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Lloyd's 
redevelopment 
Architects : 
Richard Rogers & Partners 

John Thornton 
Martin Hall 
A brief history 
The history of Ll oyd's begins in 1688 when a 
London coffee house, owned by Edward 
Ll oyd, with a cliente le of merchants, became 
known as a centre of reliab le information about 
shipping . Merchants with ships and cargoes 
to insure began to frequent Lloyd 's coffee 
house where they engaged brokers to place 
marine insurance with wealthy men prepared 
to put their personal fortunes at risk. Since that 
time Lloyd's has developed into a unique 
international insurance market. 

Insurance can only be placed at Lloyd 's with 
Lloyd's underwriters who accept risks on 
behalf of syndicates comprising elected 
'Underwriting Members of Lloyd 's' and may 
only be placed by a Lloyd's brokerag e com ­
pany. A member of the public would not have 
th e specialized knowledge to enable him to 
find the appropriate underwriter and negotia te 
advantageous terms. The underwriters work 
in ' boxes' situated in the Underwriting Room, 
known simply as 'The Room ', which is a 
market where business is neg oti ated in a 
competiti ve atmosphere. The effi ciency of 
Lloyd 's d epends on th e exis tence 'J I th is sing le 
market place. 

Redevelopm ent 

Si nce its beginning Lloyd 's has occupied a 
number of build ings and in 1977 it w as 
decided that the ex ist ing accommodation 
would soon be inadequate. Realiz ing tha t it 
w ou ld not be possibl e to rehabili tate the 
exis ting 1928 and 1958 bui ld ings, loca ted on 
either side o f Lime Street, the Committee of 

2 Lloyd 's invitad six lead ing architec tural 

Guildhall 

Fig . 1 
Locati o n pl an 
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prac ti ces to enter a two-stage competition for 
th e redeve lopment. 

Architec ts Richard Rogers and Partners, with 
Ove Arup and Partn ers as structural and 
services eng ineers, wo n this competition by 
defining w ha t w as essen tia ll y a des ign 
stra tegy rather than a budd ing. The key poi nts 
of th e strategy proposed were : 

(1 ) Tha t it all owed for maximum f lexibi lity 
of use 

(2) That it gave continui ty of t rad ing and 
preserved the Ll oyd 's trad it ion 
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(3) Tha t it did not rely exclusively on 
providing a new Room as quickly as possibl e 
but gave Ll oyd 's a means of maintaining 
expansion o f business in th e short term . 

Th e redevelopmen t eventually proceeded by 
installing portab le build ings on th e roo f of th e 
1958 bui ld ing and convert ing th e basement 
garage into underwr it ing space, benea th th e 
exis ting Underwri t ing Room. At th e sa me 
time ma ny of the service act ivi t ies were moved 
to nea rby London Ho use. Thi s enabled the 
1928 buil di ng to be emptied fo r demo lit ion. 



Concept 

The building consists of a rectangular block, 
containing an atrium. surrounded by six 
satellite towers (Figs. 2 and 3). A two-storey 
basement occupies the entire site. As a broad 
principle the main building above ground 
level contai ns underwriting and office space. 
The satellites provide vertical circulation for 
both people and services and the basement 
contains plant - rooms and service activities. 

The most important single aspect of the design 
is the need for flexibility. Lloyd 's have already 
had to redevelop twice this century because of 
lack of space and the need for the building to 
be able to adapt to change underlies almost all 
major design decisions. By concentrating lifts, 
stairs, service risers and toilets in the satellites 
and supporting the main building floors on 
external columns, the floor space within the 
cladding is entirely unobstructed and restric­
tions on use are minimized . The design of the 
overall floor structure and the way in which the 
building is desig ned to a fixed grid means that 
internal rearrangement can be carried out with 
a minimum of disruption. Because of th e 
atrium it is possible for additional under­
writing area to be provided, within the singl e 
space of the Room, by using gall ery levels for 
underwriting. 

The components and systems of the building 
are almost entirely exposed and are designed 
so that their function is as legible as possible. 
The satellites, the construction of the floors, 
the way the floors are supported on brackets 
from external columns and the cross-bracing 
used to provide stability, all help make the 
operation of the building explicit. 

General description: 
Main building 

The main building is a rectangular block, 
68.4m x 46.8m. The lower ground floor is set 
slightly below street level and contains public 
areas and a restaurant, together with the 
reinstated Old Library. The level above this is 
the Room, which is double height, and above 
th is are 12 gallery levels built as rings around 
the atrium. Initially underwriting will be 
confined to the Room and the first two 
galleries, but the building is des igned so that 
underwriting can expand to Gallery 6. 
Galleries which are not used for underwriting 
will be used as offices or let except for 
Galleries 11 and 12 which co ntain the 
committee suite. This inc ludes the commi ttee 
room which has been adapted from th e 
original Adam Great Room at Bowood 
House, Wiltshire. 

In order that the single space Room can be 
preserved. the underwriting galleries open 
directly to the atrium; the other galleries will 
be glazed. Circulation between the upper 
basement and the underwriting galleries is by 
escalators that criss-cross the atri um which is 
roofed with a barrel vault of glass and steel. 

The first six galleries form a complete ring 
around the atrium but above th at the galleries 
are cut back to suit the rights of light of 
adjacent buildings. 

Each floor consists of a 
zones (Fig. 4). 
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(3) A stee l panel which sits on stub co lumns 
at th e beam intersections and acts as 
permanent formwork, supports acoustic 
absorbing panels and provides a ser­
vices support grid 

(4) A concrete slab which is a fire barrier 
and supports a computer floor 

(5) The low level serv ices zone which 
contains supply air, heat pumps, 
electrical power and telecommunica­
tions 
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Floor zones 

(6) The raised floor which is a modular 
panel system incorporating ai r inlet 
grilles and floor outlet boxes for com­
munications and power. 

The zoning of th e floor in this manner is 
fundamental to the concept of flexible space: 

(1) Supply services can be re - routed very 
easily. 

(2) Both supp ly and extract services for a 
particular floor are contained within 
that floor so maintenance or alteration 
only affects the occupants of that floor. 

(3) False cei ling s, which are liable to 
damage, are eliminated. 

(4) Because high level services are above 
the beams, partitions can be installed 
without having to trim around services. 

If necessary, closure of the high level 
services zone can be made with 
standard components. 

Th e cladding consists of triple glazed units 
arranged on a modular panel basis. Some 
of the panels are transparent while others 
have glass with a specially developed 
pattern which makes th em translucent but 
gives the glass a sparkle. Th e cladding is used 
as part of the ai r circulation system and this 
is described in detail later. 3 
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Fig. 7 
Schematic of precast bracket 

Fig.6 
Axonometric 
of a corner 

Satellite towers 

Steel permanent 
formwork panels 

There are two main types of satel lite tower. 
Satellites 1, 3, 5 are c irculation satellites ; 
they are all essentially the same and co nsist 
of a lobby, four high speed external pas · 
senger lifts, a staircase, toilet capsules an d a 
services riser. The staircase is constru cted 
as a spiral around a pair of co lumns. Th e 
toilet capsules are co mplete enclosures 
which are independent of th e main structural 
supporting framework and are lifted into 
position fully equipped. External services 
risers from the basement feed off at each 
level through the lobbies to serve th e main 
bui lding and also supply the ai r-handling 
plant rooms which are located on top of th e 
satellites. Supply and return air ducts from 
the plant rooms run down the outside of th e 
satel lites and pass through the lobbies 
before running horizontally around th e 
outside of the main building at each level. 

Satellites 2, 4. 6 are fire- fi ghting satellites, 
Satellites 4 and 6 are identical an d consis t 
of a firemen's lift in an enc losed shaft, a 
staircase and a services ri se r. Satel lite 2 con­
tains a firemen 's lift, staircase and services 
riser tog ether with an externa l goods lift, 
which is supported by an open stru ctural 
framework, and a roof air · handling plant room. 

Each satellite has a cra ne mounted on top 
to give access for c leaning and each plant 

4 room is served by a lift 

~ Precast yoke 
~ 
' ' I 
' I 
I ' 
' I 

I 

Basement 
Th e ' light' service areas for the lo wer part 
of th e building such as kitchens and toilets 
are loca ted in the upper basement whilst 
the 'heavy' services are con ta ined in th e 
lower basement. These 'heavy' services 
co nsist of th e substations, standby generator 
room, boilers or chillers for the entire 
building and ai r- handling plant for the 
basements and lower ground floor. In 
addition th e main stores are in the lower 
basement and because of traffi c restrictions 
in the surrounding narrow streets vehicle 
access is provided by two hydraulic vehicle 
lifts of 1 0 and 24 tonne capaci ty. Also there 
are two hydraulic lifts fo r ca ter ing stores. 

Structure: 
Main building 
Th e fin al design of the fl oor was deve loped 
in direct response to particular architectural 
and constru ctiona l problems. 

In addition to the reasons already given for 
the design of the floor, Richard Rogers 
wanted to avoid t he appearance of the 
conventiona l waffle floor in which th e 
recess is emphasized by th e shape given by a 
plasti c mould which is struck downward s. 
This was achieved by separat ing the beams 
from the slab and giving them vertica l sides 
and sharp arrises ; also there are no longi· 
tudin al joints on the soffits. 

Separating the beams from the slabs meant a 
reduction in effective beam depth and the 
loss of the strength of the slab in T -bea m 
action but had enormous ad va ntages in ease 
of construction, freedom of services routei ng 
and vis ual c larity. 

The layout of a typica l gallery is shown in 
Figs . 5 and 6. The grid of 550 x 300 mm 
beams is supported on post-tensioned 
inverted U -beams which span between the 
columns. The distribution of forces on the 
gri d is relatively uniform and the beams span 
both ways. Th e U - beams are prestressed 
using the CCL S/abstress system to reduce 
reinforcement congestion and control deflec· 
tions. In the corner bays the 550 mm deep 
beam grid is prestressed to control deflections. 

The U - beams are supported from the 
1050mm diameter columns by precast 
concrete brackets (Fig. 6, 7) . 

We could not find, on the market, a bearing 
which would carry the necessary loads and 
yet be thin enough to fit into the space 
available. We therefore developed our own 
bearing which was actually half th e price of 
comparable proprietary bearings. The vertica l 
loads are carried by elastomeri c bea ring s, and 
horizontal stab ility forces, both direct and 
rotational , are transmi tted by four steel dowels 
between the bracket and yoke above. Shear 
forces from th e dowe ls are transmitted into 
steel plates and then into th e concrete by 
shear studs. Tolera nce is achieved by 
installing the dowels through pockets in the 
yoke above and , after prestressing, th ese 
are grouted . 

Precast concrete stu b co lumns support 
specially des igned steel permanent formwork 
panels from the beam grid. Th ese panels 
were developed using three manufacturers 
to make and test prototypes, each with 
modifica t ions to sui t hi s own preference. 
They co nsist of troughed steel sheet spanning 
onto channel members which are lipped · to 
receive serv ices' support fi xings. Four de· 
mountable acoustic absorber pans, consist ing 
of perforated steel sheet backed with mineral 
wool. are fixed under each panel. 

Overall stability of the building is provided by 
six vertical canti lever trusses formed by 
diagonal brac ing between pairs of columns. 
It was necessary for th e bracing members 
to be as slen der as possib le to g ive space 
for the satellite links to pass through and so 
they are made of specia lly fabricated thick 
walled steel tubes, encased in concrete for 
weather and fire protection. 

http://Fig.11


Connections between the bracing and 
columns are made by friction grip bolting to 
plates cast in the bracket nodes. 

Satellite towers 

The satellites are constructed of precast 
concrete using, generally, bolted structural 
steel connections. Because of this the 
structure can be erected quick ly with no 
need to wait for connections to gain strength. 
The connections are protected from fire and 
corrosion by in situ concrete or grout which 
can be applied at any time. 

Overa ll stabi lity is provided by either a truss 
formed with diagonal bracing between the 
columns at the front of the lift lobby or by 
the firemen's lift shaft. These structures act 
as propped cantilevers supported at roof 
leve l by horizontal trusses w hich canti lever 
from capping beams at the top of the main 
building bracing. At each level the lobby 
slabs span as horizontal beams between the 
truss or lift shaft and the main building. The 
connection to the main building consists of 
two elastomeric bearings which carry vertical 
load and a stainless steel pinned hinge to 
carry horizontal load. Secondary elements 
such as staircases and toilet structures gain 
their stability by containing slabs which act 
as horizonta l canti levers from the lobby. 

Basement 

The column loads vary from 80 - 2800 
tonnes and, because of the large loads and 
wide co lu mn spacing, pi led foundations are 
required. 

The borehole site investigation revealed a 
very sandy layer at the top of the Woolwich 
and Reading Beds and significant ground­
water seepages and associated instabi lity 
would be expected in bored piles at this 
level. The piles are therefore formed entirely 
within the overlying London Clay. Because 
of the wide range of column loads, groups 
of 750 mm diameter straight shafted piles 
are used . 

The new basement falls within the perimeter 
of the existing brick and mass concrete walls 
which are retained and supported from the 
f loors by concrete buttresses. In most areas 
the lower basement slab is below the o ld 
basement level but in only some of these areas 
do the existing foundations require under­
pinning. Where this is extensive or if a cut-off 

into the London Clay is needed to prevent 
the ingress of water from the over lying Flood 
Plain Gravel then a diaphragm wa ll is used. 
In other areas conventional retaining walls 
and underpinning are used. 

