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Strengthening of 
existing filler 
joist floors 
Norman Beaton 
This paper was given at 
THE ARUP PARTNERSHIPS 
seminar 'Innovation in practice', 
November 1983. 

The problem 
M E P C Ltd. developed the s i te now occup ied 
by the B P C L headquar ters in B u c k i n g h a m 
P a l a c e Road . A s part of the planning 
permiss ion to develop they had to 
redevelop the s i te occup ied by a building 
ca l led Chan t rey House . T h i s project set 
A rups an unusua l problem in 1975. The 
bui lding f acade w a s ' l i s ted ' and the cl ient 
needed to develop the s i te commerc ia l l y . 
Th i s involved opening up a load-bearing 
wal l bui lding and providing f loors that 
could support an enhanced imposed 
loading for o f f i ces . 

The bui lding w a s cons t ruc ted around 1910 
a s f la ts , but had subsequent l y been used a s 
o f f i ces by severa l sma l l f i rms. The ex is t ing 
s t ruc ture of the bui lding w a s bas i ca l l y steel 
fi l ler jo ist f loors with breeze concre te infil l 
supported on load-bearing brick wa l l s . 
Our init ial invest igat ions of the ex is t ing 
f loors sugges ted that the a l lowab le 
imposed loading that the f loors could 
sus ta in w a s in the region of 1.5 to 3 .5kN/m 2 

which w a s cons iderab ly l ess than the 
5 .0kN/m 2 required by the c l ient . 
When the ex is t ing t imber floor cover ing w a s 

removed, the top f lange of the fi l ler jo ist 
w a s found level wi th the top of the breeze 
concre te , present ing a fire problem. 
Alternative solutions 
Ini t ial cons idera t ion w a s given to gutting 
the bui lding, and leaving the ex terna l w a l l s 
in p lace. T h i s w a s thought, however, to be 
an expens ive and s low cons t ruc t ion . 
The a l ternat ive of rep lac ing the internal 
load-bearing w a l l s with a s tee l f rame and 
somehow st rengthening the ex is t ing f loors 
seemed a more a t t rac t ive proposi t ion. T h e 
load-carry ing capac i t y of the fil ler jo i s ts 
cou ld not be i nc reased by introducing 
intermediate suppor ts b e c a u s e of the lack 
of head-room, the need to air-condit ion the 
bui lding, and the genera l c i rcu la t ion 
requi rements. 
The proposal 
If the ex is t ing t imber floor w a s rep laced by 
concre te , we bel ieved we cou ld just i fy the 
ex is t ing fil ler j o i s t s by us ing them in 
compos i te ac t ion wi th th is concre te , f irst 
having reduced the s t r e s s in the fil ler j o i s t s 
by propping them at mid-span. T h i s would 
a l so provide the required fire r es i s t ance . 
Our approach 
We a s k e d around in A rups to see if th is sort 
of thing had been done before, but much to 
our su rp r i se it had not. We therefore 
embarked upon p rocedures to es tab l i sh the 
viabi l i ty of the proposa l . 
The f irst thing we did w a s to talk to the 
Distr ict Surveyor and get h is init ial 
reac t ion . In pr incip le the proposal w a s 
accep ted but he felt that an a l lowab le 
s t r e s s in the s tee lwork for bending of 
100N /mm 2 w a s more appropr ia te than the 
125N/mm 2 we had a s s u m e d . He w a s wi l l ing, 
however, to be conv inced later on th is 
point. 

We agreed that the only way to be cer ta in 
w a s to car ry out a test ing programme on 
the s tee l to determine i ts strength and 
weldabi l i ty . T h e level of tes t ing w a s set at 
samp l i ng 2 1 / 2 % of the number of f i l ler 
j o i s t s , inc lud ing random in s i tu ha rdness 
tes t ing. 
The resul t of th is test ing w a s that the s tee l 
w a s found to be of a we ldab le and 
cons i s ten t qual i ty. The y ie ld s t r e s s of the 
s a m p l e s var ied from 2 3 0 N / m m 2 to 
3 2 4 N / m m 2 wh i ch compared favourably wi th 
the m in imum guaranteed yield s t r e s s of 
2 5 5 N / m m 2 for present day Grade 43 s tee l . It 
w a s agreed wi th the Distr ict Surveyor that 
we would use present day s t r e s s e s reduced 
by 1 0 % . T h i s gave an a l lowab le s t r e s s in 
the s tee lwork for bending of 149N /mm 2 

w h i c h w a s greater than we had f i rst 
a s s u m e d , and conf i rmed the viabi l i ty of the 
s c h e m e . 

A deta i led survey w a s then carr ied out of 
the va r ious s i z e s of fi l ler jo ist related to 
s p a n , so that we could determine by c a l c u l a 
tion the amount of j ack ing to the ex is t ing 
fi l ler jo ist that w a s required. 
The loads ant ic ipa ted in the jack ing s y s t e m 
were s m a l l , but we were uncer ta in how 
much addi t iona l load-carry ing capac i t y 
would be needed to overcome the locking 
e f fec t of the breeze concre te . There w a s a 
large amount of shor ing and jack ing 
required, and a s we were looking for the 
most s imp le and economic so lu t ion. Acrow 
props were the sort of thing we had in mind 
but due to their l imited load capac i t y on 
s torey height l i f ts and the unknown load 
that may be imposed in the props, we 
dec ided to car ry out a test us ing hydrau l ic 
j a c k s . The test proved that the locking 
e f fec t would i nc rease the load in the prop 
by 6 0 % over and above that ca l cu la ted . The 
cen t res of the props were ad jus ted 
accord ing ly . 

The construction 
The s e q u e n c e of const ruc t ion adopted for 
one bay of s l ab w a s : 
(a) We ld shea r s tuds to the top f lange of the 

f i l ler j o i s ts . 
(b) T a k e p rec ise levels of the top of the fi l ler 

j o i s t s . 
(c) J a c k up the floor s l ab the required 

amount . 
(d) Lay m e s h on top of the ex is t ing s lab . 
(e) C a s t a 75mm thick concre te topping. 
(f) Deprop after seven d a y s or when the 

concre te reached a st rength of 1 3 N / m m 2 

At f irst the cont ractor w a s nervous about 
car ry ing out the work, but af ter exper ience 
did it s u c c e s s f u l l y and with con f idence. T h e 
t ime taken to d e s t r e s s a bay of s l a b s w a s 
between 1 and 2 hours. 
Problems that arose and points to note 
The main problem w a s def in ing the 
boundar ies for propping due to the ef fect of 
the lock ing ac t ion of the breeze concre te 
and the need to mainta in support to the 
ex te rna l wa l l s . T h i s w a s overcome by 
cut t ing out breeze concre te when the joist 
ran para l le l to ex terna l wa l l s and 
subsequen t l y rep lac ing it wi th re inforced 
conc re te af ter the s t rengthening operat ion 
had taken p lace . 
Great c a r e w a s needed to ensu re that the 
props were p laced vert ical ly , were in good 
condi t ion, and were not bent. Al l t hese 
points would have reduced their load-
car ry ing capab i l i t i es . 
Conclus ions 
The bui lding h a s been comple ted for some 
three y e a r s and h a s operated sa t i s fac to r i l y 
wi th no s i g n s of d i s t ress . G iven the s a m e 
s i tuat ion aga in , th is form of s t rengthen ing 
of ex i s t i ng fi l ler jo ist f loors shou ld be 
ser ious ly cons ide red . 
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Fig. 1 
Genera l v iew of 
Chant rey House 
(Photo: 
Norman Beaton) 

Fig. 2 
• Strengthening 

of ex is t ing floor 
(Photo: Cour tesy 
of Bov i s Ltd.) 
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The design 
A number of p lanning s tud ies , supported by 
models , showed that the only sens ib le way 
to reduce the bulk of the new building and at 
the s a m e t ime concea l a s many c a r s a s 
poss ib le , w a s to plan the o f f i ces around a 
cent ra l cour tyard . Th i s reduced the height 
general ly to f ive s to reys and a l lowed a 
degree of model l ing on the facade wh ich 
w a s in s c a l e with G a t e w a y House . Wi th two 
levels of car parking below, the main floor 
w a s approx imate ly level with the ground at 
the en t rance to the s lop ing s i te. 

Ex te rna l l y , the two bui ld ings acqu i red a 
fami ly r esemb lance but, internal ly, they 
could hardly have been more di f ferent. 
W h e r e a s G a t e w a y House had an outward-
looking p lan, wi th the ch ie f cha rac te r i s t i c of 
ex terna l l andscaped te r races , G a t e w a y 2 
f o c u s s e d inwards to a large s p a c e , wh i ch 
had the potent ia l to be g lazed over to form 
an a t r ium. 
The a t t rac t ions of the at r ium solut ion were 
obv ious - a major ameni ty cou ld be provid
ed without adding to the g ross a rea , energy 
consumpt ion cou ld be reduced b e c a u s e 
there w a s l e s s ex terna l s u r f a c e area and , 
above a l l , there w a s scope for cons iderab le 
a rch i tec tu ra l d rama. 
The sheer s ize of the a t r ium invited the use 
of f ree-standing co l umns to support the 
roof, wi th pedest r ian ga l le r ies spann ing bet
ween at every level . T h e s e ga l le r ies great ly 
reduced the c i rcu la t ion d i s t a n c e s around 
the bui lding when connec ted wi th the 
enc losed s ta i r co res , and provided the loca
tion for two groups of g l a s s l i f ts. 

T h e immedia te cha l lenge to convent iona l 
w isdom, however, w a s to sugges t that the 
at r ium would not add to the overal l cos t . 
T h i s in turn meant that natura l vent i lat ion 
would have to work in a bui lding 50m a c r o s s . 
Both a s p e c t s are d i s c u s s e d in detai l later. 

