheet the variable chosen was 0, the angle subtended by the arch. This
meant that the curved length of the wall increased as 0 increased. Using the equations in the
appendix the Total Resultant stress was calculated and therefore this indicated whether the
wall was to be designed as a panel or an arch when it exceeded the allowable value of stress
of 4.2 N/mm”.

In the second excel spreadsheet the variable chosen was p. Again the same equations were
used to calculate the compressive strength for each value of p. It is shown clear where it has
failed and where it was satisfactory using a Pyax of 541.8 kN



Design for Bending Moments

The design bending moments vary with the design load, the vertical and horizontal spans, the
orthogonal ratio |, and the relevant design bending moment coefficient a.

The Structural Masonry Designers Manual gives the following equation for the applied
bending moment in the horizontal direction.

Ma =0 - Wk -ym - L? Eq. 1.5
o = bending moment coefficient from BS 5628-1: table 8 (see appendix)
ym = partial factor of safety for the material
L = length of wall
Wk = applied wind load per square metre

The orthogonal ratio p is obtained from values fkx,araer and fkXperpendicuiar glven in BS 5628:
table 3 (see appendix)

The above formulae are presented for panel walls however the bending moment will be very
similar as the inherent properties of the material, i.e. fkxXparaier and fkXperpendicutar are the same.
Therefore the moment of resistance is as follows.

Fhkxperpendiculer

Mg = ® 7 Eq. 1.6

Fm

It should be noted that the self weight of the material for all of the above calculations has
been neglected providing a conservative value for the moment of resistance.



Conclusions:

If the material has zero tensile strength, the designer may only take arching action into
account when the resultant compression force lies within the middle third of the
section.

As curvature, k—0 the theoretical internal arching force required for equilibrium
increases exponentially. In reality only an area of t/10 can be assumed to be activated
as the wall deflects. Therefore when the allowable bearing stress at any cross section
is exceeded the wall must be designed as a panel.

It was noted in the excel spread sheet that when the subtended angle reached 60
degrees, the lateral thrust began to decrease. This suggests that a full semi-circular
arch is more suitable when providing resistance to lateral thrust is a problem.

The theoretical model presented in the Structural Masonry Designers’ Manual (fig 1)
is conservatively applicable to curved walls with length thickness ratio of less than 25
and whose resultant force at any cross section lies within the middle third of the
section.

The type, location, and stiffness of supports have large influence on the resultant
forces in the arch.

In answering the question of when to design a curved wall as a panel or an arch, a
reasonable answer seems to be; when the resultant force at mid-span exceeds the
bearing force acting over an area of t/10 — the wall should be designed as a panel with
maximum arch thrust given by Eq. 1.1 above, otherwise further arching action may be
taken into account.



Appendix A

Table 4 — Partial safety factors for material strength

Category of masonry units | Category of construction control
Special Normal
Compression, Yy Category I 25 3.1
Category I1 28 3.5
Flexure, pn Category I and II 248 3.0

20.2 Flexural strength

The characteristic flexural strength values given in Table 3 may be used for the categories of brick, block
and mortar shown or. alternatively, tests may be carried cut in accordance with BS EN 1052-2.

Linear interpolation between entries in Table 3 1= permitted for:
a) concrete block walls of thickness between 100 mm and 250 mm;
b) concrete blocks of compressive strength between 2.9 N/mm? and 7.3 N/mm? in a wall of given
thickness.

Table 3 — Characteristic flexural strength of masonry. fi.. Nmm®

Plane of failure parallel to bed | Plane of failure perpendicular
jointa to bed joints

e

,
&

Mortar strength class/designation M12 (M6 and M4 | M2 M12 | M6 and M4 |M2
(1) (ii) and (i1} | ({iv) (1) (11) and (111} |(iv)

Clay bricks having up to 40% of formed
voids and a water absorption

less than 7% 0.7 |05 04 20 15 12
between 7% and 12% 0.5 |04 0.35 15 |11 1.0
over 12% (see Note 1) 04 |03 0.25 11 |09 0.8
Calcium silicate brichs 0.3 0.2 0.9 0.6
Concrete bricks 0.3 0.2 0.9 0.6

Concrete blochs (solids or hollow) of
compressive strength (in Nimm?®):
(zee Note 2)

290 R 0.40 04
used 1n walls of t ess up to or o o

8 100 mm (see Note 3) L ol 91

T3 0.60 0.5

29 0.25 0.2
used in walls of thickness £ 2 i

2K 250 mm or greater (see Note 3) i 01 1025 0.2

7.3 0.35 0.3

104 0.75 0.60

1756 used in walls of any thickness 025 0.2 |[0.90 (see Note 4) |0.7

and over (zee Note 3) {see

Note 4)

NOTE 1 Tests to determine the water ahsorprion of clay bricks should be performed 1n sccordancs with B3 EN 772-7.
NOTE 2 Tests to determine the compressive strengrh of conerete blocks should be performed 1n accordance with BS EN 772-1

INOTE 3 The thickness should be taken to be the thickness of the wall, for a single-leaf wall, or the thickness of the leaf for a cavity
wall.