Much of the basement is below the water 
table and the waterproofing takes the form 
of a drained cav ity between the retaining 
walls and a blockwork facing wall. The 
cavity principle is continued under the 
ground-bearing slab by providing a drained, 
no - fines concrete layer. 

The upper basement and lower ground floor 
slabs span one way on to twin beams on the 
main column grids (Fig. 8). Within the 
area defined by the perimeter of the super ­
structure the slab is constructed using 
precast T beams which are infilled with 
l ightweight b locks and have a structura l 
topping cast over. This system gives a flat 
soffit with a good finish while saving weight 
and formwork costs. In addition it provides 
zones of services penetration both during 
design and construction and for future 
alteration. Because of the irregular shape of 
the peripheral areas it was not reasonable to 
use this system throughout but by banding 
reinforcement on the same 900 mm grid, 
zones of penetration are defined. 

The twin beam system not on ly decreased the 
span of the slabs but also made it possible 
for main risers to be placed on the column 
grid. Intermediate basement columns were 
introduced to reduce the beam spans and 
hence the floor depth. 

Engineering services : 
Concepts 
Plant and service distribution systems are 
designed for complete flexibility of building 
use, inc luding the conversion of further 
gallery leve ls to underwriting. 

Underwriting spaces have exceptionally high 
occupancy levels requiring large volumes 
of fresh air to satisfy their ventilation require­
ments. This air is exhausted from the bui lding 
through the roof of the atrium, the residua l 
heat being recovered and recycled to the 
heating system. 

The main building has a low ratio of perimeter 
to floor area resulting in relatively low 
specific fabric heat loss in winter time. 
Glazing has a low solar gain factor which, 
together with the shading provided by the 

Air outlet 
as return 
air grill 

external structure, satellites and external air 
distribution ducts, results in relatively low 
heat gain from so lar radiat ion . 

The occupied spaces of 4 m height together 
with the low level air inlet and high level 
exhaust systems minimize the effective space 
cooling loads a large proportion of the 
lighting and occupationa l heat gains being 
exhausted before affecting the space condi­
tions. Electrical consumption by artificial 
lighting is minimized by the use of twin lamp 
luminaires providing background and task 
illuminat ion as required. The background 
il lumination is provided by one lamp which is 
centrally controlled. The second lamp which 
provides working illumination is locally 
switched by the individual. Perimeter lumin­
aires are automatically monitored to prevent 
use at times when natura l light, infi ltrating 
the building, provides adequate i llumination. 

A degree of thermal storage has been incor­
porated into the design, passively by the 
underfloor air distribution system in the 
superstructu re and active ly by the use of the 
fire sprink ler storage tanks as heat storage. 
The tanks are arranged to accept hot water, 
rejected by the central water chilling plant, 
for recycling in the building's central heating 
system at times of heat deficit. 
Because the service distri bution systems are 
exposed their planning and detail design 
had to satisfy architectural as well as engineer­
ing requirements. 

Main building 

The raised floor void provides the principa l 
means of service distribution. Electrical 
power and communications systems are 
arranged in a modular grid to provide 
potentia l service at any part. The- raised floor 
acts as a supp ly air plenum for the office and 
underwriting air -conditioning . Individual 
offices may plug their room air distribution 
units into the void and draw conditioned air 
into the occupied space, the air being 
exhausted around the luminaire at hig h level. 
To enhance comfort at the perimeter, the 
exhaust air is drawn back from high level 
through one of the triple glazing cavities 
before being returned to the air-conditioning 
plant. This has the effect of limiting the 
annual temperature range of the glazing and 
hence the radiant temperature experienced 
by the adjacent occupants (Fig. 9). 

Perimeter heat pump 
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Sprinkler head 
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Header duct 
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Lower ground floor Floor air distribution 
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Areas of underwriting and offices with 
abnormal ly high heating or internal cooling 
loads are provided with supplementary 
heating and cooling units. Together with 
their service pipes and drains th ese are 
located in the raised floor void. 

Compliance with the requirements of a 
Section 20 Certification requires the fire 
sprinkling of the entire building and so each 
coffer has an outlet which is incorporated 
in the luminaire. In addit ion a fire detection 
and alarm system is provided for early warning. 

The following ancillary electrical systems 
are also provided: closed circuit TV and 
security system, public address system, staff 
location, data storage with visual display 
units, a 4000 line electronic telephone 
exchange and a satellite communication 
aerial. Lightning protection is given by 
horizontal roof conductors connected to 
down rods cast in the columns. 

Air conditioning 
plant 

Heater LJ-------, 

Cooling o,__ ____ _ 

Domestic 
hot water 
ca lorifier 

120"C 

Boiler 
plant 

Fig.10 

Pump 

Energy schematic 

Heating 
circuit 

Heat 

circuit 

Central water 
chilling / heat 
pump plant 

Satellite towers 

Distribution of primary electrical and piped 
services to the main building is made from 
the satellites. Three combined electrical 
and communication risers serve the electrical / 
communication cupboards located in the 
passenger lift lobby at each floor level. The 
service risers, like the air distribution ducts 
on the building 's fai;:ade, are entirely exposed 
to the weather. This necessitates high 
material specifications and a quality of 
workmanship best obtained with off-site 
fabrication methods. Maintenance access to 
the service risers is made at each gallery 
level from the lift lobbies. 

The main passenger lift service is provided 
externally by 12 3m /~ lifts in three groups 
of four lifts at satellites 1, 3 and 5. Design 
of the insta llation will be unique in the UK 
as such exposed installations are generally 
at present only in operation in the USA. 

22/30 C 

Heat recovery 

Cooling 
towers 

Cooling 

28°C 

Basement 

Th e design has, by passive means, minimized 
energy consumption whilst maintaining 
current standards of environmental comfort. 
This has been supplemented by the recovery 
of waste heat wherever economically possible. 
The central chilled water plant has the 
capability of rejecting energy into the 
central heating system at times of deficiency 
or discharging to waste through cooling 
towers at times of energy surpius. 

Th e building 's boiler plant and standby 
electrical generation plant are located at the 
north end of the lower basement where 
their respective flues are grouped. The flues 
pass through the upper basement to outside 
the building and then are carried on a 
supporting steel structure to the highest 
point of the building. 

Primary fuel for th e boilers is natural gas, 
being purchased under the same terms as the 
client's current con tract with the gas 
undertaking. The boilers can also operate 
on the same diesel fuel oil that the standby 
generators use, thus optimizing fuel storage 
facilities. 

The incoming electrical supply is at 11 kV 
and is distributed radially to four packaged 
substations in the lower basement. Three 
substations serve the risers in Satellites 1, 
3 and 5 together with the adjacent basement 
while the fourth serves the mechanical plant. 
Emergency lighting battery bank/ inverter 
sets are located adjacent to the risers. Halon 
fire extinguishing systems are provided in 
electrical rooms instead of spr inklers. 

Atrium 

Few atria in the world are as large and have 
floors which are used for office space. A 
serious problem in the environmental design 
of a tall atrium is the effect of vertical air 
currents ca used by air temperature differentials 
at the top and bottom. The differential 
temperatures generate a stack effect in the 
centre of the atrium and in winter the air 
adjacent to the glazing will fall thus generating 
turbulent air movement. 

The air movements in the atrium will be 
extremely complex and are difficult to 
predict. Work on this is still in progress 
but it is intended that the conditioned air 
supplied to the underwriting levels should 
infiltrate the atrium and be exhausted at the 
top. Th e result of this will be to minimize 
unwanted downward air movements at the 
perimeter of the atrium by generating 
horizontal air currents and reinforcing the 
upward movements at the centre. 

Building automation system 

Efficient energy usage is achieved by inter­
mittent use and close control of building 
systems. Th e bui lding automation system 
will monitor and contro l mechanical plant 
ranging from loca l heat pumps to major 
plant and systems. The system will also be 
used to monitor all electrical systems and 
provide lighting contro l. 

Mock-ups 

A considerable amount of work has been 
carried out developing particular elements 
or processes and the culmination of this is the 
construction of a full storey height mock - up 
four grids x three grids in area. 

The most important development work has 
been that concerned with the formwork 
design. To achieve the required qua lity of 
concrete finish while maintaining the 
necessary rate of progress, it is essential th at 
the formwork system is properly designed . 

Fig-11 
Progress on site, March 1982 
(Photo : I ndusfoto) 
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Fig.12 
Model 
of Lloyd's 
redevelopment 
(Photo: 
John Donat) 

Fig.13 
Model 
(Photo: 
Richard Davies) 

Fig.14 
Progress on site : 
April 1982 
(Photo: lndusfoto) 

Because of the unusual structure of the floor 
the risk could not be taken of developing the 
system from scratch during a contractor's 
mobilization period. Three different formwork 
systems were developed and a number of 
trial sections of floor were cast. Three 
systems were offered to tenderers with the 
option that they could propose an alternative, 
in which case they were required to cast a 
sample during the tender period. The 
experience gained from the trials has been 
invaluable. 

Another interesting test programme was 
load testing air handling ducts which are 
required to act structurally in the sense that 
they span much further than normal while 
carrying the extra loads of insulation. 
cladding, snow and wind. 

Construction 

Work on the 1958 building started in 
January 1979 and was completed in 
September 1980. Demolition of the 1928 
building started in September 1979 and was 
completed in February 1981. Bovis were 
appointed as management contractors in 
June 1980 and construction started in 
February 1981. 

Construction of the basement is in progress 
and a sub-contract for the superstructure 
was let in February 1982. 

The construction of the basement has pre­
sented many problems, mainly associated 
with the temporary works. The existing 
foundations covered much of the site and 
have largely had to be removed. either 
because they were above the new basement 
level or because they obstructed piling. 
However, the steel shoring for the existing 
walls is supported from these bases and so 
foundation construction has involved con­
siderable re-routeing of forces ; the planning 
of this has been extremely comp lex. The 
overall work sequence adopted involves 
completing the upper basement and lower 
ground floor slabs. destressing the steel 
props to transfer load to these slabs and 
then finally completing the lower basement 
slab. By this means the lower ground floor 
can be handed over as soon as possible for 
superstructure construction. The first area was 
released in May. 

The client and design team 

The client for the redevelopment is the 
Corporation of Lloyd's. The professional 
design team consists of: 

Architects: 
.i Richard Rogers & Partners 

Quantity surveyors: 
MDA. Monk Dunstone Mahon and Scears 

Management contractor: 
Bovis Construction Ltd. 

7 



8 

NEC Hall 7 
Architects: 
Edward D . Mills and Partners 

Richard Haryott 
Peter Budd 

The first six halls at the NEC were opened 
in the autumn of 1975, giving covered 
exhibition space of around 100,000m 2 . 

The original halls were planned on a 30m 
square column grid and were cons tructed 
economica ll y and rapidly using a Nodus 
spaceframe supported on tubular steel box 
section trusses and columns. Headrooms 
varied from 12m to 17m and in part of Hall 5 
there was a 60m square column-free area 
with a headroom of some 23m. 

The original brief did not even cal l for 
air-conditioning or indeed any cooling 
except by outside air ventilation, and the 
heating requirements were fairly utilitarian 
with a requirement to achieve only 16 °C 
in the worst weather. The cost per m 2 was 
kept quite low, bearing in mind the facilities 
provided in terms of electrical power, water, 
gas, drainage and so on to almost every 
part of the huge floor area. The original 
designs were made against a background of 
no operational experience by the NEC of any 
previous centre, and indeed no precedent 
existed in the UK with comparable facilities. 

In the first five years operation, the NEC 
have undoubtedly created a whole new 
successful industry and are now a consider ­
able generator of employment in the area . 
They also discovered a demand for multi­
purpose space for leisure activities, and 
were al ready staging pop concerts, sporting 
events and other arena-based shows in 

Fig.1 

Fig.2 
Site plan 

Hall 5, and had purchased a large amount of 
demountable seating for such activities. 
They also needed more exh ibition space to 
be able to attract The Motor Show on a 
long - term basis, and for some of the large 
international shows, they needed a good 
deal more space. To progress they had to 
grow. 

Early in 1979, the NEC looked set to conclude 
negotiations for The Motor Show to be held 
in October 1980, and approached the original 
design team of Edward D. Mills, Arup and 
Francis C. Graves to explore the possibility 
of adding 10,000m 2 new space in time for 

Hall 7 from across the lake (Photo: Harry Sowden) 
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The Motor Show. The design team was 
finally instructed to proceed in April 1979 
and a comp let ion date of August 1980 was 
agreed, leaving only 16 months to design 
and construct the new Hall. 

The NEC at that time had already purchased 
a system of demountable seats which 
idea lly the new hal l shou ld be des igned to use, 
and as a resu lt of their operating expe rience 
in the original halls, they required a change to 
environmental systems to give a much 
improved heating and cooling capacity to 
cope with large audiences. and to simplify 
main tenance. The new ha ll had to provide 
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exactly the same service faci lities via 
underground subways and trenches as had 
proved to be successful in the original 
development. Restaurants, offi ces and other 
operational facilit ies were required to enable 
arena shows seating up to 12,000 people 
to be held, and of course the various arena 
layouts possible meant that the new building 
had to have a large co lumn - free area of some 
1 08m x 90m. A tight budget was set based 
upon the original m 2 costs with a factor to 
allow for inflation and a factor to take care 
of the increased spa n. 