Wiggins Teape as developer 
T h e au tumn of 1980 co inc ided with a 
deepening of the r e c e s s i o n wh ich a f fec ted 
al l s e c t i o n s of industry, inc luding paper. 
During the preceding year , Wigg ins T e a p e ' s 
s ta f f in G a t e w a y House had reduced in 
number from about 800 to 550 and they had 
a large amount of under-used s p a c e . When 
the out l ine des ign for the new development 
w a s presented to Wigg ins Teape in J a n u a r y 
1981, they s a w in G a t e w a y 2 a bui lding bet
ter su i ted to their current s i ze , combined 
with the opportunity to genera te subs tan t i a l 
investment cap i ta l . The formula dev ised by 
Strut t and Parker enab led Wigg ins Teape to 
take up their opt ion on the s i te and become 
the deve loper /occup ier of G a t e w a y 2. T h e 
va luab le f reehold of G a t e w a y House w a s 
sold to a pens ion fund for a s u m wel l in ex
c e s s of the development c o s t s , providing 
Wigg ins T e a p e with funds for investment in 
the paper industry during a t ime of f inanc ia l 
s t r ingency . 
T h i s had major des ign imp l ica t ions , such a s 
the addi t ion of res taurant and soc ia l 
fac i l i t ies , a board room, a computer su i te 
and so on. Most important of a l l , the pro
g ramme d ic ta ted by the property t ransac 
t ions a l lowed only 18 months for cons t ruc
t ion, a s s u m i n g a start on s i te in J u n e 1981. 

Fig. 3 
The at r ium 
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Fig. 4 
Air movement : summer 

: 2 = 3 £ = 2 < = j " 

: • : 

Fig. 5 
Air movement : winter 

Natural ventilation 
The stack effect 
With little t ime for r esea rch , a computer 
model developed by the Mechan ica l and 
E lec t r i ca l Development Group predicted the 
a i r f low c h a r a c t e r i s t i c s of the at r ium. It con
f i rmed that there would be suf f ic ien t height 
and temperature d i f fe rence for air to f low 
natura l ly upwards , when the w i n d o w s 
around the per imeter were open. Provided 
there were open ings in the roof, the ' s t a c k 
e f fec t ' wou ld draw f resh air a c r o s s the of
f i ces from outs ide, even on a hot st i l l day. 

It t ransp i red that natural vent i lat ion w a s not 
only poss ib le but would be improved by the 
p resence of the at r ium wh i ch , by virtue of 
openable roof vents , would provide a degree 
of contro l not normal ly ava i lab le in natura l ly 
vent i la ted bui ld ings. Of cou rse , indiv idual 
control of the vent i lat ion rate would be 
poss ib le by opening or c los ing the o f f i ce 
w indows . 

The cost equation 
Phi losoph ica l l y , the low-energy, sel f-reg
ulat ing envi roment w a s very a t t ract ive - an 
advanced bui lding type cou ld be made to 
work through the m in imum use of tech
nology - but in cost te rms, the s impl ic i ty 
and economy of natural vent i lat ion were 
fundamenta l . Cap i ta l and energy-con
suming plant had been avoided and storey 
heights reduced due to the a b s e n c e of duct
work, leading to a bui lding m a s s wh ich w a s 
compac t and ef f ic ient . Fur ther , the cos t of 
the a t r ium roof, s tee lwork and g l a s s l i f ts 
w a s more than of fset by the sav i ngs over a 
t radi t ional l ightwel l so lu t ion . 

Detailed design of the ventilation system 
The s u c c e s s of the natura l vent i lat ion con
cept depended on a number of re f inements 
wh ich were largely the resul t of the com
puter s imu la t i ons . F i rs t ly , the window open
ings fac ing the atr ium were to i nc rease in 
s ize on the upper f loors to ensu re that air 
would a l w a y s f low from the outs ide to the 
at r ium, not the reverse. Second ly , e x c e s s i v e 
heat ga ins in summer were to be avoided 
wi th in the o f f i ce s p a c e by m a x i m u m use of 
natura l light, permanent s u n s h a d i n g on the 
exter ior f acade and t inted g l a s s . Third ly, the 
concre te s t ruc tu re w a s to be e x p o s e d within 
the o f f i ces , so that the thermal m a s s could 
help reduce ex t remes of temperature. Four
thly, there had to be a min imum of 1 3 0 m 2 of 
opening ven ts in the roof. 
The pneumat ica l l y operated roof ven ts were 
spl i t into s i x zones to ca te r for vary ing 
weather cond i t ions or vent i la t ion re
qu i rements and , a l though al l ven ts have 
been l inked to the fire a la rm s y s t e m , they 
are genera l ly contro l led from the bui lding 
automat ion s y s t e m in the main p lantroom. 
Radiant underf loor heat ing w a s ins ta l led in 
the at r ium to supp lement the heat ga ined 
from the o f f ice s p a c e dur ing the winter 
months and to keep down-draughts wel l 
above the main floor level . E l s e w h e r e in the 
bui lding, the computer su i t e ' s heat rec la im 
ch i l le rs provided free background heat in 
the at r ium 24 hours a day, adding another 
s tab i l iz ing in f luence to the energy cyc l e . 
Tempera ture s t ra t i f i ca t ion in the at r ium, 
wh i ch w a s to be expec ted in summer , h a s 
been conf ined to a hot layer immediate ly 
above the h ighest storey. 

Fire safety 
Clear ly , the pr incip le of natura l vent i la t ion 
with an at r ium had the potent ia l to a f fec t al l 
f loors in the event of f ire. In grant ing ap
prova ls and re laxa t ions , the att i tude of the 
control l ing author i t ies w a s governed by the 
sa fe ty c h a r a c t e r i s t i c s inherent in the b a s i c 
des ign . The most important of these were: 

(1) G a t e w a y 2 w a s a s imp le of f ice bui lding 
and a low-to-normal r isk. 

(2) T h e at r ium w a s res t r ic ted to c i rcu la t ion 
only and w a s not mul t i -use. 

(3) E s c a p e routes were whol ly indepen
dent of the at r ium. 

(4) E s c a p e d i s t a n c e s were wel l ins ide the 
permit ted m a x i m u m . 

(5) It w a s not poss ib le to enter the a t r ium 
without pass ing the e s c a p e s ta i r s in 
the protected s h a f t s . 

(6) The protected s h a f t s served a s f ire 
b reaks in the internal co rners of e a c h 
floor. 

In theory it w a s a s s u m e d that smoke would 
enter the atr ium a s if the f loors were open-
s ided but the f inal w indow des ign a l lowed 
only 1 4 m 2 of opening on to the atr ium from 
any one compar tment . T h i s compared with 
1 3 0 m 2 of opening ven ts in the at r ium roof, 
and a reservoir vo lume of 25,000m 3 . 
For these r e a s o n s , the addi t ional re
qu i rements of the va r ious author i t ies were 
rest r ic ted to smoke detect ion throughout 
the bui lding, au tomat i c opening vents in the 
at r ium roof and the adopt ion of a s ingle-
s tage a la rm and evacua t ion procedure. 
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Case 1 • s— * Case 2 

Fig.B5 
Annu la r sec to r 
areal source 

Fig.B6 
Bi- l inear 
magni tude 
occu r rence 
re la t ionship Case 1 

Case 1 H Case 2 • Case 3 

Case 2 

Mb 

Case 3 

for an a rea sou rce v = average annua l number per unit 
a rea 

C b. i*
: • p/1 v 

C 2 = 0 if equation B1 holds 

C 2 = e " < M ' Mo> if equation B 2 holds 

G , G 2 are geometry fac to rs depending on the shape of the source , 
and are def ined below. 

Geometry factors G, and G 
G., and G 2 are now given for three bas i c geometr ies of source , 
though F i g s . B6 to B8 show how other geometr ies can be derived 
from the b a s i c ones . 

Point source (Fig. B2(a)) 

G , = (R + c) " * * G 2 = 1 (B4) 

Line source (Fig. B2(bj) 

G , = (2/ar)Q[y. ro/d.c/d) G 2 = 2dH'o/d) 2 - 1 (B5) 

s e c " r & d 

where Q[y. frVd. c/d] = 
sec-1 e an 

(sect* + c / d ) 1 " 
, wh ich c a n either be 

eva lua ted by numer ica l integrat ion, or can be read off F ig . B3 . 

Annular source (Fig. B2(c)) 

Z t / / d + c V ' \ 2 * c / / d + c \ \ (B6) 
G ' (y- l ) (d+c)>- ' 

G ^ ^ d ^ f r o / d ) 2 - 1) 

V V ° + c / / '/<a ^ c ) v \ V 0 + c 7 / 

Quantifying Return Periods 
It c a n be s h o w n that the fol lowing equat ion holds 

1 I y - v ( d G , y C 2 G 2 ) (B7) 

T h i s approx imat ion is su f f i c ien t ly a c c u r a t e f o r T v > 2 0 y e a r s , and 
(M 1 - M 0 ) > 2 provided that 

(i) y>y , = b , e w M o ( d + c) M (B8) 

T h i s condi t ion s a y s that Equat ion B7 only holds for acce le ra t i ons 
greater than that produced by the lower bound ear thquake ac t ing 
at the nearest point on the sou rce from the s i te . To deal 

& C 2 . 

(ii) y < y u = b , e c c) (B9) 

T h i s condi t ion s a y s that Equat ion B7 does not hold for 
acce le ra t i ons higher than that produced by the max imum 
credib le ea r thquake ac t ing at the far thest point on the source 
from the s i te . 

To deal with larger acce le ra t i ons . rQ must be lowered: ie. that part 
of the source wh ich can ' t produce at least y u must be neg lected. 
For a point source , of course , y is the abso lu te m a x i m u m 
acce le ra t ion , and there is no r isk of its being exceeded . 