INOTE 4 Whken used with flexural strength in the parallel direction, assume the orthogonal zatio g = 0.3.

WNOTE 5 The characteristic flexural srrength of masonry bonded with thin layer mortar may be taken az the values ziven for
mortar strength class M12Z (mortar desiznation (1),

INOTE & See also Clause 18.2.




Table 8 — Bending moment coefficients in laterally loaded wall panels

NOTE 1 Linear interpolation of i and h/L is permitted.
NOTE 2 When the dimensions of a wall are outside the range of Z] . <<
WL given in this table, it will usually be sufficient to calculate the 1 ?
moments on the basis of a simple span. For example, a panel of ‘// Mo
type A having h/L less than 0.3 will tend to act as a freestanding Y &
wall, whilst the same panel having A/L greater than 1.75 will tend hl 7 a
to span horizontally. ;— -
Key to support conditions I;
/] ﬂf"
seotes fres arpe v R R KRR R IR IR ITRR
Ly simply supported edge L
BB an edge over which full continuity exists
u Values of
hiL
0.3 0.5 0.75 1.00 1.25 15 1.75
1.00 0.031 0.045 0.059 0.071 0.079 0.085 0.090
0.90 0.032 0.047 0.061 0.073 0.081 0.087 0.092
“ L. 0.80 0.034 0.049 0.064 0.075 0.083 0.089 0.093
5 0.70 0.035 0.051 0.066 0.077 0.085 0.091 0.095
4 U A 0.60 0.038 0.053 0.069 0.080 0.088 0.093 0.097
/] :': 050 0.040 0.056 0.073 0.083 0.090 0.095 0.039
4 - -
5/ riciccirccrrccerreesd 040 0.043 0.061 0.077 0.087 0.093 0.098 0.101
0.35 0.045 0.064 0.080 0.089 0.095 0.100 0.103
0.30 0.048 0.067 0.082 0.091 0.097 0.101 0.104
Middle Third Rule:

The total stress at any cross section is:
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Z, for a regular cross section = bd?/6 and A = bd.

The limit for no tension:
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DETERMINE THE MAXIMUM FORCE AT MID-SPAN:

Assuming: 'stiff restraints are provided perpendicular to curved face, “the deflection is
approximately zero, *the resultant force at any cross section in the arch lies within the middle

third, and *the width of bearing is 1_E|:||’ we get the following loading diagram:

Lmax =t 25
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Summing the moments about C:

Therefore: P (}rcent — i} —glat=10 Eq. 1.12
p=— Eq. 1.13
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DETERMINE THE HEIGHT OF AN ARC OF A CIRCLE:
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-> [bel = prcos(0/2
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> y =p - p-cos(6/2) Eq. 1.14
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SPREAD SHEET No.1 — Curve Length Stress Relationship

Variable = 0.

S = curved length (m)

S=Rx6 whereR=p

Qac (KN)

Gy =hXxXSXW,

Y (m) arch height

o]

X (m) length of arch in the x-direction

X = 2><p><cos(gj

R Lateral (kN)

R= Diar
2
T Thrust (kN)

Taking moments about the centre line

X X X X
X—X—=|TXY )+ X—X—
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Total Result T; (kN)
T, = w/iT2 +R? i
Total T (N/mm?)

T=L><10‘3
hXxt

SPREAD SHEET No.2 - Curvature Arching Relationship
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Variable = p

Y (m) Arch Height

S (m)

S=Rx6 whereR=p

Qac (KN)

Qi = hXSXW,

R Lateral (kN)

Rzﬂ
2

T Thrust (kN) Minimum arch Thrust

Taking moments about centre C

@x£:Tm y+l-6 +@><£
2 2 15 2 4

Because % <25 9§ can be assumed to be zero

qlatXL:Tmirl (Y_'_Lj_'_qlat)(l’
2 15 8
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T; Resultant Thrust (kIN)
T =vR*+T"
T, Resultant Stress

T
T =—- %107

hxi
10

P Compressive Strength (kN)

P — qlat
t
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Mg, the Moment of Resistance to Overturn — Spread sheet No.4

Free standing walls may be externally boundary walls, parapet walls or internal walls where
no restraint is provided to the top or sides of the wall. They are designed as vertical
cantilevers, allowance being made for the stability moment due to the self weight of the
wall'.

The centroid of curved masonry can be found once the radius of the masonry is known as
well as the angle the end of the wall makes with the y-axis, 3

Rsinf

Ybar =
B

Once the centroid of the masonry is found it is used as the point for the vertical point load
caused by the self weight of the masonry, Gy. For straight free standing masonry, Mg , the
moment resistance to overturning is given by:

M Wt
r——
2

As we are dealing with curved masonry the radius of the masonry as well as the angle
subtended must be taken into account. When the radius of the masonry is multiplied by the
angle subtended this gives us the value S, which is then multiplied by the self weight of the
masonry to give us Gy . This is then multiplied by the distance to the centroid to give us our
final value for Mg

Mr =Ybar =Gk

14
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