The c li ent had also some clear preferences 
to change the utilitarian method of heating 
and cooling originally specified. He wanted 
a central plant (proposed but rejected on cost 
grounds for th e original scheme) and w anted 
if possibl e to eliminate th e roof-mounted 
air handl ing stations adopted for th e f irs t 
hall s, as these were proving diffi cu lt to 
maintain although performing quite w ell. 

Design approach 

It was quite c lear from th e beginning that a 
conventional design, tender, an d constru ction 
pa ckage would not achieve th e programme. 
It w as essential to start on si te at th e ea rliest 
possible moment, and probably more import ­
ant, to have a con tractor as part of the design 
team so that programming and design options 
would only be eva luated by people fully 
committed to th e end result. 

R. M. Douglas, who built the original complex 
w ere appointed contrac tors. In a way, 
it was done virtually as an extension of their 
original co ntra ct, which had not in fac t been 
completely finalized. Th ey undertook the 
con tract for th e rates on which they had 
won th e original con tra ct indexed by NEDO 
or some other formu la, an d started work 
on site within days of the desig n start, 
c lear ing the site and preparing th e new 
infrastructure. The involvement of the con­
tractor at this ear ly stage was crucial to th e 
time-sca le, and right from the start they 
were deeply committed to programming th e 
whole activi ty. 

Clearly, as engineers we already knew a great 
dea l abo ut the site conditions. However, 
because site work had to start before the 
desig n w as anywhere near settl ed, it was 
necessa ry to adopt an approach for the site 
roads an d drains which did not restrict th e 
choice of the exact posi ti on of the buildings, 
which was of course known in approximate 
shape on ly. It proved possible to fi x cer tain 
aspects of the design without compromisi ng 
th e final design choices for the superstructure. 

At a quite ea rly stage it was decided to 

separate completely th e res taurant and 

Fig.4 
Roof plan showing structural steel arrangement. 
Nine space frames are supported on 3m deep 
girders around the building per imeter. 
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Fig. 5 
Short span section through main hall 

administrative fac iliti es area from th e main 
hall itself. This was done because restaurants, 
ki tchens and office amenities have a high 
degree of finishing trades, and as such wou ld 
be on any criti ca l path! Th ey had to start 
ear ly. Th e facili t ies building became a two­
storey precast concrete frame, with absolu tely 
standard components, obtainable virtual ly 
'off the shelf'. Clearly the overall stra tegy 
for se rvic ing the bui lding, and its relationship 
to th e main hall, had to be fixed, and this 
proved relatively easy to achieve. 

Th e main hall of course provided the biggest 
chall enge. To meet th e cost, programme and 
functi onal requirements was c lea rly not 
going to be easy, and many different alter­
natives were examined, and many rejected. 
However, we d id establi sh a se t of ' rul es' or 
guide lines which we felt had to be fo ll owed 

Fig.6 
M ain hall under 
construction showing 
temporary support 
trestl e 
(Photo: Harry Sowden) 

if success w as to be achieved. These 
ca n be summarized as follows : 

(1) If possible, every th ing should be simple; 
not necessarily simple to desig n or 
ana lyze, but simp le to build. 

(2) Components shou ld be ch osen wh ich 
would lend themselves to off -si te manu­
facture. Complex si te manufacturing w as 
to be avoided. 

(3) Components had to be readily avai lable, 
if possible from th e UK. 

( 4) Componen ts in their fini shed form had 
to be of a size which would allow 
simple road transport. 

(5) Components should be interchangeable 
if possible, so that deliveri es out of 
sequence would not have too serious an 
effect. 9 



A design had to be chosen which would 
allow an ea rly site start on th e services 
installation, and substantial overlapping 
of the different site trades. 

It is fair to sa y th at it is very easy, and perhaps 
obvious, to li st th ese gu idelines, but in 
practice it is not so easy to stick to them, 
and much easier to lose sight of them. 

The solution 
Naturally, in a design process, decisio ns 
are often taken in a seemingly strange order, 
and are often modified by subsequent criteria. 
The description of the various elements 
does not in any way imply any order in whi ch 
they appeared in the des ign process. In fact, 
the design was approached as a whole, w ith 
structural, servic ing , man ufacturing and con-

Fig. 7 
Mast cap under construction 

Fig.9 
Mast and outrigger system 

Fig.10 
Pin detail on anchor block 
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Fig.8 
An alytica l model of a sing le t ie system 
used in non - linear computer analysis. 
Arrows indicate constrain ts im posed on th e model. 
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Around the entire perimeter of th e building 
is a serv ice zone which serves several vita l 
fun ction s. It creates a zone for the main 
above-ground piped services an d air ducts, 
keeping weight and complexi ty out of th e 
main long -span roofs . It contains al l the 
substantial to ilet facilities to ca ter for 12,000 
people. The structure consists of very simple 
ordinary steel sections fabricated in th e 
works into a vierendee l frame 3m deep and 
12m high. Cross-bracing is avoided to allow 
easy penetration for serv ices, simp le fabrica ­
tion, and to provide th e right stiffn ess or 
softness of frame to allow therma l movements 
in th e roof structure, whil e at the same tim e 
resisting all th e wind forces. 

Four air- handling station s were placed, 
one at each corner, whi ch wou ld agai n 
create a separate construct ion zone. W e 

( 

Tie boss 

200mm d1ame1er 
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decided to duct air only at the perimeter. 
but with the facility of allowing change and 
improvement later in the life of the building. 

This meant that the exact form of the roof 
could be chosen from a wider range of 
materials, including tensile fabric structures. 
It also meant that a zone cou ld be created 
round the building which would allow easy 
access and installation for services without 
restricting access to the central area for 
construction of the roof itself. 

The final form was chosen in August 1979 
and steel placed on order from the scheme 
design. Double columns around the perimeter 
were chosen using single and readily available 
UC sections so that they could start early, 
and be clad independently of the roof. thus 
creating a zone for the early installation of 
services. 

The perimeter structure is 'soft'. It is not 
braced so that it is easily penetrated by the 
services. and is not so rigid that it attracts 
overmuch load from thermal movement in 
the roof, but is sufficien tly strong to resist 
all the wind forces. There are no movement 
joints. except between the reinforced concrete 
frame amenity block. and the steel frame hall. 
Lack of roof weight was such that wind uplift 
proved to be a significant problem. and was 
overcome only after wind tunnel tests which 
showed the code of practice to be unneces­
sarily conservative in cases of this kind. 

The analysis of the structure was done in 
stages. To begin with, desk - top computers 
were used to establish the beam, column and 
frame forces, and the final stage comprised 
a non -linea r analysis on the main frame 
computer of a sing le suspension system. 
This served to give final deflections and 
confi rm the earlier cruder ana lyses. As a point 
of interest this final analysis proved worrying 
at first, as it came at a late stage and cast 
doubts on the stability of the system. 
However, it was the program that proved 
to be wrong, and not the chosen structural 
solution. 

Th e 3m wide perimeter zone is clad using 
profiled steel sheeting spanning horizontally 
to minimize secondary cladding steel. This 
cladding and the roof to th e zone was 
started ear ly to provide protection from the 
weather thus allowing an early start to the 
installation of the services. 

The roof structure consists of nine Nodus 
space frames simply supported on each of 
thei r four sides by tubular steel box section 
tru sses, two in each direction. which span 
across th e hall at roughly the third point of 
each side. The central Nodus frame is placed 
at a higher level to give increased headroom 
to the middle of the hall. 

The four trusses are supported at their 
intersection points by tubular stee l tension 
members in pairs. which pass over the top of 
eight 32m high box section towers. and via 
ex tension out-riggers to the trusses into an 
anchorage of tension piles in the ground. 
Th e towers are each four legged. using 
450mm x 250mm RHS members to form 
vierendeel box columns. and are supported 
on a hinge at the ground level to allow wind 
and thermal movements at roof level. The 
tension members are 273mm CHS. delivered 
in one length and simply fixed at each end 
via stainless steel pins in low friction seatings. 
The ties were craned into posi tion . and 
because of the hinges and flexibility of the 
towers, proved remarkably easy to position. 
although causi ng much effo rt of design and 
planning to achieve the eventual simplicity. 

Erection 

Much thought was given to the erection 
programme. In some ways it followed an 
unusual pattern. As previously explained, the 
perimeter columns were erected first to 
allow th e cri ti ca l path items of th e finishes 

Fig. 12 
Interior view of 
corner plant room 

Fig. 13 
Hall in Arena 
mode for concert 

(Photos: copyright 
Architects Journal) 

and services to start early, but with a small 
gap to allow the crane access. 

The bottom half of each of the eight columns 
was then erected. and the Nodus frames 
assemb led at ground level below their final 
position, while at ground level the sprinkler 
and lighting services were installed. Two 
of the space frames were assembled outside 
the hall perimeter, to allow the crane freedom 
of movement within the hall, and the last 
frame was placed in position with th e crane 
standing outside the hall. 

Temporary trestle columns were erected to 

support the main trusses at their intersection 
points. The trusses were delivered to the 
site in three lengths of around 30-34m and 
lifted onto their supports on the perimeter 
columns and the temporary trestl e col umns. 

The upper halves of the columns were then 
placed in position, and then the ties were 
lifted into place and secured via their pin 
connectors. The ties proved in th e end to be 
very quick and simple to install, and once in 
position. they were tensioned via Macalloy 
rods at the roof connections. thus lifting the 
roof off its tempora ry trestle column supports. 11 



Once the spaceframes were in position, roof 
sheeting started, using a profiled steel 
sheet ing perfo rated in the webs to give 
acoustic absorption. and the roofing opera­
tion was substantially completed before 
the final tensioning of the support system 
was undertaken. 

By taking this approach, and following the 
guidelines identified at the outset needed to 
achieve the programme, the building was 
completed on time, with the major steelwork 
sub-contract being completed in the rema rk­
ably short period, both at works and on site, 
of some eight months. Design and con­
struction processes were c losely linked and 
had substantial over laps. Fabrication off si te, 
which included the final coats of paint 
leaving only touch up on site, kept the site 
c lear for many other crit ica l path items. In al l, 
the total steel weight used for the structural 
elements proved to be some 1250 tonnes 
with the roof itself using a remarkably small 
amount of 1161 tonnage, being the equivalent 
of on ly 106 kg / m 2. 

The services 
The plant serving Hall 7 is located in a central 
energy centre mid-way along the west face 
of the build ing. Medium temperature hot 
water, chil led water and power are supplied 
to the four corner air-handling plants and the 
two-sto rey amen ity block via the 3m 
perimeter service zone. 

Medium temperature hot water is provided 
by two 2500 kw gas fired boilers and chilled 
water by a single hermetic 500 TR chiller 
and roof-mounted, induced draught, cooling 
tower. Constraints on the budget prec luded 
the installation of a second chiller and cooling 
tower to provide chilled water capacity 
under maximum load and standby capacity. 
Space has been provided in the energy 
centre for the second chiller and allowance 
made in the roof loading to carry an additional 
cooling tower. 

Power is supplied to the new sub-station, 
which is an integral part of the energy centre, 
from an extended 11 kv ring main already 
serving the site. Distribution from the M V 

12 switch room to the four air-handling plants, 

ancillary areas and local distribution board 
is via the 3m perimeter service zone. An 
underground duct connects the energy 
centre to the walk-through service tunnel 
under the hall and provides the route for 
power connect ions to two 1250 A and one 
300 A busbar. This busbar installation 
enables exhibition power requirements of 
up to 150 W / m 2 to be supplied v ia shallow 
floor distribution trenches. 

The supply of heated or cooled air to the 
main hal l is via 1.8m diameter spira lly wound 
ducts and long throw drum louvres at high 
level on the east and west sides of the Hall. 
These ducts are supp lied by the four ma in 
air-handling plants located at the corners 
of the hall. Each plant supplies a constant 
air volume of 30 m3 / sec. through a ba lanced 
supply extract system. When all plants are in 
operation, this volume represents four air 
changes/ hour in the main hall under normal 
con d itions. Both supply and extract fans run 
with a maximum recirculation set at 50%; 
this can be adjusted manually for particular 
events. On start-up, recirc ulation dampers 
are maintained in the ful ly closed position 
until a predetermined temperature of 16 °C 
is achieved in the Hal l. Air is extracted thro ugh 
large louvres in each of the four coners and 
discharged into the plant rooms which act 
as exhaust plena. 

The two-storey amenity block is served by 
its own roof-mounted air-handling plant. 
Only the ground f loo r has been f itted out 
under the Hall 7 contract due to financia l 
constraints. Provision has been made in the 
rooftop plant areas for additional air handling 
units to serve the first floor when it is com­
pleted in the future . 

The entire Hall is fu ll y sprink lered to FOC 
rules' Ordinary Hazard Group 3. and the 
security systems incorporated in the first 
phase of the NEC have been extended to 
cover Hall 7. Generally, security systems 
have been connected back to the central 
security suite in Phase I but fire protection 
systems, air-handling systems and lighting 
can be controlled / monitored from the Hall 
Master's office within the Main Hall. 