Combination of sources of different types 
The overal l contr ibut ion to ear thquake hazard from a number of 
di f ferent sou rces can be added together to produce the overal l 
hazard . Equat ion B7 then becomes 

for n s o u r c e s 1 T y ^ T v . l C ^ G i C 2 | G 2 | ) (B10) 

By th is means , s i t es a f fec ted by a combinat ion of point, l ine and 
annu la r s o u r c e s c a n be ana lyzed . A l so , di f ferent sou rce 
geomet r ies (F i gs . B 4 - B 5 ) or di f ferent magn i tude /occur rence 
l aws (F ig . B6) can be model led. 

APPENDIX C 
Determination of factor A v from A T C 3.06 2 

A s d i s c u s s e d in the main part of the ar t ic le, the p rocedures 
proposed by A T C 3.06 include a factor A v to a l low for the long 
period e f fec t s of d is tant , large magni tude ea r thquakes . A T C 3.06 
g ives va lues of A v for s i t es in the U S A : the fol lowing approx imate 
procedure is recommended for s i t es e l sewhere . The procedure is 
based on informat ion given in the commentary to A T C 3.06. 
(1) In reg ions where loca l ea r thquakes have the predominant 
e f fec t on peak ground acce le ra t i ons , take A a = A y . S u c h s i t es 
c a n be def ined a s those where the removal of a d is tant sou rce of 
ea r thquakes h a s little ef fect on the computed value of A a . 
(2) Where a sou rce more than 100 km from the s i te h a s a 
s ign i f i cant e f fect on the s e i s m i c hazard of the s i te , the peak 
ground acce le ra t ion A d " should be ca l cu la ted at the cent re of th is 
d is tant source . 
(3) If the source is near a tecton ic plate boundary, and the region 
is thought to be s im i la r to Ca l i f o rn ia , A v at the s i te shou ld be 
taken a s 

A v A j * 
2 D 130 (C1) 

where D is the d i s t ance in k i lometres from the s i te to the nearest 
point on the d is tant source . 
(4) If the source is in an intraplate region s imi lar to the mid-west 
and eas tern s ta tes of the U S A , take 

or A . 

2 D 130 

A ' 

2 / D • ' 3 
' ?60 

for D < 130 

for D > 130 

(C2) 

(C3> 

(5) A should never be taken a s l ess than A at the s i te. 



S i te 

(a) Po in t source 

(b) L i n e source 

S i te 

(c) A n n u l a r source 

Fig.B2 
Ear thquake s o u r c e s at depth h 

Definition of Symbols 
a, b 

b 2 , b 3 

c 
d 

M 
M 

' y 
y 

y 

C o n s t a n t s in magn i tude /occur rence re la t ionship 
(Equa t ions B1 and B2) . 
C o n s t a n t s in a t tenuat ion re la t ionsh ip (Equat ion B3) . 
Cons tan t in a t tenuat ion re la t ionship (Equat ion B3). 
D is tance from s i te to nearest point on sou rce 
(F ig . B2(b) and (c)) 
Ea r thquake magni tude (e.g. on R ich ter sca le ) 
L o w e s t e a r t h q u a k e magn i t ude of eng inee r i ng 
s ign i f i cance 
Larges t credib le ear thquake magni tude 
Average number of ea r thquakes e a c h year with a 
magni tude exceed ing M. N is ca l cu la ted per unit 
length for a l ine source , and per unit a rea for an a rea 
source 
D is tance from s i te to ear thquake focus (F ig .B2(a) ) 
D is tance from s i te to far thest point of source 
(F ig . B2(b ) and (c)) 
Return period cor respond ing to a s i te response y 
R e s p o n s e at s i te (eg peak acce le ra t ion or veloci ty) 
Lower bound response , from Equat ion B8 
Upper bound response , from Equat ion B9 

T h e fol lowing addi t ional s y m b o l s are now def ined 

/ } = bin 10 

y = ^ ( b 3 / b ? ) - 1 

v = 10 a O M o 

for a point source 

for a l ine source 

average number of ea r thquakes 
per year with a magni tude of at 
least M Q 

average annua l number per unit 
length 

Fig.B3 
Numer ica l 
va lues of Q 
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Erec t ing the ex te rna l cur ta in wal l ing 

Fig. 8 
Genera l v iew during cons t ruc t ion , 
taken from G a t e w a y House 

Structure 
Steel 
T h e conservatory- l i ke a tmosphere in the 
at r ium needed s lender and elegant 
s tee lwork to counterpoint the relat ive sol idi
ty of the concre te o f f i ce s t ruc ture . Aided by 
a re laxat ion of the bui lding regulat ions, the 
180 tonnes of unprotected s tee lwork includ
ed 22 c ruc i fo rm c o l u m n s fabr icated from 
four 100 x 100mm ang les with a con t inuous 
20mm space r be tween. Gal lery edge-beams 
fo l lowed a s im i la r v isua l theme, wi th two 
300mm deep s tee l p la tes separa ted by a 
con t inuous , we lded spacer . Genera l l y , 
beams and c o l u m n s were fully welded at 
works , but bolted s i te connec t i ons were car
ried out with spec ia l high-tensi le s l e e v e s fix
ed by socke t -cap s c r e w s for v isua l r easons . 
The rolled c h a n n e l s and ' c a t ' s c r a d l e s ' of 
rec tangu lar tubes used in the roof s t ruc ture 
support 4.5m squa re pane ls in e a c h bay 
wh ich were ra i sed into posi t ion fully felted 
and with a ce i l ing on the unders ide. The in
tersect ing s t r ips of g lazing between the 
sol id pane ls needed no addi t ional support 
and were erec ted from the permanent 
s u n s c r e e n / m a i n t e n a n c e gri l lage. The s a m e 
preoccupat ion wi th avoiding sca f fo ld ing led 

Detai l of s teel co lumn in atr ium 

to the cho i ce of t rapezoida l meta l deck ing 
for the ga l le r ies , with dense concre te infi l l 
and ant i -c rack mesh . 
The h ierarchy in the s t ruc tu ra l s tee l de ta i ls 
w a s ex tended to s m a l l - s c a l e e lements by 
us ing square tubes for the gal lery handrai l -
ing and for some of the furni ture. 

Concrete 
Although the at r ium answered many of the 
specu la t i ve o f f i ce ' s t radi t ional shor tcom
ings, par t icu lar ly with regard to spat ia l 
qual i ty, it w a s felt that there w a s st i l l the 
need to inject s o m e interest into the working 
a r e a s . In c o n s e q u e n c e , a p recas t concre te 
unit w a s developed wh ich w a s integrated 
with the s e r v i c e s and par t i t ions and wh ich 
provided a prof i led s t ruc ture , without a 
suspended ce i l ing . 
The 100mm thick, V-shaped uni ts were cas t 
to two di f ferent lengths - 6.0m and 7.5m -
to ach ieve the des i red o f f ice width of 13.5m. 
Stee l mou lds produced concre te of suf f i 
c ient ly high qual i ty to be e x p o s e d and 
painted throughout the o f f i ce f loors. 
D iaphragm ends on the V-units ac ted a s per
manent formwork for sp ine b e a m s spann ing 
between in s i tu , c ruc i fo rm c o l u m n s . 
Par t i t ions running paral le l wi th the precas t 
uni ts located in the r e c e s s e d junc t ions in-
be tween, e l iminated the a c o u s t i c c rossove r 
problems of suspended ce i l i ngs . T h o s e par
t i t ions wh ich ran a c r o s s the d i rect ion of the 
uni ts were inf i l led above with t r iang les of 
g l a s s , wh i ch fitted in grooves c a s t into the 
soff i t at 1.5m intervals . 

T h e cos t of the concre te s t ruc ture com
pared very wel l wi th the cost wh i ch might 
have been an t ic ipa ted for a more conven
t ional so lu t ion, wh i ch would have required a 
suspended ce i l ing and the t ime n e c e s s a r y 
for i ts ins ta l la t ion . 
Construction 
During cons t ruc t ion , genera l sca f fo ld ing in 
the of f ice a r e a s w a s avoided by m e a n s of a 
mobile support s y s t e m , wh ich a l lowed other 
t rades to fol low c lose ly behind. E x t e n s i o n s 
of t ime due to bad weather were exc luded 
from the cont rac t cond i t ions and the con
crete cont rac tor made ex tens i ve use of por
table tents to defeat the severe winter of 
1981-82, dur ing wh ich only one work ing day 
w a s lost b e c a u s e of the weather . Pre-g lazed 
cur ta in wal l ing w a s erected in storey-height 
uni ts from a sma l l hoist , wh ich w a s spec ia l 
ly des igned to t ravel a long the ou ts ide edge 
of the concre te s t ruc ture . On the atr ium 
s ide, the enc los ing s c r e e n s were l i f ted into 
posi t ion from the c lean ing rail at roof level. 

Fig. 10 
View of the at r ium with temporary 
s c r e e n s to the o f f i ces and e x p o s e d 
metal deck ing to the ga l le r ies 



Project organization 
The contract 
Wigg ins Teape were a l ready fami l iar with 
the managemen t form of cont ract a s a 
m e a n s of speed ing up the des ign and con
s t ruct ion p rocess . Never the less , the 
method usua l ly adopted for se lec t ing the 
manag ing cont rac tor had worr ied us for 
some whi le, a s the s u c c e s s f u l f irm could be 
chosen on the b a s i s of the proposed fee and 
c o s t s , rather than for their management 
sk i l l s and c rea t ive abil i ty. The di f f icul ty of 
persuading a c l ient to proceed wi th other 
than the lowest tender could be out of al l 
proportion to the V2 % or 1 % sav ing l ikely to 
be involved. 
Further , the programme for G a t e w a y 2 w a s 
so tight that the need to concen t ra te the 
con t rac to rs ' at tent ion at the se lec t ion s tage 
on managemen t ideas w a s greater than 
ever. 
In order to e f fec t a change of att i tude, the 
prospect ive management con t rac to rs were 
sent an invi tat ion document wh i ch expla in
ed that they were required to make com
peti t ive s u b m i s s i o n s based upon organiza
t ion and cons t ruc t ion methods. Cos t plan 
a l l o w a n c e s for cons t ruc t ion organizat ion 
and the managemen t fee were f ixed by us 
and given in the invi tat ion document a s two 
lump s u m s . 

In addi t ion, the invitat ion document broadly 
def ined the current progress of the des ign , 
an t ic ipa ted p rogrammes for two or three of 
the major subcon t rac t s and the manner of 
the con t rac to r ' s s u b m i s s i o n . It s ta ted that 
the s u c e s s f u l cont rac tor would be the one 
who most conv inc ing ly demonst ra ted that 
the bui lding cou ld be comple ted on t ime and 
wi th in the author ized cos t . 

F i ve con t rac to rs were required to present 
personal ly their p roposa ls in our Soho 
Squa re of f ice and to leave a s u m m a r y in the 
form of a printed formal s u b m i s s i o n . The 
overal l qual i ty of the p resenta t ions and the 
eventua l cho i ce of a highly mot ivated 
management cont ractor cer ta in ly con
tr ibuted to the pro ject 's s u c c e s s , both in 
te rms of programme and budget. T h e incen
tive to think of new ideas led in a sma l l way 
to a refurb ish ing of the management con
tract , and served to re inforce the teamwork 
concept of c l ient /des igner /cont ractor . 
For management con t rac to rs , th is method 
of se lec t ion h a s s i n c e become a common 
method of compet ing for work. 

Shared project organization 
Prior to G a t e w a y 2, our repeated use of 
management con t rac t s had resul ted in a 
very sys tema t i c approach to the way we 
would separa te a project into i ts e lemen ts 
and distr ibute our informat ion. By making 
use of a computer link with the s i te , we ex
ploited th is aspec t of our organizat ion when 
commun ica t i ng with the contractor . 
The s i te w a s equipped with a Superbra in 
64QD, modem and printer to ma tch the in
s ta l la t ion in our Soho Square o f f i ce . 

We identi f ied these obvious trial a r e a s : 

(a) 

(b) 

(c) 

(d) 

(e) 
(f) 

Ins t ruc t ions , drawing i s s u e s and 
spec i f i ca t i on approva ls 
Monthly app l i ca t ions and cer t i f i ca tes 
for payment 
Interim and f inal s ta temen ts of accoun t 
and reg is te rs for account se t t l emen ts 
Reg is te rs for spec i f i ca t i ons and 
ma in tenance manua ls 
Jo in t project reports 
Drawing reg is ters . 

Whi ls t not al l t hese tr ial a r e a s were fully im
p lemented before complet ion of the project, 
the exper iment did demons t ra te that l inked 
compute rs can be used to encourage c lose r 
integrat ion and greater e f f i c iency . 

T h e s y s t e m w a s par t icu lar ly s u c c e s s f u l in 
the a rea of ins t ruc t ions , 1500 of wh ich were 
i ssued over a range of 100 separa te bui lding 
e lemen ts from acompute r -he ld l ibrary. Af ter 
the addit ion of any spec i f i c c l a u s e s , draw
ing numbers and cos t c h a n g e s , the instruc
t ions were t ransmi t ted to the s i te over a 
te lephone line and the cos t informat ion to 
our own D E C 10 over a hard l ine. By th is 
m e a n s al l ins t ruc t ions were typed at the s i te 
termina l on the day of i s sue and the cos t 
s imu l taneous ly updated, thus ensur ing a 
c lose ly monitored cos t control s y s t e m . 

Another a rea where there w a s a marked im
provement in e f f i c iency w a s the distr ibut ion 
and chas ing of subcon t rac to rs ' a c c o u n t s -
an act iv i ty made all the more important by 
the prol i ferat ion of subcon t rac ted e lements 
and the a b s e n c e of the more t radi t ional 
lump-sum cont ract . On G a t e w a y 2, our com
puter s y s t e m I n t e r c a p ' co l lec ted together 
ail the ins t ruc t ions and c o s t s i s sued to al l 
subcon t rac to rs and au tomat ica l l y produced 
an inter im s ta tement of accoun t for e a c h 
e lement every month. 
Us ing h is s i te mach ine , the cont rac tor ex
t racted the informat ion v ia the B T network 
from our D E C 10 in F i tzroy Street . C h a s i n g 
w a s then progress ive ly carr ied out by the 
cont rac tor from the s i te wh i ch , due to h is 
dai ly s i te con tac t s , w a s more ef fec t ive than 
when th is operat ion w a s carr ied out by us 
f rom the Soho Squa re o f f ice . A s a resul t , 
most subcont rac t a c c o u n t s were set t led 
short ly af ter handover. 
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Table A2: E x t r e m e va lues during a 50-year exposu re period. 

Area 50 y e a r s 
return 
acce le ra t ion 

Unt runcated 

Mean Va r i ance 

T runca ted 
to 3000 yrs 
Mean Va r i ance 

X 5 0 y 5 0 V 5 0 V 5 0 

Very low 
se ismic i ty 

0.016g 0.030g 0.95 0.026g 0.77 

Low 
se ismic i ty 

0.032g 0.055g 0.92 0.049g 0.75 

Moderate 
se ismic i ty 

0.067g 0.104g 0.79 0.095g 0.64 

High 
se ismic i ty 

0.204g 0.253g 0.41 0.242g 0.36 

UK wind 
loads 

X / / 0.95X 0.20 

Table A3: Requi red res i s tance for 50 y e a r s exposure period. 

Requi red 
r e s i s t a n c e 

Load fac tors for 
var ious return per iods 

Area R50 R 5 0 

x 50 

R 5 0 

X T 0 0 

R 5 0 

X 5 0 0 

R 5 0 

X 1 0 0 0 

R 5 0 

X 3 0 0 0 

Very low 
seismic i ty 

0.105g 6.6 4.2 1.8 1.3 0.9 

Low se ismic i t y 0.193g 6.2 4.0 1.8 1.3 0.9 

Moderate 
se ismic i ty 

0.334g 5.1 3.5 1.7 1.3 0.9 

High 
se ismic i ty 

0.589g 2.9 2.3 1.5 1.3 1.1 

UK wind loads — 1.6 1.4 1.1 1.0 0.8 

Table A4: I nc rease in load factor for an i nc rease in exposu re 
period from 50 to 100 yea rs 

Area 

Mean load 

VTOO 

Var i ance 

V 1 0 0 

Requi red 
res i s tance 

R 1 0 0 

I nc rease in 
load factor 

R 1 0 0 

R 5 0 

Very low 
se ismic i ty 

0.035g 0.62 0.12g 1.14 

Low se ismic i t y 0.066g 0.59 0.22g 1.14 

Moderate 
se ismic i ty 

0.125g 0.52 0.38g 1.14 

High se ismic i ty 0.285g 0.30 0.63g 1.07 

UK wind 
loads 

1.09y 5 0 / / 1.06 

Table A3 compu tes the s t ruc tura l r es i s t ance factor R n of 
Equat ion A4 for an exposure period of 50 yea rs , on the 
assumpt ion that the peak acce le ra t ion is a good predictor of the 
required res i s t ance . We have seen that f requency content and 
duration of shak ing are a lso important fac to rs . A s s u m e that 
frequency e f f ec t s are adequate ly a l lowed for in des ign , and 
neglect durat ion e f fec t s for the moment . 
The fol lowing in fe rences can be d rawn from Tab le A3 . 

(1) Sca l ing ear thquake loads in re lat ion to the 50 or 100 year return 
period ground acce le ra t ion would give markedly dif ferent levels 
of safety in a r e a s of di f ferent se i sm ic i t y . 
(2) The load factor on 500 year acce le ra t i ons of around 1.7 
suggested by the table at first s ight s e e m s much higher than the 
factor of 1.0 required by A T C 3.06, even a l lowing for a 2 5 % 
increase to accoun t for s t ra in-rate e f f e c t s and contr ibut ion from 
non-structural members a s quoted by C r o f t 2 0 for wind. However, it 
should be remembered that y ie ld ing is a l lowed under the act ion 
of ext reme ear thquake loading. G iven that ea r thquakes c a u s e 
d isp lacement (not load) dominated cyc l i ca l e f f ec t s , it s e e m s 
reasonable to a l low for the i nc rease in s t rength between yield and 
ult imate. For re in forcement , a factor of (1.7/1.25) = 1.36 between 
ult imate and yield ag rees wel l with the min imum factor of 1.33 
required by U B C 1 for th is ratio, and most reinforcing and 
structural s tee l s wil l exceed it. 

F ina l l y , Tab le A4 inves t iga tes the e f fec t of i nc reas ing the 
exposure period from 50 to 100 y e a r s . A r e a s of low to moderate 
se i sm ic i t y require an i nc reased load factor of 1 4 % compared with 
7 % for a r e a s of high se ismic i t y or wind loadings. T h i s may 
underes t imate the required i nc rease , due to the i nc reased risk of 
prolonged shak ing . 
Conclusions 
(1) The 500-year return acce le ra t ion prov ides a reasonab le bas i s 
for compar i son of the s e i s m i c hazard of di f ferent a r e a s . 
(2) The s ta t i s t i ca l var iat ion of ex t reme ear thquake acce le ra t i ons 
exper ienced over a typ ica l bui lding l i fet ime is greater in a r e a s of 
low se i sm ic i t y than in a r e a s of high se i sm ic i t y . 
(3) For al l c a s e s of ea r thquake load ings, the s ta t i s t i ca l var iat ion is 
much greater than for wind load ings. 
(4) Par t ia l ev idence h a s been produced to suggest that a load 
factor of 1.0 on 500-year return period ear thquake loads provides 
a degree of sa fe ty broadly equivalent to that provided for in CP110 
for dead, live and wind loads. 
(5) An inc rease in exposu re t ime from 50 to 100 yea rs h a s a greater 
e f fect on the load fac to rs required in a r e a s of low to moderate 
se i sm ic i t y , than it does for a r e a s of high se ismic i t y , or for UK 
wind loading. 