Fig.14 
Aerial view of NEC complex 
with Ha ll 7 on left 
(Photo: Ted Edwards Photography) 
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An alternative 
approach to 
ultimate limit 
state design 

David Croft 

Int roduction 

Background 

Although codes of practice such as CP110 
and 85449 can be applied more or less 
direct ly in most situations that arise in 
practice, there are occasions when it is 
necessary to ex trapolate the principles of a 
code to situations which are not covered 
explicitly. Typical of such cases are : 

(i) Examining ex isting structures to deter­
mine either thei r safety under cu rrent 
loads or their abili ty to carry increased 
loading 

(ii) Structures subjected to types of loading 
not covered by th e code 

(iii) Design of structural elements based on 
the result s of tests on prototypes. 

Over the last few years th ere has been some 
considerab le debate on the application of 
limit state desig n methods, particularly in 
situations not directly covered by CP110, for 
example in geotechnical design . At the same 
time, CP110 itself has been undergoing a 
substantial revision and thi s has provided 
the opportunity to include a new section on 
ultimate limit state design in th e draft for 
public commen t which was published early 
in 1982. In this new section a design method 
is proposed whi ch will give guidance in these 
situations. 

The basis of the method, which is referred to 
here as the P-Method, is that the margin 
of safety to be provi ded, between the strength 
of a structural section and the resultant 
load effect that it has to withstand, should be 
determined from consideration of the un­
certainties in their values. 

The P- Method has been calibrated so that it is 
compatible with CPT 10 for the standard load 
combination s bu t can be extrapolated to other 
situations as well, thereby achiev ing designs 
with, theoreti ca lly at least, similar levels of 
sa fety. 

The purpose of thi s arti c le is to desc ribe the 
method and also to provide additional 
information on th e statistical data used 
and on the calibration of th e method with 
CPT 10. It should, however, be noted that 
th e method is not limited to CP110 an.d can 
also be applied to other material codes . 

Uncertainties in design 

In the design of structures th ere are three 
principal areas of uncertainty, namely: 

(i) The magnitude an d arrangemen t of 
th e loads 

(ii) Th e properties of the st ru ctural materials 

(iii) The va lidity of the assumptions made 
in the ca lculations. 

In CPT 10, allowance is made for these 
unce rtain ties by applying partial factors of 
safety to the characteri stic values of the loads 
an d material strengths (except in particular 
cases such as shea r in beams where th e 
factor is applied in effect to the combined 
resistance of the materia ls). The material 
factor Ym is intended to cove r th e un ­
ce rtainties in th e resi stan ce of sections. Thi s 
includes both uncertainti es about the materia l 
properties and uncertain ties about th e validity 
of th e assumptions made in strength ca l ­
culations. Th e partial factors applied to th e 
loads, Yf, are inten ded to cover not only the 

uncertainti es about the magnitude of the 
loads but also those relating to the analysis 
of the structure. 

In practice, however, failures are usua lly 
associated with gross errors rather than with 
just extreme values of the principal variables. 
Such gross errors include, for example : 

(i) Failure to take account of an adverse 
effect that is significant, e.g. a type of 
load or combination of loads or a 
critica l temporary condition 

(ii) Calcul ation errors, e.g . incorrect ideali­
zation of the structure, gross arithmetic 
errors (as opposed to minor inaccuracies) 

(iii) Construction errors, e.g. omission or 
gross misplacement of reinforcement. 

Th e factors of safety in CPT 10 do not cover 
the effects of gross errors as it would be 
neither practicable nor econo mic to do so. 
The aim shou ld instead be to provide a 
robust desig n, i.e. one in which the margin 
of safety will not be eroded unduly by small 
changes in the va lues of the input variables 
assumed. In this way some reserve of 
safety will be maintained to cover unforeseen 
effects in both cons tru ction and structural 
behaviour. 

Overall level of safety 

A distinction must be made between factor 
and level of safety. It is c lear that with the 
partial safety factor approach, the overall 
factor of safety will vary depend ing on which 
type of loading is predominant and whether 
it is th e concrete or steel strength th at is 
governing. It is also important to note that 
the level of safety, in whichever way it is 
defin ed, will also va ry from structure to 
structure. 

For examp le, there is a simplification impli ed 
by CP110 in that th e equation 

R ,? S 
where 

R = fun ction (characteristic strength /ym) 

an d S = function (characteristic loads x yr) 

is applied to individual criti ca l sections of the 
structure rather than to th e structure as a 
whole, and the load effect S is usually th e 
worst value obtained from the envelope for a 
number of different load combinations. 
Although some allowance for plastic re­
distribu tion is permitted by the code, it is 
necessa rily both simplified and co nservati ve 
and this results in an undef ined extra margin 
of safety. 

In addition th ere is an inherent rounding - up 
in th e design process; stru ctural elemen ts are 
often grouped for economy in constru ction, 
and frequ ently it is serviceabi lity considera­
tion s that govern th e design . As a result there 
will in practice be considerable va ri ation 
in the level of safety provided . Grea ter 
uniformity will not be achieved without 
considerable ex tra computationa l effort. 

Characteristic values 

It is worthwhile first to consider what we 
mean by a characteristi c value. Although 
the cha racteristi c va lu es for loads and 
materials as used in CP! 10 fo rm a convenien t 
ba se to which the engineer may refer, it 
shou ld be reali zed that the definitions vary 
depending on what is being co nsidered. 

In CP110 it is normal to ca lculate dead loads 
from the dimensions given on the drawings, 
using standard unit weights. Th ey can 
therefore be considered as being the values 
that are most likely to occur. 

Imposed loads are normally taken as the 
statutory va lues as given by CP3 Chapter V: 
Part 1. Although not speci fi ed, it is often 
assumed that th ese va lues have roughly a 
95% probabili ty of not being exceeded. 
Alternatively, live loads are sometimes 
calculated directly for specific situations 

and these w ill often be, like dead loads, the 
values that are most likely to occur. 

For wind loads, the characteristic value is 
usually taken as the load caused by the 
50-year return period w ind acting in the 
most adverse direction for the structural 
member under consideration. Although there 
is a high probability that the 50-year wind 
will occur from some direction during the 
design life of the structure (e.g. 0.63 for a 
design life of 50 years), the probability that 
it will occur in a critical direction is somewhat 
less. 

For materials the cha racteristic value is 
normally a specified minimum strength. 
This is theoretically defined as the value 
below which not more than 5% of the test 
results should fall. 

It follows that the values of th e partial factors 
must take account not only of the variability 
of the parameters considered, but also of 
how the characteristic values are defined. 

Expected values 

When considering the statistical variation of 
loads and material strengths a more useful 
va lue is the expected value. For the present 
purpose this is def ined as th e best estimate 
of the worst value that is expected to occur 
during the design period under consideration. 
When it is app ropriate to determine the 
expected value by a statistical approach, 
th en for loads th at are co nstan t with time 
(e.g. dead loads) the expected value should 
be taken as th e mean of the population. 
For loads that vary with time (e .g. live and 
wind loads) it will usually be necessary to 
cons ider both expected maximum and 
minimum values. The expected maximum 
value should be taken as the mean of the 
extreme va lue distribution co rresponding 
to the desi gn period under consideration, 
while the expected minimum value will 
usually be taken as zero. For strengths of 
structural sections the expected va lue should 
be taken as that ca lculated from the expected 
in situ material strengths using a calculation 
method that gives the best fit to the available 
test data. 

The differences between expected and 
cha racteristic va lues for different types of 
loading are illustrated diagrammatica lly in 
Fig . 1. 

Worst credible values 

Another useful definition when considering 
the uncertainty associated with a load or 
material streng th is the worst credible value. 
This is the worst value that th e desig ner 
cou ld rea li stica lly believe might occur. It is 
not necessarily th e worst that is physically 
possible, but rather a value that is very 
unlikely to be exceeded. 

For distr ibutions that are well - behaved and 
continuous {but not necessarily normal) 
the worst c redibl e value can be defined 
quantitatively as the va lue corresponding 
to three standard deviations from the mean. 
(For a normal di stribut ion this would 
correspon d to a probability of abou t 0.1 %). 

Alternative ly th e worst credible value can be 
regarded as representing the limit of the 
variability th at will be taken account of in 
th e des ign and as such it becomes, in effect, 
a cu t -o ff value . 

It should be emphasized at th is point that the 
standard devia t ion as used here does not 
refer to the frequency distributions of 
measured data but rather to the uncertainty 
concerning the value in a parent population 
(as in th e case of soil samples) or of some 
event in the future , (as in the case of loading) , 
or of construction quality (as in th e case of 
structural materi als) . In many cases, however, 
these cannot be measured d irect ly an d some 
engineering judgement must be applied in 
order to quantify them. 13 



14 

It is therefore, suggested that, in the absence 
of more precise information, the standard 
deviation of a variable can be co nvenient ly 
determined by first assessing the expected 
and worst credible values and then taki ng one 
third of th e difference. 

Proposed design method 

The princi ple of the P- M ethod is that tha 
expected magnitude of the margi n of safety 
should be proportional to the uncertainty 
in its va lue. This requirement ca n be expressed 
in mathematical form as follows : 

R- S ,,;, P, (cr 2R + cr 2
5 ) (1) 

where 

R is the expected section resistance 

S is the expected resultant load effect 

OR crs are the standard deviations of R and S 

and 

p is a consta nt dependent on the level of 
safety required. 

It will be noted that Equation (1) bears a 
strong resemblance to second order pro­
bability methods which are widely covered 
in the literature 1• It must be emphas ized, 
however, that no attempt shou ld be made to 
infer a 'probability of failure ' as. for the 
reasons, such as the uncertainties in the 
assumptions and the effects of gross erro rs. 
as discussed above. the result would be 
unrea listi c. The method shou ld instead be 
regarded as a means of extrapo lating 
exist ing experience rather than as a probabi­
listic exercise. 

By expressing the standard deviations in 
terms of coefficien ts of variation. equation 
(1) can be solved for R thus : 

R = S[1 ± p, (v 2R + v 2s p2v 2RV 2s)] (2) 
1 p2v 2R 

where VR = OR/ R 

and Vs = crs/ S 

Equation (2) ca n now be expressed in term s 
of Ru, the required ultimate resistance 
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calculated in accordance with CP110, thus : 

Ru / S 
(Ru/ R) (1 ± P1 (V 2R+ V2s p2v 2RV 2s)] (3) 

1 p2v 2R 

In order to use Equation (3) it is necessary 
to determin e appropriate va lues for VR and 
v5 , the ratio of the expected value S to the 
characteristic value Sk and also the ratio 
Ru/ A. The va lue for P can then be found by 
calibration against the standard load com­
bination given in CP110. These steps are 
described in the section s following. 

First, however. it is worth stating some 
assumptions whi ch are implicit in the method 
as follows : 

(i) The method assumes a linear relationship 
be tween the primary load variab le and 
its effect in th e member under considera ­
tion. Whil e thi s is reasonably true for 
most structures subjected to dead, live 
and wind loads, there may be situations 
when this assumption is not valid. 

(i i) In Equation (1) there is no explicit 
al lowance for the uncertainties in the 
analysis of the structure as this would 
be dependent on particular circ umsta nces. 
It is implied th at this uncertainty is 
relative ly small compared with the other 
uncertainties. When this is not th e case, 
it shou ld be allowed for by making 
suitably conservative assumptions in the 
analysis. 

(iii) Wh en th e method is app lied in situations 
where th ere is a high degree of certainty 
regarding the pr imary variab les, then 
particular ca re must be taken in assessing 
possible second-order effects, as th ese 
may become significan t in such situations. 

loads 

Dead loads 

It follows from th e defin ition th at the 
characteristic dead load is the expected value. 
It is reasonable to assume a normal d istribu ­
tion for variations about that va lue. For the 
coefficien t of varia t ion a figure of 5% is 
suggested, thu s: 

S/ Sk - 1.0 V5 = 0 .05 

These figures imply a probability of 0.1 %. 
that th e dead load wi ll differ from its ex­
pected value by more than 15%. This is con­
sidered to be a reasonable figure. 

Live loads 

It should be noted that the coefficient of 
va riation Vs refers here to th e uncerta inty 
in the load over the whole design period 
and not just simply to the results from surveys 
carried out on existi ng structures. It should 
take account of th e way in whi ch th e 
structure being designed wil l be used and 
also possible changes in occupancy. 

As already noted above, live loads are of two 
types : 

(i) Statutory loads taken. for examp le. from 
CP3: Chapter V: Part 1. 

(ii) Loads that are ca lcu lated directly e.g. 
plantroom loads . 

For statutory loads. the characteristic va lues 
are taken as those given by CP3 : Chapter V. 
As already mentioned. th ese are traditiona ll y 
assumed to have a 95% probability of 
occurrence. 

As regards the shape of the probability 
function, the data available indicates that the 
general form is d istinctly skew as shown in 
Fig . 1. This is examined in more detail in 
Appendix A, where it is conclu ded that 

0.55 V5 0.50 

It must however be noted that the data 
referred to in Appendix A relate only to 

typical office cond itions and the above 
statistica l parameters may not be applicable 
to other types of live loa ding. However, 
in most cases there will be some practical 
limit to the variability that need be considered 
in the design as there is, in practice, usually 
some legal responsibility on the part of the 
owner (or at least an economic interest) 
to ensure that the stipu lated loads are not 
exceeded. 

The function of the partial load factJr for 
live loads is therefore to provide a margin of 
safety for possible overload that cou ld 
reasonably occur by acci dent, and beyond 
which the designer of the structure is not 
respons ibl e. In situati ons where this argum ent 
does not apply, then this should be allowed 
fo r expli cit ly in the choice of charac terist ic 
load rath er than by the partial safety factor . 