APPENDIX B 
Quantification of earthquake hazard 
The fol lowing a n a l y s i s is based on C o r n e l l 1 5 . It enab les the return 
period cor responding to a given ground acce le ra t ion or ve loc i ty to 
be ca lcu la ted from ear thquake records, for a var iety of 
ear thquake source geometr ies . 
There are three requ i rements for the a n a l y s i s : 
(1) Knowledge of magn i tude /occur rence re lat ionship (see F i g . B I ) 
wh i ch are a s s u m e d to fol low either B1 or B2 . 

E I T H E R 

OR 

logN = a - b M for M 0 s M s M , 
N = 0 for M > M , 

logN = a - b M + log[1 - 1 0 D | M M ' 

(B1) 

(B2) 

(2) Knowledge of a t tenuat ion law wh ich is a s s u m e d to fol low the 
form 

y = b 1 e t ) 2 M ( R + c ) " M (B3) 

(3) Ea r t hquakes are a s s u m e d to obey a Po i sson disr ibut ion. S e e 
C o r n e l l 1 5 for further d i s c u s s i o n . 

W o r l d w i d e data 
( f rom Housner22) 

E q u a t i o n 
B 1 

M l imber 

Equa t i on B 2 

Magni tude M 

Fig .BI 
Magni tude occu r rence re la t ionsh ips 



APPENDIX A 
Extreme value distribution of earthquake accelerations 

Symbols 
g acce le ra t ion due to gravity 
p\N empi r ica l c o n s t a n t s in Weibul l d istr ibut ion (Equat ion A1) 
n exposu re per iod, or life, of a s t ructure, yea rs 
T return period of a load, y e a r s 

v n va r iance of an ex t reme annua l load, for n y e a r s exposure 
x T ex t reme annua l load with T year return period 
y n mean (expected) va lue of ex t reme annua l load for n yea rs 

exposure . 
On the b a s i s of F ig C 1 - 7 of A T C 3.06 2 , the distr ibut ion of annua l 
peak acce le ra t i ons fo l lows an approx imate ly Weibul l d istr ibut ion, 
Equat ion A 1 . 

T = e ^ T N (A1) 

T is here the return period in y e a r s cor responding to an annua l 
ex t reme acce le ra t ion x T , and /3 and N are cons tan t s , depending on 
the region. 
T h e best fit of the Weibul l d is t r ibut ion to the A T C 3.06 da ta is 
s h o w n in F i g . A I , and the cor respond ing cons tan t s f} and N are 
given in the Tab le A 1 . 

Table A1 

A r e a 500 year return 
acce le ra t ion 

X 5 0 0 

N 0 

Very low 
se i sm ic i t y (e.g. UK) 

0.05g .36 17.3 

Low se ismic i t y 
(e.g. U B C Zone 1) 

0.1 Og .37 14.2 

Moderate 
se i sm ic i t y 
(e.g. U B C Zone 2 - 3 ) 

0.20g 42 12.3 

High se ismic i t y 
(e.g. U B C Zone 4) 

0.40g 72 12.3 

If the assump t i on of Weibul l d is t r ibut ion holds, it c a n be shown 
that the ex t reme va lue distr ibut ion for an exposure period of n 
y e a r s is given by 

Pn(y) = ( l -e-py )" 

dP N , Pn(y) = - = n^Ny N ' - ' ( 
dy 

(1 

(A2) 

(A3) 

P n ( y ) g ives the probabi l i ty that a s t ruc tu re s tand ing at a par t icu lar 
s i te for a period of n y e a r s wil l exper ience an acce le ra t ion at least 
a s great a s y. p n (y) is the cor respond ing probabil i ty densi ty 
func t ion* . 
David Croft h a s s h o w n 2 0 that the two important loading 
paramete rs wh i ch govern the degree of s t ruc tura l r e s i s t a n c e (in 
our te rms, vulnerabi l i ty) required for a given level of sa fe ty are: 
(1) the mean or expec ted va lue y n of the peak load for the 
exposu re period of interest 
(2) the va r iance v n of the peak va lues , wh ich g ives a m e a s u r e of 
their s ta t i s t i ca l var ia t ion. 
David Crof t d e m o n s t r a t e s 2 0 that for an exposure period of n 
y e a r s , the s t ruc tu ra l r es i s t ance R n n e c e s s a r y to give a level of 
sa fe ty equivalent to that implied by CP110 for dead, l ive and wind 
loads is : 

R„ = 0.94y„(1 + 4 8 /0 01 +0 77 v 2 ) (A4) 
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The mean and va r i ance of peak acce le ra t i ons for a 50-year 
exposu re period are shown in Tab le A2 us ing the governing da ta 
of Tab le A 1 . For compar i son , typ ica l da ta for UK wind loadings 
are a l s o shown . 
It w a s found that the tai l of the ear thquake distr ibut ion, , 
cor responding to very low probabi l i ty events , made a s ign i f i cant 

" T h e mean and va r iance of a funct ion and the other s ta t i s t i ca l 
te rms used in th is appendix are def ined in s tandard tex tbooks 
(e.g. Ben jamin & C o r n e l l 2 1 ) . 
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contr ibut ion to the va r iance , espec ia l l y for the a r e a s of low 
se i sm ic i t y . It w a s dec ided to ignore acce le ra t i ons with return 
per iods greater than 3000 yea rs . T h i s co r responds to the limit of 
rel iabi l i ty of the da ta shown in A T C 3.06, and a departure of 3.5 to 
4.5 s tandard dev ia t ions from the mean . In a s imi la r a n a l y s i s of 
w ind loadings, David C r o f t 2 0 t runcated the wind distr ibut ion at the 
1000 year or 3o level; a more ex t reme va lue s e e m s appropr ia te to 
ear thquake loading, s i n c e the acce le ra t ion at that return period is 
only part ly in f luenced by the m a x i m u m magni tude of ea r thquake 
a s s u m e d . 
T a b l e A2 s h o w s that: 
(1) The s ta t i s t i ca l var iat ion is much the greatest in a r e a s of low 
se i sm ic i t y . 
(2) T h e s ta t i s t i ca l var iat ion in al l a r e a s is much greater for 
ea r thquakes than wind. 
T h e s e in fe rences c a n a l so be drawn from F ig .A2. 

Cost 
A commenta ry on G a t e w a y 2 would not be 
complete without some re ference to the 
overal l cos t but, a s the bui lding provided a 
g ross a rea of 20 ,000m 2 of wh ich 6,000 w a s 
car park ing, compar i son with other 
bui ld ings is part icular ly hazardous . 
The budget w a s at the lower end of the pro
perty deve lopers ' range and the f inal ac
count , at £8.7m, inc luded £850,000 spent on 
fitting out, wh i ch w a s added without exten
ding the cont rac t period. 
Perhaps the most important cos t in f luence 
next to the des ign i tself w a s that a s s o c i a t e d 
with t ime. 

The cho ice of contract a l lowed the appoint
ment of a management cont rac tor wi th in a 
few w e e k s of the go-ahead in J a n u a r y 1981. 
just a s the detai led des ign w a s beginning. 
S o m e of the techn iques for fas ter cons t ruc
tion have a l ready been touched upon, in par
t icular those wh ich had an in f luence on the 
des ign . But a great deal of effort w a s a lso 
put into compi l ing tender l i s ts for each ele
ment, so that the lowest tenderers would not 
turn out to be unrel iable per formers. 
Care fu l interviewing and c lear presentat ion 
of informat ion helped to conv ince prospec
tive sub-cont rac to rs that the project would 
be wel l managed and that the proposed se
q u e n c e s for the works would be main ta ined. 
T h i s w a s ref lected by keen compet i t ion on 
al l e lemen ts , in market cond i t ions wh ich 
were s lowing previous inf lat ionary t rends. 
In the event, adherence to the programme 
produced other e f f i c i enc ies apprec ia ted 
later, when the sub-con t rac to rs ' a c c o u n t s 
were set t led without s ign i f i can t c l a i m s . 
Su f f i ce it to say that the project w a s com
pleted on t ime and wel l wi th in the budget. 

Fig. 14 
Look ing towards G a t e w a y House 
from the roof te r race 

Fig. 15 
View into the a t r ium 

Fig. 16 
The o f f i ces , seen from one of the 
cent ra l ga l ler ies in the at r ium 
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Conclusion 
At a techn ica l level, G a t e w a y 2 appears to 
have met with approval . A l though Wigg ins 
Teape have had to ad jus t from the con
s i s t ency of air-condi t ioning to the var ia t ions 
of natura l vent i la t ion, there have been few 
teething prob lems other than during the 
hea twave last summer . Even then, 
tempera tures inside the o f f ice were below 
the outs ide max imum by about ~\Vz°, 
al though it is probably fair to say that this 
w a s due to the cool ing e f fec t of the struc
ture rather than to the vent i la t ion rate. In 
winter, there appears to have been little 
need to open more than a few w indows for 
f resh air, thus reducing draughts and air
borne heat l o s s e s . 

The a t r ium itself h a s been a great soc ia l 
s u c c e s s . Wigg ins T e a p e ' s s ta f f c lub uses 
the cent ra l a rea for badminton every day 
and , desp i te the l imi tat ions on i ts use during 
of f ice hours , the atr ium has been a dramat ic 
venue for many func t ions in the evening. 
Pe rhaps the most imaginat ive w a s a manne
quin parade, when the mode ls descended to 
the main floor level in the g l a s s l i f ts. During 
dayt ime, the genera l com ings and goings 
and the interest provided by the moving l i f ts 
and c a s c a d i n g p lants have led to severa l 
senior s ta f f chang ing their o f f i ces , so that 
they c a n look into the atr ium rather than at 
the view outs ide. 

The atr ium is i l lustrated overleaf 
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A T C 3.06 
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Applied Technology Council Recommenda
tions ATC 3.06 
Another United S t a t e s Code, A T C 3 .06 2 h a s 
a zoning wh ich is in probabi l is t ic te rms, and 
a l s o expl ic i t ly a l l ows for the ef fect of large 
magni tude, long d i s t ance ea r thquakes . In
s tead of the s ingle zone factor Z of U B C , two 
fac to rs descr ib ing s e i s m i c hazard are pro
posed, A g and A v . 
A a is equa l to the 'e f fec t ive ' peak bedrock 
acce le ra t ion at a s i te , e x p r e s s e d a s a f rac
t ion of g, that is a s s o c i a t e d with a 500-year 
return period. The 'e f fec t ive ' peak acce le ra 
t ion is def ined in s u c h a way a s to d iscount 
very high f requency s p i k e s of acce le ra t i on , 
wh i ch are thought to have little e f fec t on 
prac t i ca l bui lding s t ruc tu res . The e f fec t i ve 
peak acce le ra t ion may therefore be s l ight ly 
l ess than the true peak. 
A v is numer ica l ly equal to A a for s i t es at 
wh i ch loca l ea r t hquakes produce the 
predominant e f f ec t s , but becomes up to 
three t imes greater for s i t es where d is tant 
ea r thquakes become important. Append ix C 
p roposes a method for se lec t ing A v . 
The fac to rs A a and A v are used to cons t ruc t 
the acce le ra t ion response spec t ra proposed 

by A T C 3.06. A a de termines the short period 
response , A v the long period response -
see F ig . 9. 
The A T C 3.06 spec t ra a lso a l l ows for the soi l 
cond i t ions at the s i te. By c l a s s i f y i n g the soi l 
into one of three di f ferent types 
(broadly : hard, medium, sof t ) three di f ferent 
s h a p e s of spec t rum a reob ta ined - see F ig . 
9. Compar i son with F ig . 8 s h o w s that the 
A T C 3.06 spec t ra cor respond to the f ield 
data . 

Conclusions 
The methods of a s s e s s i n g s e i s m i c hazard 
descr ibed in th is ar t ic le conta in many uncer
ta in t ies. However, the goal of the a n a l y s i s is 
not pr imari ly to quant i fy an abso lu te 
m e a s u r e of hazard , but to ensu re that struc
tures built at a given s i te have an accep tab le 
r isk of fa i lure under ear thquake loading. 
T h i s c a n be ach ieved a s fo l lows. 

If the s i te in quest ion is not covered by a 
sa t i s fac to ry s e i s m i c code, a region shou ld 
be c h o s e n wh ich does have a wel l -
es tab l i shed , regular ly updated s e i s m i c 
code. The se i sm ic i t y of the s i te shou ld then 
be ma tched aga ins t the se i sm ic i t y of the 

c o d e ' s region by performing the s a m e type 
of hazard a n a l y s i s for both the code region 
and the s i te . In th is way , the s a m e level of 
overal l sa fe ty impl ied by the code (and it is 
important to c h e c k that the level is ap
propriate) c a n be ach ieved at the s i te in 
quest ion . S i n c e the level of sa fe ty is achiev
ed by the relat ive, rather than abso lu te , level 
of hazard , the uncer ta in t ies and a s s u m p 
t ions implici t in the hazard a n a l y s i s become 
l e s s important. 
Fo l low ing recent Ca l i fo rn ian prac t ice , it is 
recommended that for bui ld ings, the b a s i s 
for compar i son of se i sm ic i t y should be the 
500-year return peak bedrock acce le ra t ion . 
Appendix A g ives s o m e jus t i f i ca t ion for the 
cho ice of 500 y e a r s a s the compar i son 
return period. It is a l so recommended that 
the ef fect of large magni tude d is tant earth
q u a k e s should be a l lowed for in the des ign 
of long period s t ruc tu res , and Appendix C 
p roposes a method for doing so. 
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A great number of a t tenuat ion l aws have 
been p u b l i s h e d 1 3 1 4 . For a region in wh i ch no 
direct ev idence from strong motion records 
e x i s t s , da ta obta ined from a geologica l ly 
s imi la r region shou ld be used . The cho i ce 
probably won't be s t ra igh t fo rward , and the 
sens i t iv i ty of the f inal result to us ing dif
ferent l aws should be invest igated. An alter
nat ive st rategy is to derive at tenuat ion l a w s 
from eyew i t nes s reports of damage, a s h a s 
been done for the U K 1 2 . 
T h e uncer ta inty in cho ice of law is com
pounded by the cons ide rab le sca t te r of data 
about the publ ished trend l ines. At the least , 
the a n a l y s i s should be car r ied out for both 
the mean trend line and the upper bound 
9 5 % line. More soph is t i ca ted a n a l y s e s 1 2 - 1 6 

inc lude the s ta t i s t i ca l d ispers ion of da ta 
about the trend l ine direct ly into the 
a n a l y s i s . In th is app roach , the probabil i ty of 
an ear thquake at a given d i s tance c a u s i n g a 
cer ta in acce le ra t ion at the s i te c o m e s both 
from a larger magni tude ear thquake produc
ing the mean acce le ra t i on , and a sma l le r 
ea r thquake producing an above average ac
ce lera t ion . In a recent s tudy of UK se i sm ic i -
t y , 1 2 the latter e f fect appea rs to have 
dominated the acce le ra t i ons at very long 
return per iods. 

Derivation of maximum 
ground accelerations 
Having es tab l i shed the magni tude/occur
rence and the a t tenuat ion l a w s for the 
region a f fec t ing the s i te , the probabil i ty of a 
cer ta in ground acce le ra t ion x occur r ing at 
the s i te can be quant i f ied a s fo l lows. 
Acce le ra t ion x can be due to either a large 
magni tude, low probabi l i ty ea r thquake oc
curr ing a long way from the s i te , o r a sma l le r 
magn i tude more common ear thquake oc
curr ing at c l ose range. The rarity r>f the large 
d is tant ear thquake is part ly ba lanced by the 
sma l le r a rea in wh ich the sma l l ear thquake 
must occu r in order to produce an equal ly 
high acce le ra t ion . 

The s ta t i s t i ca l a n a l y s i s is merely a way of 
accoun t ing for these e f f ec t s . The earth
quake magni tude needed to produce x at a 
d i s t ance R from the s i te is given by the at
tenuat ion law. The probabi l i ty of that 
magni tude occurr ing is given by the 
magn i tude /occur rence re la t ionship. The 
total probabi l i ty of x is then the s u m of the 
probabi l i t ies of the relevant causa t i ve earth
q u a k e s occur r ing , s u m m e d over the ent i re 
region a f fec t ing the s i te . 
Numer ica l e x p r e s s i o n s for the probabi l i ty, 
af ter Corne l l , 5 are given in Appendix B. A 
number of computer programs ex is t wh ich 
perform the ca lcu la t ion , inc luding the Arup 
program Q U A K E , and McGu i re ' s program 
E Q R I S K 1 8 . 

Design response spectra 
In an ear l ier sec t ion , it w a s pointed out that 
the m a x i m u m ground acce le ra t ion is only 
one factor in descr ib ing the damag ing 
power of st rong ground motion. The other 
two fac to rs are the f requency content of the 
mot ion and the durat ion of shak ing . 
A r esponse spec t rum desc r i bes how the 
peak response of a s ing le degree of f reedom 
s y s t e m var ies with the s y s t e m ' s natural 
period and damping. F ig . 7 s h o w s th is 
schema t i ca l l y . The spec t rum peaks where 
the predominant per iods in the ground mo
tion match most c lose ly the s y s t e m ' s 
natura l period. A response spec t rum 
therefore provides a good descr ip t ion of the 
f requency content of the ground motion, 
though the spec t rum is not great ly a f fec ted 
by the durat ion of shak ing . 
Most ea r thquakes produce predominant 
per iods of acce le ra t ion in the range 0.2 to 
0.6 s e c o n d s , though s o m e ea r thquakes pro
duce predominant per iods a s long a s 2 
s e c o n d s . To put this in context , the natural 
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s e c o n d s , where N is the number of s to reys , 
so a 5 s torey bui lding h a s a period of around 
0.5 s e c o n d s . 
It is unw ise to rely on the response spec t rum 
from a s ing le ear thquake for des ign pur
poses . For one thing, that ear thquake may 
produce a few high s p i k e s of response at 
cer ta in f requenc ies , but t hese are unl ikely 
to be of conce rn . T h i s is b e c a u s e a s t ructure 
resonat ing with the f requency of the sp ike 
would tend to s h a k e i tself out of trouble 
s ince on y ie ld ing, the natura l period would 
change . On the other hand, a s ing le earth
quake may not conta in al l the per iods likely 
to a f fec t a par t icu lar s i te . Current des ign 
prac t ice is therefore to use spec t ra wh ich 
are the smoothed , average response of a 
large number of ea r thquakes . C o d e s of prac
t ice s u c h a s A T C 3 .06 2 con ta in s u c h spec t ra , 
wh ich are d i s c u s s e d in a later sec t ion . 
A large deep ear thquake tends to produce 
longer per iods than a sma l l sha l low one. 
A lso , short per iods tend to a t tenuate more 
rapidly than long per iods so that the 
response spec t rum is sh i f ted towards the 
longer period range in the far f i e l d 1 9 . A 
region at some d i s tance from a tectonic 
plate boundary, or other major source of 
ea r thquakes , but st i l l wi th in its sphere of in
f luence, is l ikely to be in f luenced by large 
magni tude d is tant ea r thquakes , and so be 
a f fec ted by the long period shi f t . T h i s shi f t 
wil l be important in the des ign of ta l l , and 
therefore long per iod, bu i ld ings. T h i s is 
d i s c u s s e d in more detai l in the next sec t ion . 
The layers of so i l over ly ing bedrock at the 
s i te a l so modify the f requency con
tent - s e e F ig . 8. Deep a l luv ia l so i l s ampl i fy 
the longer period mot ions, compared with 
bedrock, but are unable to t ransmi t very 
high acce le ra t i ons , so that short period ac
ce le ra t ions may be t r immed relat ive to 
bedrock. An es t ima te of the so i l modi f ica
tion ef fect c a n be made by us ing a program 
such a s S H A K E 2 6 . S imp le methods of allow
ing for so i l e f f ec t s are provided in many 
s e i s m i c c o d e s a s descr ibed below, and 
these methods wil l usua l ly be adequa te for 
bui lding s t ruc tu res . 