It is therefore suggested that the above values 
are reasonable values generally for all 
statutory loading. 

For live loads that are calculated d irectly, the 
characteristic load will be the expected va lue. 
CP110 does not however distinguish between 
the different types of live load. It can be 
shown by reference to Equation (7) below 
that yr = 1.6 imp lies values as fo llows: 

S/ Sk ~ 1.0 v5 = 0.12 

Wind loads 
Wind loads are normally defin ed in terms of the 
Characteristic W ind Load which is usually 
taken as the load caused by th e 50 -year 
return period wind acting in the most adverse 
direct ion for the structural member under 
consideration. In deriving load factors, 
account must th erefore be taken of the 
following : 

(i) The nature of wind data is such that th e 
value of the 50-year return period wind 
normally available is th at for all wind 
directions combined, i.e. it is that wind which 
has an annua l probabi lity of 2% of occurring 
from any direction. 

(ii) During the design lifetime of the 
structure it is probable that winds in excess 
of the 50-year return period wind will occur. 
For example, if the design lifetime is taken as 
50 years there is a 63% probabi lity that the 
50 -year return period value will be exceeded 
during that time and for longer design 
lifetimes this probabili ty will be even greater. 

A useful approach therefore is to consider 
load effects (which take account of the 
variation with wind direction, for example, of 
an axial force or bend ing moment in a 
particula r column) rather than the load 
itse lf and to determine the probabi lity of 
occurrence within a specified design life ­
time. 

In Appendix B, an analysis of the statistics 
of wind loading is presented from which it is 
concluded that, for wind loads in the UK, 

S/ Sk = 0.95 v5 = 0.2 

Section strengths 

Partial material factors 

In order to deduce a va lue for Ru / R it is 
necessary to take acco unt of th e va lues of 
Ym specified in CP110. For th e ultimate 
limit state th ese are as follows: 

Concrete in flexure an d compressio n 1.5 

Stee l 1.15 

Concrete in shear 1.25 

Values of Ym for other situations, such as 
tors ion, beari ng or maximum shear stress 
(CP110, Tab le 6) have not been derived with 
precision. Th ey are basically lower bounds 
to the available data . The resulting design 
values are thus likely to be conserva t ive 
relati ve to a more rigorous treatment. Th e 
values of Ym imp lied in such cases may be 
assumed to be at least 1.5. 



These partial safety factors are intended to 
take account of the following : 

(i) The variation in strength of the concrete 
and reinforcement as measured by test 
specimens 

(ii) Possible differences between the strength 
of the concrete in the structure and that 
derived from the test specimens. 

(iii) Possible variations in section strength 
as a result of construction tolerances 

(iv) Imperfections in the theories and formulae 
used in the prediction of strength. 

The values of the materials factors take 
account of the importance of the limit state 
under consideration and the possible modes 
and consequences of failure. 

The partial material factors are in general 
applied to the characteristic strengths of the 
concrete and steel. In the case of shear 
(CP 110, Table 5). however, the section 
resistance is a function not only of the con­
crete cube strength but also of the inter­
action of the concrete with the longitudinal 
reinforcement, dowel action, aggregate inter­
lock, etc., the effects of which are not fully 
understood . The partial factor is in this 
case applied to the combined section 
resistance obtained from an empirical 
formula based on test data. 

Assumed variabilities 

The cases of bending, shear and axial 
compression are examined in Appendix C 
and the results ~e shown plotted in Fig . 2 
in terms of Ru / R against VR. Reference to 
Equation (3) indicates that to be conservative 
an upper bound value of Ru / R is required 
and the following has been taken 

Ru = R (1 - 2.75vR) (4) 

Calibration against CP110 

Using the values of the variabilities described 
above the method has been calibra ted against 
the standard loading conditio ns required by 
CP 110 which in the new version are as 
shown in Table 1 below. 

Table 1 : V a lues of Yt for the ultimat e 
limit state 

Load 
combination Load type 

Dead Live 

Dead + Live 1.4 or 1.0 1.6 or O 

Wind 

Dead + Wind 1.0 1.4 

Dead + Live + 
Wind 1.2 1.2 or O 1.2 

Where alternative values are given, the more 
onerous for the section under considerat ion 
shou ld be taken . For combinations of dead, 
live and wind loads the values of S and v5 
can be obtained from 

S= Gk(G/Gk) + Ok( O/ Qk) + Wk(W/ wk) (5) 

T able 2 

RATIO : CP110/ P-METHOD 

Dead Load Adverse 

100%DL 0.98 

1.07 1.04 

1.09 1 .11 1.02 

1.07 1.08 1.08 1.00 

1.02 1.04 1.07 1.02 

100%LL 0.98 0.98 1.03 1.02 0.95 

Vs= ,; (cr 2 G + cr 2 o + cr 2w)/S 
and CJG = Gk(G/Gk )VG etc. 

(6) 

where G a w are the expected dead, live 
and wind loads respectively. 

and a v denote the corresponding standard 
deviations and coefficients of variation. 

In app lying Equation (3) to load combinations 
involving wind loads a reduction factor of 
1.25 has been applied to Ru to allow for the 
overstress that is acceptable for this type of 
loading. The traditional justification for 
this reduction is: 

(i) The enhanced strength of the materials 
particularly of concrete, under transient 
loading 

(ii) A llowance for the load -ca rrying capability 
of non-structural elements such as 
cladding and internal partitions. 

There is also the possibility, as discussed in 
Appendix 8, that the winds corresponding 
to very long return periods which have a 
significant effect on the calculated wind load 
variability may be overestimated by extreme 
value distributions fitted to the available data. 

The conc lusion of this calibration exercise 
is that the current partial factors in CP11 O 
when taken in conjunction with the vari­
abilities described above, are compatible 
with a value of p equal to 4.8. 

It is also found, when applying Equation (3) 
in conjunction with Equation (4). that 
sufficient accuracy can be achieved by 
assuming a constant value VR 0.1. 

Combining Equations (3) and (4) and 
substituting for P and VR: 

Ru 7 0.94S[1 ± 4.8,/ (0.01 +0.77v 2
5 )] (7) 

where 

Ru is the design ultimate resistance 
S is the expected resultant load effect 
v5 is the coefficient of variation of the 

resultant load effect. 

Equation (7) is shown plotted in Fig. 3. For 
large va lues of v5• Equation (7) reduces to 

Ru ,;..0.945 (1 +4.21 v5 ) (8) 

In applying these equations, <rs is taken as 
positive always . Normally Sand v5 will also be 
positive but cases can arise when both 
become negative. This implies a situation in 
which, with expected values, no resistance 
is required but structural capacity is necessary 
to allow for the uncertainty. 

.. 
Fig. 2 
Variation of Ru/R 

Table 3 

/ 

Fig . 3 
Variation of Ru /S 

Fig. 4 shows a diagrammatic comparison 
of the values of Ru given by CP110 and 
Equation (7) over the comp lete range of dead : 
live : wind load ratios for the case when 
dead load is adverse. Similar diagrams can be 
produced for the beneficial dead load case. 

The ratios of CP1 10 to the proposed method 
are given in Tables 2 and 3. 

A negative value indicates resistance required 
by P-method but not by CP110. 

For the adverse dead load condition good 
agreement is evident, bearing in mind that 
it is not possible to exactly fit a curved 
surface to a set of planes such as shown in 
Fig . 4. 

Wi th the beneficial dead load condition the 
agreement is not as good and in fact has 
been made worse by the change in the dead 
load factor from 0.9 to 1.0 in the latest drai t 
of CP1 10. It is apparent that the worst 
discrepancies occur when the factored - up 
wind and live loads just exceed the factored ­
down dead loads and the resulting level of 
stress will then be quite low. Nevertheless 
the conclusion must be that CP110 is less 
conservative for this condition relative to the 
more common case of adverse dead load. 

Application of the method 

General 

The method can be applied in a number of 
ways, either directly or, alternatively, to 
derive sets of partial factors as described 
below. It must however be applied with 
some caution and attention is particularly 
drawn to the assumptions implied by the 
method as discussed above. 

Care must also be taken in deciding whether 
or not variables are statistically dependent as 
the standard deviation of the sum of two 
dependent variables is the sum of their 
standard deviations and not the root -sum ­
square as would be the case if they were 
independent. 

RATIO: CP110/P-METHOD 

Dead Load Beneficia l 

100%DL None 

None None 

0.32 - 7.86 - 0.38 

0.94 0.63 0.64 0.88 

1.00 0.98 0.96 0.96 0.90 0.97 

0.99 100%WL 100%LL 0.98 0.98 1.03 1.02 0.95 0.99 100%WL 
15 
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CP110 cal ibration ( Dead load adverse) 

W hen t his approach is used, particu lar 
attention shou ld also be given to the service­
ability limit states as it is possible tha t the 
'deemed-to-satisfy' provisions (e.g. the limit­
ing span/ depth ratios) in CPT 10 may not be 
adequate. 

Specific application 

The method can be applied directly to specific 
situations. It must, however, be realized that 
the results wil l be specific to those situations. 

Derivation of partial load factors 

When assessing appropriate partial factors 
using this procedure, values of S/ Sk and v5 

shou ld be assessed for the particular loading 
being considered. T he standa rd values 
should be used for any types of loading 
for which specific data have not been 
collected (for example, if data on the 
part icul ar imposed load to be used were 
Col lected, new values would be derived fo r 
S/ Sk and v5 from these data but the values 
above would be used for dead load and wind 
load) . 

Hav ing selected appropriate loading para ­
meters, Equation (7) can be used to generate 
values of Ru / S covering the full range of 
ratios, for example, of dead : imposed : 
wind load, t hat is of practical interest. 

Values of YI for each load type and fo r different 
combinations ca n then be determined by 
trial and error so that a ' best but conservative 
fit' is obtained over the whole range. 

Derivation of partial material factors 

Valu es for Ym ca n be derived in an analagous 
method to th at employed for YI but using 
Equation (4). 

Formu lae, der ived from design equa t ions, 
re lating the overall variability, VA , to the 
variabilities of the various parameters. ca n 
be derived explicitly in some cases. In more 
complex situations it may be more convenient 
to assess VA by use of a ' Monte Car lo' 
approach. 

As for YI, the approach should be to obtain 
values of Ru and VR over the expected 
range of va lues of t he various pa ramete rs 
involved in the strength prediction and then 
assess values for Ym which will give a 
'best fit' to Equation (4). Whenever possible 
the standard Ym values given in CPT 10 
shou ld be used for pa ramete rs fo r which no 
explicit assessment of variability has been 
made. 

Design strengths from prototype tests 

Th is app roach can also be used to determine 
ultimate strengths from the results of tests 
on specific elements (for example, the 
design by test of a particular precas t unit). 
In such cases a sufficient number of tests for a 
reasonable est imate of the coeffi c ien t of 

16 variation to be made shou ld be ca rried out by 

Fig. 5 
Office load ing v area ( Reproduced from 
BRE Current Paper3/ 71) 

engineers w ith relevan t experience usi ng 
suitable equipment. T he resu lt ing streng ths 
w ill app ly only to the particular unit con­
sidered. 

Appendix A : 

Statistics of live loads 

For the probability d istribution as shown in 
Fig. 1 for statutory live loads a convenient 
function is the Fisher-Tippett Type 1 
extreme va lue d ist ribution in which the 
probability P of a value S not being exceeded 
during the life t ime of the st ru cture is given by 

- e 
P = e 

a (S -- U) 
(9) 

in which U is the mode and 1 I "- is the dis-
persion. 

Rea rrang ing (9) 

S = U 1/rx loge loge(1 / P) (10) 

For the Type 1 distribution it can be shown 2 

that th e mean S and standard deviation CJ 
are given by 

s = u + 0 .577 
(11) 

" 
1.282 

(12) CJ = 
"-

Assum ing p - 0.95 when s Sk, then 
combining (10), (11) and (12) 

Si sk = 
., U + 0.577 

(13) 
"' U + 2.97 

v5 = CJ/ 5 = 
1.282 

(14) 
"- U + 0 .577 

It is apparent that Si sk and v5 depend solely 
on the value of ., u. In determining an 
appropriate va lue fo r ,.u i t is important to 
consider the shape of th e di stribution in the 
upper tail , i.e. for values in excess of Sk . 
Data relati ng to office loading is availab le in 
Reference 3 in which it is argued that 
account must be taken not only of th e 
measured varia tions but also of the effects of 
chang e of occupancy. 

In Fig . 5, which has been reprodu ced from 
Reference 3, office loading intensi t ies for 
95%, 99% and 99.9% probabilities are shown 
plotted against area loaded for the case after 
12 occupat ions and Fig . 6 shows the rat ios 
averaged for all areas to the 95% value, 
plotted against cumulative probability. Super­
imposed on the latter are the cu rves for 
,. u 1, 2 and 3 and in th e rang e o f particular 
interest (i.e. SI Sk in the range 1.3 - 1.6) good 
agreement is shown for va lues of 'l. U between 
2 and 3. Substitution in Equations (13) and 
(14) suggests that it would be reasonable 
to take t he fol lowing values : 

Si sk - o.55 Vs 0 .5 
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Appendix B: 

Statistics of wind loads 
Extreme values of win d can be expressed in 
terms of t he Fisher-Tippett Type 1 ex treme 
value distribution in which the probability 
P, of a wind speed V not being exceed ed in 
any one year is given by : 

- "- (V - U) 
- e 

P , = e 
(15) 

in which U is the mode and 1 I "' is the dis ­
persion. Th e product rx U is a funct ion of the 
wind climate and the values of S3 given in 
CP3: Chapter V: Part 2 Fig . 2, in fact, imply a 
constant value otU = 9 . 