Seismic codes of practice 
At the start of th is ar t ic le , it w a s pointed out 
that the purpose of determin ing the s e i s m i c 
hazard at a s i te w a s to provide s t ruc tu res 
built there with an appropr ia te degree of 
r es i s t ance to ea r thquakes . In p rac t i ce , th is 
usua l ly m e a n s des ign ing the s t ruc ture in ac
co rdance with a s e i s m i c code of pract ice . 

Where the s i te in ques t ion is not covered by 
s u c h a code, it is n e c e s s a r y to choose a 
code intended for some other part of the 
wor ld. If a s e i s m i c hazard a n a l y s i s is used to 
ma tch the s i te with s e i s m i c zones in the 
c h o s e n code having a s imi lar degree of 
s e i s m i c hazard , a s imi la r per fo rmance (or 
overal l r isk of fai lure) under ear thquake 
loading to that impl ied by the code shou ld 
be ach ieved . 
The s e i s m i c hazard can therefore be v iewed 
a s a re lat ive measu re , used to ca l ib ra te a 
s i te aga ins t the zoning in an accep ted code, 
rather than a s an abso lu te exp ress ion of 
r isk. 
Uniform Building Code (UBC) 
of America 
About 15 bui lding pro jects des igned by the 
Ove Arup Par tnersh ip have used the s e i s m i c 
hazard a n a l y s i s techn iques descr ibed to 
ca l ib ra te s i t es in many par ts of the world 
aga ins t the zoning of the U B C 1 . 
One problem with the U B C is that its s e i s m i c 
zoning is expl ic i t ly e x p r e s s e d in deter
min is t i c , rather than probabi l is t ic , te rms. 
Moreover, no accoun t is taken of the long 
period e f f ec t s of d is tant large magni tude 
ea r thquakes . 
Never the less , a corre lat ion between U B C 
zoning factor Z, and the 500 year return 
period acce le ra t ion x 5 0 0 c a n be made, a s 
s h o w n in the table below. 

500 year return 
e f fec t i ve peak hor izontal U B C Zone factor 
acceleration at bedrock 

X 5 0 0 

zone z 

0.31 g to 0.40g 4 1 
0.16g to 0.30g 3 3:4 
0.09g to 0.15g 2 3/8 
0.05g to 0.08g 1 3/16 
O.OOg to 0.04g 0 1/8 

The table is s imi lar to Tab le 1 of Ref. 4. I ts ra
t ionale is a s fo l lows. T h e peak acce le ra t ion 
given for Zone 4 co r responds to the peak ac
ce lera t ion for the United S t a t e s given in A T C 
3.06 2 . Peak acce le ra t i ons for l e s s s e i s m i c 
zones are factored down from th is Zone 4 
va lue in proportion to the Z factor. For e x a m 
ple the peak acce le ra t ion for Zone 
2 = 0.40g x 3/8 = 0.15g. 
The c h o i c e of 500 yea rs a s the appropr ia te 
return period for bui lding des ign is jus t i f ied 
in Appendix A. It is adopted by the US C o d e s 
A T C 3 .06 2 and A N S I A 5 8 . 1 3 . 
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Glass 
reinforced 
cement 
Michael Courtney 
This paper was given at 
THE ARUP PARTNERSHIPS seminar 
'Innovation in Practice,' November 1983. 

Introduction 
G l a s s re inforced cement is one of the few 
new mater ia ls to appear in the bui lding 
world in recent y e a r s . It is not and , a lmos t 
cer ta in ly , never wil l be a major s t ruc tu ra l , or 
even arch i tec tura l mater ia l but its develop
ment i l lus t rates the s t reng ths and 
w e a k n e s s e s of the industry and the pro
b lems of innovat ion. 

In order to use a new mater ia l , or to use an 
ex is t ing mater ia l in a new way , it is 
n e c e s s a r y to interpret and t rans la te the in
format ion and knowledge of the proper t ies 
of that mater ia l to a form su i tab le and ap
p l icab le to the intended use. R e s e a r c h and 
development informat ion tends to ref lect 
and be l imited to the in terests and t ra in ing 
of the developer or researcher . 
There is vir tual ly no or iginal resea rch fund
ed or carr ied out by those who own, des ign 
or cons t ruc t bui ld ings. Vir tual ly al l work is 
under taken by manu fac tu re rs of ma te r ia l s . 
Government resea rch es tab l i shmen ts or 
p l aces of higher educa t ion . All of these have 
ves ted in terests or have l imited knowledge 
of real bui ld ings so their work concen t ra tes 
on par t icu lar ideas or intent ions. Bu i ld ings , 
however, cons i s t of mater ia ls in di f ferent 
fo rms and in di f ferent comb ina t ions wi th 
other mater ia ls and are intended to last for a 
cons ide rab le time. 

The progress of the use of grc in bui ld ings 
demons t ra tes th is s a m e conf l ic t and 
problem. 
Ini t ial development in grc w a s very s low and 
cau t ious , concent ra t ing on iso la ted proper
t ies of a s ing le form of the mater ia l , spray 
dewatered grc. P r e s s u r e s of commerc ia l ex
ploitat ion however meant that manu fac 
turers s tar ted with a dif ferent mater ia l , 
d i rect spray grc conta in ing sand fi l ler, and 
have moved even further away by us ing grc 
in combinat ion with other mate r ia l s , 
s tyropore and po lys tyrene, to form sand 
w ich pane ls . P rob lems have a r i sen now wi th 
grc for wh ich it h a s been more di f f icul t to 
es tab l i sh c a u s e , e f fec t and remedy, due to 
the mater ia l ' s c h a n g e of propert ies with 
t ime. 
T h e fol lowing cons idera t ion of th is p rogress 
is necessa r i l y s impl i f ied and condensed . 
The material 
G l a s s reinforced cement is a combinat ion of 
g l a s s f ibres, cement and water with sand 
fil ler and admix tu res . It c a n be made in three 
di f ferent w a y s , e a c h of wh ich p roduces 
mater ia l with di f ferent short and long-term 
propert ies. Spray dewatered mater ia l is 
made by us ing a high water content and 
then compac t ing and dewater ing by s u c 
t ion. Direct spray mater ia l h a s a low water 
content , u s e s an addit ive to ach ieve 
workabi l i ty and is compac ted by rol l ing. In 
both these techn iques g l a s s fibre and ce
ment slurry are sp rayed into moulds and on
ly combine at the point of con tac t . Premix 
mater ia l is s imi la r in c o n s i s t e n c y to direct 
sp ray except that it is premixed, is v ibrated 
rather than rolled and h a s much lower 
qua l i t ies . 
The idea of re inforc ing cement mortar wi th 
g l a s s f ibres to make a homogeneous duct i le 
mater ia l with tens i le strength h a s been in 
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Fig. 1 
Credit Lyonna i s . Arch i tec t : Wh inney M a c k a y - L e w i s Par tnersh ip (Photo: David Leech) 
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Fig. 2 
Credit Lyonna i s prototype panel 

Rear e levat ion 

Quantification of design ground motions 
A bas i c d i f f icu l ty in quant i fy ing s e i s m i c 
hazard is that the return per iods of interest 
are at least 500 yea rs , even for normal 
building s t ruc tu res . Th i s w a s d i s c u s s e d at 
the beginning of the ar t ic le. The coro l lary is 
that a des ign ground motion for a given s i te 
could only be deduced direct ly from the 
record ings of an acce le rograph at the s i te if 
the inst rument were left at the s i te for many 
hundreds of yea rs . Th i s c a n be compared 
with ihe s i tuat ion for wind, where the return 
per iods of interest are an order of 
magni tude shor ter and des ign can be based 
on anemometer readings taken over a 
period of a few decades . Indirect methods 
must therefore be used for quant i fy ing 
des ign ground mot ions. 
T h e fact that the methods are indirect, 
coupled with the long return per iods involv
ed, make the determinat ion of the mot ions 
highly uncer ta in . For th is reason it is e s s e n 
t ial to b a s e their a s s e s s m e n t on the 
broadest poss ib le data base , us ing al l three 
da ta s o u r c e s (geological , e y e w i t n e s s , in
s t rumenta l ) referred to previously. Despi te 
the impress ion that might be ga ined from 
the append ices to this ar t ic le , sound 
engineer ing scru t iny of the da ta is at least 
a s important a s complex ma themat i ca l 
a n a l y s i s . 