If now the 360 arc is divided into n equal 
sectors (and assuming th ese are stochastic­
al ly independent). then if the proportion of 
the extreme winds th at occur in a sector at 
angle e is g ( 8) th en th e probability P2 of 
a velocity V not being exceeded in that 
sector in any one year is given by 

9(8) 
P2 = P, (16) 

The probability of V not occurring in N years 
(again assuming individual years are 
stochastically independe nt) in this sector is 
given by 

P3= P2N = e- Ng (O)e 
., (v U) 

(17) 

Defin ing th e 'charac terist ic load effect' as th e 
load effect when the 50 -year return period 
wind is ac t ing in th e most adverse direction 
( 0 = 0) for the member under consideration 
then the load effect S due to w ind veloc ity V 
acting at an ang le O is given by 

S = (Vl vs0 ) 2 Skf(O) (18) 

in wh ich the function f( 8) has a value 
between uni ty (w hen O = 0) and zero. 



Putting x - V / Vso 

then the total probability P of a load effect S 
occurring with winds from all directions in N 
years is given by 

n 
- N }:g(Oi)e "- U <XV50 Xi 

p - 1 e 1 (19) 

where x; = j[ S/ sk 
f(~i) J (20) 

The value of rxV50 can be found from Equation 
(15) thus 

rxV = rx U - loge loge (1 / P) 

rxV50 = " U + 3.9 (21) 

Equation (19) which represents a cumulative 
probability function (CPF) can be evaluated 
numerically and differentiated to obtain the 
corresponding probability density function 
(PDF) and typical results are shown in 
Fig. 8. 

In order to evaluate Equation (19) it is 
necessary to make some assumptions for the 
various parameters. 

For :xU a value .,_ u ~ 9 has been taken as 
this corresponds to general conditions in the 
UK. However, in eva lu ating Equation (19) 
it was found that the upper tail of the PDF 
is quite sensitive to large extreme wind 
speeds even though the implied probability 
is very low while it must be remembered 
that the avai lable wind data are based on, at 
most. 70 years of readings. An upper limit 
of a 1 OOO-year return period wind has 
therefore been taken (which corresponds to 
S/ Sk = 1 .52) as it is suggested that further 
extrapolations cannot be justified. Indeed, 
it is possible that even 1 OOO years is excessive. 

For the design lifetime of the structure, 
values of N = 50 and 100 years have been 
taken. 

For the function g ( 8) two cases have been 
considered 

Case I Equal probability of wind from all 
directions, i.e. g ( 0) = 1 / n 

Case II All the extreme winds occur in a 
90 °sector, i.e. 
g(()) = 4/n for - 45 °< 0< 45 ° 

= 0 otherwise 

The function f( 0) indicates how the load 
effect varies with angle from the critical wind 
direction. This will clearly depend on the 
shape of the building as well as structura l 
con figuration but can be convenient ly 
represented by a cosine function thus : 

f(O) = cosm() for 90 °< 0< 90 ° 
= 0 otherwise 

For example, for a circular building with a 
circu lar wind - resisting core the vertical 
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Wind loading. Functions f(O) and g(O) 

stress due to bending under wind loads will 
be given by m 1. For other situations m will 
be either greater or less than unity, the latter 
being more conservative . Values of m = 1 
and 0.5 have therefore been taken. 

The functions f ( 0) and g ( 0) are illustrated in 
Fig. 7. 

Having obtained the PDF, the mean and 
standard deviation can be obtained and 
se lec ted results are given in Table 4. 

Table 4 

N g( 0) m S/ Sk Vs 

50 Case I 1.0 0.818 0.210 
100 Case I 1.0 0.911 0.192 
50 Case I 0.5 0.860 0.203 
100 Case I 0.2 1.007 0.177 
50 Case II 1.0 1.005 0.174 
50 Case II 0.5 1.041 0.171 
100 Case II 0 .5 1.140 0.149 

There are however other uncertainties in the 
determination of the wind load acting on 
buildings besides that just due to the 
estimation of extreme wind speed, particularly 
for example in the variation of wind speed 
with height and in the force and pressure 
coefficients. Little information, however, is 
available at present regarding the accuracy 
of the values given in CP3: Chapter V, but 
opinion appears to be that they are generally 
somewh at on the safe side. These un­
certainties would thus tend to reduce 
S/ s k and increase v5 . 

Taking all these factors into account it seems 
not unreasonable for the present purpose 
and for design lifetimes in excess of 50 years 
to take the following values . 

S/ sk = 0.95 v5 - 0.2 

For design periods shorter than 50 years 
some reduction in load appears justifiable 
and the following have been obtained by 
comparing the values for N ~ 50 years and 
less. 

Table 5 

N Si sk Vs 

50 0.95 0 .2 
20 0.834 0.223 
10 0 747 0.240 

5 0.663 0 .257 

It is interesting to note that if the worst 
credible is taken as corresponding to three 
standard deviations then it corresponds 
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almost exactly to the 1 OOO-year wind. 
This as already argued above would seem 
intuitively to be quite reasonable. 

It should be noted that these values have been 
derived from UK wind data and may not be 
directly applicable to other wind climatee 
(i .e. for other values of r, U). In the absence 
of other information it is therefore suggested 
that v5 in these cases can be determined 
from consideration of the 50 and 1 OOO-year 
values. 

Appendix C 

Section strengths 

In this appendix, formulae are presented 
relating the ultimate section resistance Ru 
as given by CP110, the expected value R 
and the standard deviation of R to the 
variabilities of the constituent parameters 
for the cases of flexure , shear and direct 
compression. The results for the practical 
ranges of reinforcement percentages are 
shown plotted in Fig. 2 . 

(i) Flexure 

For members in bending the expected and 
design values of the resistance moment are 
given by 

R (1 + 1.64v5 ) A 5 fyd 

(1 + 1.64v5 ) J 
0.82T-----

cp 

A 5fy 

(22) 

Ru - -- d [1 0.82r Ymc J (23) 
Yms Yms 

where 

r = 
As l 
bd f C U 

The standard deviation of R is given by 

<JR = Rj[ v 2s + ( ~ ~ ) 
2 

1 0.82r 

(v 2 c + v 2s + v 2m)] (24) 

where v5 is the coefficient of variation of 
the steel strength (taken as 0.08). 

Ve is the coefficient of variation of 
the in situ concrete strength 
(taken as 0.12). 

cp is the ratio of the expected in 
situ concrete strength to the 
characteristic strength. 

vm is the coefficient of variation of 
the modelling formula for the 
concrete stress block (taken as 
0.15). 
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Taking the expected in -situ strength to be 
0.85 x expected cube strength and the 
expected cube strength to be 1.2 fcu-

<p = 0.85 x 1.2 = 1.02 

(ii) Shear 

For beams in shear the expected and the 
design resistance can be expressed in the 
form : 

ii - 021)[ 10

,:·· '''" ] 

+ Ysv (1 + 1.64vs) (25) 

Re + Rsv 

_ 0.27 j[ 100 As J 
Ru - - -- --- fcu 

Ym 3 bd 

Ysv 

where Ysv = 
Asv 

Sv b 

+ -- (26) 
Yms 

fy 

and Re and Rsv represent the contributions of 
the concrete and shear reinforcement respec­
tively. 

The standard deviation of R is given 
approximately by 

<T 2 R = R2c [vm 2 + (vcf3)2] + R 2svV 2s (27) 

The shear clauses 
for reinforced 
concrete in CP 110 

Robin Whittle 
History 
The origin of the shear clauses in CP 110 
centred on the work of the Shear Study Group 
in the mid-1960s. The Institution of Structural 
Engineers published their report 'Shear 
strength of reinforced concrete beams' in 
1969 5 . It made recommendations about 
permissible shear strength in ultimate limit 
state terms for beams, based on the analysis 
of many tests carried out all over the world. 
This report compared results of work ca rri ed 
out by Dr Regan at Imperial College, London, 
with research work from other parts of the 
world and presented a proposal for the beam 
shear clauses in CP 110. 

The Research Division of the Cement and 
Concrete Association was also closely linked 
to the work of the Shear Study Group and 
under Dr Rowe's direction produced many 
research reports and professional papers 
which have added a vital contribution of 
knowledge and back-up to the shear clauses 
of the code. In fact the early drafts of the 
design sections of CP 110 were produced 
almost entirely by the C & CA. 
Since its first publication in 1972 the code 
continued to be influenced by more recent 
research work. Th e main sources of thi s in the 
UK have been Dr Taylor at the C & CA, 
Dr Regan of the Polytechni c of Central 
London who has extended his researches on 
flat slabs, and Professor Long who, at 
Queen's University, Belfast, has carri ed out 
considerable work on the structural behaviour 
of slabs. 

Background to the shear clauses 

General 
The code committee (BLCP 80) spent much 
time examining the clauses proposed by the 
C & CA to assess the likely effect they would 
have on the design of new structures. This was 

18 complicated by the fact that they were written 

where Vs Ve <p are as defined above for 
fl exure 
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vm is the coefficient of variation 
of the modelling formu la for 
concrete beams in shear 
(taken as 0.10). 

(iii) Direct compression 

For columns in direct compression Fig. 1 of 
CP11 0 implies that the concrete stress at 
failure is limited to 0.67fcu - When, however, 
the strain is constant across the section it is 
reasonable to assume a higher expected 
value equivalent to the cylinder strength 
(taken here as 0.8feu). The expected and 
design section resistance expressed in 
terms of average stress are then given by : 

R = 0.8fcu <p + :~ fy (1 + 1.64vs) (28) 

Ru = 

Re + 
0.67 fcu 

Ymc 
+ 

As 
bh 

(29) 

The standard deviation of R is given 
approximately by 

cr 2 R = Re2ve 2 + Rs 2Vs 2 (30) 
where Ve Vs <p are defined above. 

A lower va lue for <p = 0.85 has been taken 
in this case to allow for the reduction in 
concrete strength that is acknowledged to 
occur in columns. 
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for the ultimate limit state in part ial safety 
factor format in addition to which, the results 
of new research were introduced in these 
clauses. 

The report of the Shear Study Group proposed 
a table of permissible shear stresses for varying 
percentages of tension reinforcement and a 
range of different concrete strengths. In 
general this gave a large reduction on the 
permitted stresses compared with CP 114, as 
shown in Fig . 1 . 

In accepting these proposals it was realised 
how important aggregate interlock and dowel 
action were to the shear resistance. Tests had 
been carried out by Dr Taylor to quantify 
this 7 •9 . He showed that for a typical beam th e 
relative proportions of th e three mechanisms 
of carrying shear were: 

Compressive zone 20 - 40% 
Aggregate interlock 33 - 55% 
Dowel action 1 5 - 25% 

Test Results by Bowen & V1est . Kam , Krefeld & Thurston , 
Ra,agopalan & Ferguson , and Subba Reddy 
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In order to assist with the assessment. one or 
two organizations, including Ove Arup and 
Partners, became involved with design checks. 
These not only helped to find inconsistencies 
but also exposed one or two major problems 
which had sti ll to be solved. 

One rather unwelcome discovery rather late in 
the preparation of the final draft was that the 
values in Table 5 were not based on the correct 
definition for material strengths as given in 
CP 110. This stated that the characteristic 
strength was that strength below which not 
more than 5% of the test results fall. In the case 
of the shear results they had been based on 
the mean val ue of the test results as shown in 
Fig. 2. In order t o achieve the correct definition 
the va lues of Table 5 should have been 
reduced by 20%. However, there was strong 
resistance within the code committee to 
reduce them further, in the knowledge that 
they were already much lower th an the 
CP 114 values. A compromise was reached in 
that for beams a minimum percentage of links 
was always required which was not accounted 
for in Table 5. For single and two -way slabs, 
shear was unlikely to be a design criter ion, but 
for flat slabs not only was shear li ke ly to be 
cr itical but the consequence of failure at one 
column could lead to progressive collapse. 
Hence for flat slabs a reduction of 20% on 
permitted shear strength was agreed. 

Beams 

A number of important conclusions resulting 
from the report of the Shear Study Group 
were in direct contradiction to CP 114. These 
were included in the c lauses for beams in 
CP 110: 

(a) The shear resistance of beams without 
shear reinforcement was c losely related to the 
amount of tension reinforcement present. 

(b) The shear resistance of beams without 
shear reinforcement was much less t han that 
assumed by CP 114. For low percentages of 
tension reinforcement it could be less than half 
that assumed by CP 114. 

(c) The shear resistan ce of beams with shear 
reinforcement still mobilized the full concrete 
shear strength. CP 114 assumed no concrete 
shear strength with shear reinforcement. Th is 
was unnecessa rily conservative. 

A further conc lusion concerned conce ntrated 
loads c lose to supports. The resu lts of tests 
with point loads on simp ly-supported beams 5 

showed that the shear resistance reduced to a 
minimum when th e point load reached a 
position abou t three times the effective depth 
from th e fa ce of the support, as shown in 
Fig . 3. The proposal for CP 11 O was conserva­
tive an d allowed the shear resistance to be 
increased by the ratio of 2d/a for point loads 
close to supports. For such conditions the 
fai lu re plane could become very steep and 
ve rti ca l shear links ineffective. Corbe ls were a 
prime example of this, where the point load 
cou ld be very close to the supporting structure. 
Horizontal links w ere in this case much more 
appropriate than vertica l ones, as shown in 
Fig. 4. 

A 'true' shear failure may be considered as 
impossible since concre te is as strong in shear 
as in compression . However, conditions may 
be such that the fai lure plane is forced to be 
very steep. This can ca use web cr ushing in 
beams an d, even when usi ng shear reinforce­
ment, there should be a limit to the applied 
shear. In CP 114 this was restricted to four 
times th e permissible concrete shear resistance. 
In CP 110 it was related to test results s, 22 . 

Table 6 gave the lim it for different streng ths. 

The use of bent -up bars was made more 
restrictive in CP 110, since littl e evidence 
existed of their suitability without accompany­
ing links. M ore emphas is was placed on th e 
bursting forces inside bends of reinforcement 
an d consequently the bends in such bars were 
usua lly of greater than standard radius. This 

10 . . 
••• -•. 

9 . • •.al 
:0: I 
•• 8 

• 
-'-• . 

•• .C• 

6 

v. 5 
v. 

3 

0 

Fig.3 

,. .. 
• • 
• 

\ 
\· 
\ 

: 
• 4 
• 
• • 
-• 
• • 
• 

i~ 

g 1 
• expenmen1 

--Codehne 

• • • \4. 

i' • : ! • 
' 

2 

a,/d 

• 
i , 

~~ 

3 

•• • L • I 

Concentrated loads near supports 

reduced the stra ight portion of the bar and the 
bar thus became less effective as shear rein ­
forcement for all but large beams. 

Slabs 

The shear resistance of slabs to CP 11 O 
followed the treatment for beams. However, 
one principle to which the code drafters 
wished strongly to adhere was the use of 
Table 5 for permissibl e stresses for all 
elements. This created an unforeseen problem 
in the early drafts when conside ring concen­
trated loads on slabs, and was of particular 
importance in the design of flat slabs. 

In the early drafts of CP 110 the critical 
perimeter for punching shear was considered 
to occur at a distance half the slab depth from 
the edge of th e loaded area following CP 114. 
Th e effect of the muc h-reduced permissible 
stresses of Tab le 5 was, of course, to reduce 
the shear capacity of the slab. Practi ca l 
examples ca rried out by th e author for Ove 
Arup and Partners showed that thi s wou ld 
dramatica lly increase the depth required, 
compared with the same design to CP 114. 
This was one of a number of occasions when 
the argument was put forward: 'Why should 
such a dramatic reduction in ca rrying capac ity 
be imposed when there had been no evidence 
that existing stru ctures w ere that unsafe?' . 

This resulted in further study of the test 
results, from which Regan showed that the 
natural ang le for the punching shear plane was 
about 20 ° to the horizontal. Th is is now 
recorded in CIR/A Report No. 89 ' 3 . As a 
result, th e cri t ica l perimeter w as chose n to be 
1.5 times th e slab depth from the face of the 
loaded area as shown in Fig . 5. The combina ­
tion of reduced permissible stress and a larger 
perimeter still provided a more conservative 
result than CP 114, but it was accepted by the 
code committee. 

One other factor taken into account for slabs 
was the effec t of sca le on th e shear capac ity. 
This resulted from research ca rried out by 
Leonha rdt 14 and Taylor 1 s. Th ei r tests showed 
that thinn er slabs fail at slightly higher stresses 
than thi cker ones. Accordingly Table 14 was 
introduced into CP 110 giving an enhance­
ment to the shear resistance of slabs thinner 
th an 250 mm. 

Flat slabs 

The shear c lauses for flat slabs in CP 110 were 
very different from those in CP 114 due to : 

(a) The adoption of the lower permissible 
stresses of Table 5, together with a larger shear 
perimeter 

(b) The further 20% reduction of the 
permissib le shear stresses as explained earlier 
(c) The introduction of a magnification 
factor for the shear force which was a function 
of the moment transferred from slab to 
column. This was the result of work carried out 
by Regan 1 3 • He found that the out-of - balance 
moment created in the slab from moment 
transfer at internal co lumns caused a reduc­
tion in the shear resistance. The formula f irst 
introduced in 1972 for the effective shear 
force was: 

Vett = V + 12.5M/ I 

where V represented the calc ulated elas ­
tic shear 

M represented the moment trans ­
ferred from slab to col umn 
represented the length of the 
shorter adjacent spa n . 

It was considered not necessary to apply this 
magnification factor where the ratio between 
adjacent spans was less than 1.25. 

The attempts at practical use of CP 110 soo n 
made it apparent that for slabs with unequal 
spans the magnification factor could rise to a 
value of 3 and over. This led to a very dramatic 
change in design for such slabs. The 20% 
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Limits for placing shear links 
around shea r perimeter 

reduction in permissible stresses alone neces ­
sitated the use of shear reinforcement, not 
previously required by CP 114, for many new 
structures. The added effec t of moment 
transfer for internal columns often caused the 
designed slab depth to be increased. Ove Arup 
and Partners, in reaction to this, prepared 
information gained from actual jobs and 
presented it to the code committee in 1974. 
This helped to stimulate the cha nges broug ht 
about in 1976. 

Practising engineers found the use of the new 
clauses of CP 110 much more complicated 
than those of CP 114 and often the slabs in 
question required shear reinforcement. The 
method of placing such reinforcement 
required new techniques and detailing. 
Although the handbook 6 to CP 110 gave 
recommendations for this, they were con­
sidered by some to be c lumsy and difficult to 
place . Ove Arup and Partners adopted a 
method using single leg links as shown in 
Fig. 6. Although this often involved a large 
number of links, it did not present any major 
fixing problems. 

Th e meth od given in CP 110 for the amount 
of reinforcement required for shear was based 
on the concept of checking successive peri­
meters 0 .75h from the face of the column. The 
nominal critica l perimeter was at 1.5h and if 
this required reinforcement. then the same 
amou nt was also required on the inner 
perimeter. Outer perimeters were then checked 
until shear reinforcement was not required. 

It was unfortunate that these c lauses led to a 
number o f misunderstandings. The fact that 
shear perimeters had round corners often led 
engineers to insist that the shear reinforcement 
be placed along this line. Fixing this reinforce­
ment became awkward when all the other 
reinforcement was detailed orthogonally. 
Each perimeter checked represented a failure 
plane for which reinforcement placed any­
where in the middle two thirds would be 
effective as shown in Fig . 7. 

Corbels, half joints and nibs 

CP 110 gave much more attention to the 
design and detailing of corbe ls, half joints and 
nibs th an previous British codes. Although it 
suggested that the design should be based on 

20 a simple strut and tie system, the depth of 

corbel at the face of support was determined 
by the new shear clauses for concentrated 
loads near supports. Thi s recognized th e 
increase of shear resistan ce as the failure 
plane became steep. Work by Somerville I o 
summarized the approach adopted by CP 110 
for corbel design and emphasized the import­
ance of horizontal links . 

For half joints the method for detailing 
followed proposals by Reynolds 23 . However, 
although analytically preferred, the detail 
given in CP 110 as shown in Fig . 8 met with 
co nsiderab le criticism because of the difficulty 
in fixing the reinforcement. The alternative also 
shown was more traditional , worked nearly as 
well and was easier to construct. It should be 
noted that any tendency to horizontal move ­
ments can drastically reduce the strength of 
such a joint. The provision of bar 'a' shown in 
Fig. 8 is vital in such circumstances. 

Amendments to shear clauses in 1976 

As a result of criticism from th e industry the 
code co mmittee, CSB 39 as it had now 
become, reconsidered the shear clauses for 
slabs. Although it was recognized that the 
subject of flat slabs required much closer 
scrutiny the following improvemen ts were 
made: 

(a) Table 14, Enhancement of Permissible 
Shear for Thin Slabs, was extended and 
increased. It now app lied to slab thicknesses 
less than 300 mm and rose to a val ue of 1.5 for 
slabs 150 mm thick or less. Th is represented an 
8% increase in permissible stress as compared 
with the 1972 version , but was stil l much more 
conservative than CP 114. 

(b) Where shear reinforcement was requ ired 
under concentrated loads, the allowance for 
the concrete shear resistance was altered to 
include the enhancement fa ctor of Table 14. 

(c) Two changes were made for flat slabs. 
The first was to alter th e 20% reduction of 
permissible stress to a factor of 1.25 on the 
appli ed shear force. Th e explanation for this 
factor given in the new c lause was to allow 
for non-symmetrical distribution of shear 
round the column. Although this was not the 
origina l intention for the factor it certainly 
made more logical sense to the user. Th e new 
c lause was also worded so that this factor did 
not ha ve to be used in addition to the magni ­
fication factor dependent on moment transfer, 
but only if it were greater. 

The second change referred to the moment 
tran sfer formula. The def initi on of I was 
altered to represent the longer instead of the 
shorter of the two adjacent spans. The 
justification for this change was based on the 
fact that th e formula was based on punching 
shear tests with eq ual spans. A co nservati ve 
approach for unequal spans had originally 
been chosen. 

Reinforcement detailing of nibs was critica l 
for th eir strength. Research by Clarke 1 2 

indicated th at the most effect ive detailing was 
as shown in Fig. 9a. However, common ly used 
details were as shown in Figs. 9b and c. Th e 
revisions to CP 110 in 1976 included an 
increase of shear resistan ce by a factor 2d / av 
as Clarke recommended. 
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CP 110 : 1981 draft for comment 

A number of further cha nges were made to 
the shear clauses in t h is d raft. They included 
the fo ll owing : 

(1) A new policy t hroughout the code was 
to give equations for design permissi bl e 
stresses showi ng how the material sa fety 
factors had been incorporated. The old 
Table 5 was now accompanied by t he 
equation for permissib le design shear stress 
Ve: 

0.27 ) 100A5 prov 
Ve = ---3 

Ym bwd 
w here Ym is take n as 1.25 
and fcu must not exceed 40. 

. fcu 

The just ification for the value of Ym was based 
on ca libration exercises carried out at the 
C & CA. 

The formula should provide engineers with 
useful information in ci rcumstances outside 
the normal design problem, e.g. determining 
the safety factor for an ex isting structure. 

(2) A furth er inc rease was given to t he shea r 
stress enhancement fac tor, I;. for thin slabs. 
This was now applicable for slabs less than 
500 mm thick and increased to 1.5 for slabs 
1 00 mm thick. 

(3) Instead of treating concentrated loads 
close to the supports as a special condition 
for the enhancement of shear strength, a more 
logica l approac h was g iven . This cons idered 
the enhancement of shear strength of sections 
close to supports for any type of loading . The 
failure plane was defined as extending from 
the face of support to the section considered 
as shown in Fig. 10. The same enhancement 
factor of 2d / av applied, but it could now be 
used for different purposes such as checking 
the amount of shear re inforcemen t required 
close to a support for any sort of loading 
conditions. 

This new approach made considerable 
difference to the way pile caps were checked 
for shear. Critical failure planes were chosen 
according to the position of piles as shown 
in Fig. 11 . In order to allow for inaccuracies of 
placing the piles, the failure plane was 
assumed to pass 1 / 5 of t he pi le size beyond 
the inner face as shown. It was now apparent 
that more than one failure plane should be 
checked. 

( 4) For slabs, the approach adopted for 
concentrated loads on beams was followed 
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with one or two differences. The cri tica l 
perimeter chosen for concentrated loads on 
slabs was cha nged from 1.5 times the depth 
to 1.5 times the effective depth of slab to be 
more in line with t he other shear clauses. Any 
perimeter checked inside this was accom­
panied by an enhanced shear resistance of 
1.5d / av as shown in Fi g. 12. This was not 
directly compatib le w ith beams since the 
distance 2d for beams represents t he top 
end of the failure plane, whereas 1.5d for 
slabs represents the position of perimeter 
about ~ up the fai lure plane. 

The method of calculating for shear reinforce­
ment in the new draft assumed rectangu lar 
perimeters. A lthough this might not be 
strictly correct it simp li fied the ca lcu lations 
and details. Zones were defined to indicate 
where shear reinforcement might be placed 
if it was required , as shown in Fig . 13. 

The new clauses removed the need to add 
shear reinforcement inside a perimeter 0.75d 
from the loaded face. This in effect ha lved 
the amount of shear rein forcement requi red 
previously (u nless o uter perimeters also 
required shear reinforcement). 

(5) The provisions for flat slabs were 
altered considerably due to proposals from 
Regan 1 3 and Long 1 7 , is _ The magnification 
factor due to moment transfer from slab to 
column was altered so that it was no longer 
a function of either of the adjacent spans but 
depended on the co lumn dimens ion perpen­
dicu lar to the spann ing direction. The effective 
applied shear stress, v, became : 

V 1.5M 
v = (1 + ---) 

ud Vx 

Nominal 
critical 
perimeter 

w here V 
M 

x 

u 

was the elastic applied shea r force 
was the moment t ransfer from slab 
to column 
was the length of the side of 
shear perimeter pa rallel to the 
axis of bending 
was t he length of shear perimeter 
cons idered. 

The just if icatio n for t h is cha nge was that for 
flexib le structures, such as norma l fl at slabs, 
the column size had more effect than the slab 
span on shear capacity. For stiffer structures 
the span had more effect. 

The c lauses in the new draft of CP 110 were 
not identica l to those of the CEB -F IP Model 
Code 19 but t here were strong simi lar iti es. 
Considerab le reference was made to it by t he 
working parties during the draft ing of the 
new clauses. 

Although CP 110 was presented very 
differently to the American Building Code, 
AC/ 318-77 20, it produced similar design 
solutions. 

Conclusion 
Shear c lauses of CP 110 have been under con­
tinuous scrut iny since they were first drafted, 
both in the practising and research fields of 
the industry. Though not perfect, they repre­
sent a much closer understanding of the be­
haviour of reinforced concrete than CP 114. 
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Structural 
causes of 
non-structural 
defects 
Poul Beckmann 
Inherent structural behaviour 

The majority of problems with non -structural 
building elements are probably caused by 
bad workmanship, closely followed by bad 
detail desig n and/ or speci fi ca tion of un­
suitable materials. 

There are however many non-structural 
defects which can be traced to the designer"s 
neglect of basic structural behaviour. 

Basic structural behaviour can in this context 
be expressed thus : 

No beam, slab or plate carries load 
without deflecting. 

No column, wall or strut carries load 
without shortening. 

No footing or pile carries load 
without settling. 

No component changes temperature 
without changing dimensions. 

No component changes moisture content 
without changing dimensions. 

No change of dimension is restrained 
without force. 

The first three types of movemen t generally 
have two components : an instantaneous (or 
nearly instantaneous) response to t he app lica ­
tion of load and a residual , grad ually 
stabilizing, long-term deformation under 
sustained (but not increasing) load. This 
latter phenomenon, called 'creep ' is often 
related to loss of moisture, e.g . in concrete, 
but not always, e.g. relaxation of steel wires. 

Temperature and moisture movements occur 
in two phases. First th ere is the once-a nd ­
for-all transition from conditions during 
construction to conditions in the finished 
building and then there are the never-ending 

22 fluctuations imposed by the environment. 
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It must, however. be remembered that the 
initial transition may take longer than the 
period of construction. Heavy structural 
members of dense concrete may take many 
yea rs to reach moisture equilibrium with the 
atmosphere and wil l, during that time, 
con t inue to shrink and creep ; or in other 
words : beams will continue to deflect and 
columns and walls will go on shortening, 
albeit at a dec reasing rate. 

The effects of 'improved' technology 

It is sometimes said that building problems 
arising from structural movements have been 
aggravated by modern technology. Th ere is 
some truth in thi s. 

Advances in materials technology have made 
it possible to produce materia ls of far greater 
strength than those used for construction 50 
years ago. but the inherent stiffness of a 
material does not increase in proportion to the 
strength. The yield strengths of commonly 
avai lable steels have been raised from about 
225 N/mm 2 (32,500 lb./ in .2 ) to 450 N/mm 2 
(65.000 lb./ in. 2) . but the stiffness. as meas ­
ured by the modulus of elastici ty (Young"s 
modulus) remains stubbornly at 200,000 
N/ mm 2 (29,000,000 lb./ in. 2) . The load­
carrying capacity of, say, a steel beam of 
given span and section is proportional to th e 
strength of th e steel. The deflection of the 
same beam is proporti ona l to the load it 
carries and inversely proportiona l to its 
modu lus of elasticity . Thus if we double 
the strength of the steel and succumb to the 
temptation to double the load on th e same 
beam we get twice th e deflection . For 
concrete the situation is not much better : 
the modulus of elasticity increases with the 
square root of the strength, so that for a 
given member. doubling the strength of th e 
concrete might enable twice the load to be 
carried at 40-odd % greater deflection 
initially; but the strength gain will have been 
achieved by using more cement and thi s 
will lead to increased shrinkage and creep 
which in turn will cause additional long-term 
deflections. 

The only way of reducing these deflections 
is to use a deeper beam. which often is what 
the use of stronger materials is intended to 
avoid! 
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Modern constru ction t echn iques also con ­
tribute to th e problems: 

Old buildings were usually constructed from 
materials of relatively low strength and the 
stresses in their structural parts were usually 
low so that the load-induced deformations 
in the superstru ctu re were sma ll. They were 
bui lt slow ly and the mortar in the masonry 
was slow in hard en ing and thu s permitted 
sett lement to occur without causing alarm ing 
cracks. 

Modern bui ldings have structures of relatively 
strong materials. and economic exploitation 
of the strengths generally results in load ­
induced deformations wh ich are not 
neg lig ible. Th e financial advantage of sho rt 
construction periods ha ve led to the use of 
fast-setting mortars and plasters which in 
response to structural movement are liable 
to crack rather than give. and rapid comple­
tion allows less time for settlement and 
moisture movement before the building is 
occupied . 

The communications gap 
and its consequences 

There is nothing new in what has been 
stated so far. and engi neers are taught about 
deflections. The trouble is that the engineer 
is often so busy making calc ulations to 
prove to the local authority that the paper 
design conforms to the code of practice, 
that he forgets that the deflections pe rmitted 
by the code may not be familiar knowledge 
to the architect. He consequently forgets to 
te ll the architect about these deflections 
and the other structural movements that are 
likely to happen and the architect as a result 
omits to make provision for structural 
movement when detailing the finishes. (It 
has to be sa id, unfortunately, that there are 
also some architects, who, if they were told, 
would not want to know). 

The results are only too well-known : 
Inadequate provision for structural movement 
invariably creates problems with adjacent 
non-structural elements. 

It foll ows that when defects in non-structural 
elements are caused by the behaviour of the 
structure. simple repairs wil l not be satis­
factory unless the cause can be proved to 

be no longer active. If this is not the case it 



will be necessary to carry out remedial works 
which wil l al low the structure to undergo 
its natural movements without causing 
damage or distress to the non -structural 
elements. W hat can N OT be done is to 
eliminate t he movements. 

For example: If cracking of block work 
partitions can be shown to be solely due to 
sh rinkage and creep deflection of the 
reinforced conc rete floor structure, t hen 
after a period of, say, five years, simp le 
plaster repa irs have a fair chance of lasting 
success. If, however, the cracking is caused, 
er aggravated, by seasona l thermal move­
ment of the roo f structu re, the partitions 
have to be separated from the roof, but 
often in such a way as to sti ll receive lateral 
restraint from it! 

The significance 
of observed movements 

Befo re specifying remedia l works, one 
shou ld however assess whether the amou nt 
of movement observed can be judged to be 
part of 'norma l structural behaviour ' or 
whethe r it may sig nify some se rious structural 
defect ca used by fau lty design or construc­
tion. 

There are no rea dy-made answers to these 
quest ions. The design codes state certain 
limi ts, but w ith qua lifications which can be 
interpreted by the des ign engineer to allow 
larger deflect ions if he sees f it to do so. 

CP110: 1972 'Th e stru ctural use of concre te· 
c l. 2.2.3 .1. states fo r instance: 

·Th e f inal deflect ion .. . shou ld not, in general, 
exceed spa n/250.' 8 5 449: 1965 states T he 
max imum defl ecti on due to loads other than 
t he we ight of structural f loo rs, or roof, 
stee lwork and casing sha ll not exceed 1 /360 
of the span.' 

In th e case of CP11 0 t he fina l defl ection is 
assumed to inc lude effec ts of temperature, 
c reep an d shrinkage, but not t he poss ible 
beddi ng- in of the formwork props wh ich 
may add 5- 1 Omm U,in.-ii n.) to the observed 
midspan sag. 85449 does not limit deflect ion 
due to the own weight of the structure and 
hence provides no da tum fo r comparison 
wi th observed, total. deflect ions. Neithe r 
documen t ment ions shortening of co lu mns 
or stanchions. 

As a roug h guide it cou ld be said that it 
would be prudent to call for a structural 
appraisal by an engineer. if measured 
deflections approach or exceed 1 / 1 50 of the 
span, even if nothing else untoward has been 
observed , and similarly if there are indications 
that columns have shortened more than 
3 mm (-kin.) in a normal 2.5-3.0 m (8ft.- 10ft.) 
storey height. 

The significance of the widths of cracks 

With regard to the widths of cracks which 
should prompt the invol vement of an engineer, 
the position is equally vague. A note of 
warning must however be sounded aga inst 
uncritical adoption of the c lassification 
table given in BR E Current Paper CP61 / 78. 

The figures are on ly acceptable if 

(a) the cracking is not indicative of, or 
coincident with. inadequate tying to ­
gether of th e building, 

(b) The movement has attained its maxi­
mum extent. does not show signi fi can t 
seasonal variations, and can be shown 
to be due to a cause w hich is no longer 
active. 

Neglec t of (a) will leave th e c li en t with a 
building of inadequate structural integrity, 
liable to suffer disproportionate damage as a 
result of relati ve ly minor acc idental over­
loads. Neglect of (b) will result in reappear­
ance of cracks after completion of repairs . 

Whilst the structural integrity ca n usually be 

ascertained, 'instantly', by inspection (even 
if it may require removal of some finishes), it 
may require measurements, sometimes over a 
very long period, to prove or disprove 
ongoing movement and gauge its significance. 

(Certain c lay soils. such as that at Basildon in 
Essex. undergo very substantia l moisture 
movements in their upper 3-4 m following the 
11 -year cycles of alternating very wet and 
rather dry summers, corresponding to the 
sun-spot cyc les. In such a case, mere 
observation of structura l movement over a 
period of 2-3 years corresponding t o a 
maximum or a minimum cou ld lead to a 
mistaken conc lusion that movement had 
ceased for good.) 

The two most effective types of measure­
ments are: crack width variation measure­
ments and precise leve lling . The necessary 
accuracy is not too difficult to achieve and 
instruments and measuring points are fairly 
robust an d simp le to use, w hereas plumb 
bobs are slow an d laborious and electronics. 
such as strain gauges, requ ire expensive 
'black boxes ' and vulnerable wires. 

A word of warning about leve l measurements : 
It is fair ly easy to measure re lat ive vertica l 
movement and this is all tha t matters when 
considering superstructure damage. It is, 
however, sometimes very diffic ult to ascertai n 
what is going up an d what is go ing down, 
without instal ling very expensive bench­
marks, fixed deep into stable strata, and 
when it comes t o dec ide on remedia l works. 
t he d ifference cou ld be cruc ial ; settl ement 
might be cured by underpinn ing the part 
that appea rs to go dow n- heave defini te ly 
ca n NOT. 

Examples of brickwork defects due to 
normal behaviour of reinforced concrete 
frames 
Colu mn shorten ing wi ll pinch brickwork 
un less a horizonta l compression j oint is left 
at the top of each sto rey height. This jo int 
means that the brickwork w il l not be ade­
quate ly he ld aga inst windforces un less specia l 
provisions are made. 

When a continuous ful l height brick face is 
created by letting the brickwork overhang the 
support ing boot- linte l/s lab edge and covering 
this with slip ti les, the cumu lative effect 
of normal inaccuracies of construction are 
such that attempts at making the brick face 
true to plumb and line wi ll result in inadequate 
bearing for the full bricks. 

Wire ties. cast into concrete members, to be 
bent out and bedded into the brickwork 
joints, are very often never seen again. 

When, due to frame inaccu rac ies, cavity ties 
have to span abnormal ly wide cavities. th ey 
need to be extra long, which they normally 
aren't, so they don't. 

If the frame has a movement joint and the 
externa l wall hasn't. something has to give 
and it does! 

Concrete creep and brick 'swe lling' come to an 
end, but temperature movement (esp. of 
'black' bricks) go on for ever, and will in 
due co urse create pinching if creep and 
swe lling have c losed the compress ion joints . 

Example of partition cracking caused 
by norma l deflections of the structure 

Somebody, somewhere. had some offices 
on th e first floor of a two-storey building. 

An architect had drawn th e plans and eleva ­
tions. A consu lting enginee r had designed the 
structure. 

The roof stru cture co nsisted of steel beams 
spanning right ac ross the building between 
peripheral co lumns, whilst th e first floor was 
a coffered slab supported on a central row of 
columns as well as on th e peripheral columns. 

Study of th e available information indicated 
that the architect had shown the thickness 
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Non-structura l damage from 
norma l structu ral behaviour 

and type of partitions on his plan, and the 
consu lting engineer had designed the first 
floor slab to carry an equivalent, uniformly 
distributed load in addition to the other 
finishes and the live load. He had not been 
asked to provide any lateral restraint to the 
tops of the partitions and the architect had 
not drawn or specified any means of bracing 
the top of the block walls. There was no 
reference to the deflection of the roof beams 
on the engineer's drawing or anywhere else. 

The builder, in the absence of any instructions, 
pinned the blockwalls to the soffits of the 
roof beams, wherever he could, so as to 
provide at least some stability. 

The roof beams, instead of spanning clear 
across the width of the building were, by 
the pinning up process, given intermediate 
support on the partitions ; the partitions 
transferred roof load on the first floor slab 
which was not designed for it ; the first floor 
slab deflected too much and th e partitions 
cracked badly. 

A trivial serviceability failure, on the face of it, 
but one which has caused the building user 
much inconvenience as a consequence of the 
necessary remedial works. It could have been 
avoided by better communication between 
the architect, the engineer and the builder, 
assuming that th e engineer would have 
become aware of the way the roof beams 
were going to behave if the block partitions 
were built hard up under them. 23 
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