T w o methods of a n a l y s i s are in common use 
for p rocess ing the data s o u r c e s out l ined in 
the previous sec t ion to give des ign f igures. 
The methods are : 
(i) Determin is t ic methods 
(ii) Probab i l i s t i c methods. 
The deterministic methods involve 
postu la t ing a des ign ear thquake occur r ing 
at a given d i s t ance from the s i te . An ap
propriate e x p r e s s i o n for the at tenuat ion of 
acce le ra t ion with d i s tance for a given 
magni tude of e a r t h q u a k e 1 3 ' 4 c a n then be 
used to determine the des ign acce le ra t ion 
at the s i te . 
T h e problem is of cou rse in choos ing the 
des ign ear thquake magni tude and d i s tance . 
In an a rea where there is a wel l -def ined and 
recorded ac t i ve fault s y s t e m , the d i s tance 
to the neares t potent ial ly ac t i ve fault m a y b e 
e a s y to determine, and se i smo log i s t s may 
be ab le to give an opinion on the largest 
magni tude the fault is capab le of, and the 
f requency wi th wh ich that magn i tude is pro
duced . T h i s may be the best way of 
es t imat ing the max imum credib le earth
quake r isk to hazardous ins ta l la t ions . In 
many par ts of the world, however, espec ia l l y 
away from tec ton ic plate boundar ies , link
ing ea r thquakes to known fau l ts is much 
harder, and the determin is t ic methods are 
of va lue pr imari ly in check ing the pro
babi l is t ic methods . 

The probabilistic methods involve a 
s ta t i s t i ca l t reatment of ea r thquake records, 
in a manner f irst descr ibed by C o r n e l l 1 5 . 
They a s s u m e that ea r thquakes occur a s 
s ta t i s t i ca l l y independent events , randomly 
d ist r ibuted in t ime, though they may be 
a s s u m e d to be c lus te red in s p a c e , for exam
ple along fault l ines. A good descr ip t ion of 
the method is given by C o r n e l l ' 6 . 
T w o fundamenta l s t eps are needed to per
form the a n a l y s i s : 
(1) Quant i fy how often ea r t hquakes occu r 
in the reg ions surrounding the s i te - the 
magnitude/occurrence relationship. 

( 2 ) Quant i fy the re lat ionship between 
magni tude, ground acce le ra t i on and 
d i s tance f rom the ear thquake - the at
tenuation law. 

Magnitude/occurrence relationship 
The first s tep in deriving the magni tude/oc
cur rence re la t ionship is to div ide the a rea 
sur rounding the s i te into di f ferent earth
quake s o u r c e s - s e e F ig . 5. T h e s o u r c e s 
can be represented either a s l ine s o u r c e s , 
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Fig.6 
Magnitude occu r rence re lat ionship 
for A l a s k a (from Evernden^S) 

cor respond ing to fault s y s t e m s along wh ich 
ea r thquakes are c lus te red , or areal s o u r c e s , 
in wh ich ea r t hquakes are randomly 
d ist r ibuted in s p a c e . E a c h sou rce may have 
a dif ferent occu r rence re la t ionsh ip . 
Choos ing how to divide the region into 
s o u r c e s is done by a combinat ion of 
geolog ica l a rguments , on the b a s i s of 
known or pos tu la ted fault s y s t e m s and 
plate boundar ies , and a l so by examina t ion 
of the s p a c i a l d is t r ibut ion of recorded earth
q u a k e s . In other words , engineer ing judge
ment is involved, and it may be w ise to test 
the sens i t iv i ty of the f inal result to c h a n g e s 
in assump t i on about source . C o r n e l l 1 6 

desc r i bes th is sens i t i v i ty a n a l y s i s for a 
s tudy of the Bos ton a rea . 
The f requency of occu r rence of ea r thquake 
is f o u n d 1 7 to be descr ibed wel l by Equat ion 1 
(see F ig . 6). 

logN = a - b M M=sM, 
N = 0 M > M, 

(11 

where N = number of ea r thquakes 
per year with magni tude 
greater than M 
m a x i m u m credib le earth
quake magni tude for the 
s o u r c e 
are c o n s t a n t s for a given 
sou rce . 

T h e cho ice of the m a x i m u m credib le earth
quake M 1 is usua l l y determined by 
geologica l a rguments , based on m a x i m u m 

M, = 

a,b 

recorded ea r thquakes in geological ly 
s imi la r reg ions. It may be the sub jec t of con
s iderab le uncer ta in ty , espec ia l l y in a r e a s of 
low se i sm ic i t y . M, can have a major in
f luence on the es t ima te of peak ground ac
ce lera t ion at long return per iods, 
a and b are determined pr inc ipa l ly by the 
best s t ra ight l ine fit of log N aga ins t M, from 
ins t rumenta l records of prev ious earth
quakes . A s d i s c u s s e d above, these da ta c a n 
be obta ined from the I S C , supp lemented by 
e y e w i t n e s s records . Th ree important 
s o u r c e s of error need to be c h e c k e d : 

(a) T h e h is to r ica l record may not be com
plete. T h e further back in t ime the record 
goes , the more l ikely it is that sma l le r 
magn i tude ea r thquakes wil l have gone 
unrecorded, and th is is the probable reason 
for the fa l l ing away of da ta points from a 
st ra ight l ine s e e n for low magn i tudes in F i g . 
6. Magn i tudes l e s s than four are very unl ike
ly to damage well-built eng ineered st ruc
tures, s o the cho i ce of a and b should be 
based on h is tor ica l ly comp le te da ta for 
M > 4. 

(b) There is good ev idence that the rate of 
ea r thquake act iv i ty in cer ta in par ts of the 
world undergoes cyc l i ca l va r ia t ions (see for 
examp le M c G u i r e " ) . What h a s happened in 
the relat ively recent past isn' t therefore 
necessa r i l y a good ind icat ion of what wi l l 
happen in the future. 
(c) Major ea r thquakes are usua l l y l inked 
with a s s o c i a t e d even ts ca l led f o r e s h o c k s 
and a f t e r s h o c k s . The a n a l y s i s depends on 
the a s s u m p t i o n that ea r thquakes are 
s ta t i s t i ca l l y independent even ts , so fore-
and a f t e r s h o c k s should be exc luded from 
the record. T h i s involves a cer ta in amount of 
judgement - when does an ear thquake 
c e a s e to be a de layed a f te rshock and 
become the next new event? 
T h e s imp les t way to check h is tor ica l com
p le teness of record and c y c l i c a l va r ia t ions 
is to plot the log N ve rsus M da ta for a s e r i e s 
of d i f ferent h is tor ica l per iods. S ta t i s t i ca l l y , 
the c h e c k is on the a s s u m p t i o n that the 
ear thquake o c c u r r e n c e s are P o i s s o n 
dist r ibuted with t ime, and a ma themat i ca l 
check for UK da ta is desc r ibed by I r v ing 1 2 . 
Attenuation laws 
An a t tenuat ion law d e s c r i b e s the peak 
ground response produced by a magni tude 
M ear thquake at a d i s tance R from the earth
quake f ocus . Most pub l ished l a w s take the 
form: 

Response = b , e b 2 M ( R + c ) - b 3 ( 2 ) 

where b v b 2 and b 3 and c are empi r i ca l 
c o n s t a n t s . 



Description of earthquake motions 
E a r t h q u a k e s typ ical ly or ig inate at depths 
between 5km and 200km below the ea r th ' s 
su r f ace . They are bel ieved to result f rom a 
fa i lure of rock in the ear th ' s c rus t at weak 
points, under the act ion of high s t ra ins . The 
fa i lure resu l ts in a sudden movement , felt a s 
an ear thquake. Much of the s t ra in energy 
re leased is d iss ipa ted a s heat; a res idua l 
1 0 % appea rs a s s e i s m i c w a v e s wh ich pro
duce the ground shak ing . Acce le ra t i ons up 
to 1.2g and permanent ground dis
p lacemen ts of up to a metre or more have 
been recorded in major ea r thquakes . 
F ig . 4 s h o w s a record of the acce le ra t ion 
recorded at a par t icu lar point dur ing the 
1971 S a n Fernando ear thquake . T h e damag
ing power of the shak ing depends on three 
propert ies of the motion: 

(1) The max imum ground acce le ra t ion 
(2) The f requency content 
(3) T h e durat ion of shak ing . 
T h e s e are now d i s c u s s e d in turn. 
Methods of a s s e s s i n g the maximum ground 
acceleration at a s i te - cor respond ing to 
factor 1 - are descr ibed in a later sec t ion . 
The frequency content - factor 2 - is ex
p ressed in a s imple but e f fec t ive way by the 
response spec t rum of the motion, wh ich is 
descr ibed in greater detai l in a later sec t ion . 
C lear l y the match between a s t ruc tu re ' s fre
quency and the predominant forcing fre
quency of an ear thquake is important in 
governing the way the s t ruc ture responds . 
The magni tude and depth of an ear thquake , 
the d i s tance of a s i te from the ear thquake 
source , and the nature of the soi l depos i t s 
through wh ich the s e i s m i c w a v e s p a s s , al l 
have an important in f luence on ground mo
tion f requency content . 

The duration of shaking a f f e c t s the number 
of s t r e s s reve rsa ls that a s t ruc ture ex
pe r iences and the amount of ea r thquake 
energy it has to absorb. Durat ion is 
therefore important in a s t r u c t u r e ' s a b i l i t y to 
surv ive the ear thquake . Bui ld ing c o d e s 
spec i f y spec ia l deta i l ing requ i rements and 
mater ia l spec i f i ca t i ons wh ich are found to 
have good low cyc le , high ampl i tude fat igue 
c h a r a c t e r i s t i c s . Exp l ic i t a l l owance for dura
tion e f fec t s requi res soph is t i ca ted 
ana ly t i ca l techn iques inappropr iate to most 
bui lding s t ruc tu res , and i ts cons idera t ion is 
beyond the scope of th is ar t ic le . 
Preliminary quantification of se ismic hazard 
A prel iminary ind icat ion of the s e i s m i c 
hazard at a s i te c a n be obta ined by referr ing 
to genera l ear thquake zoning m a p s , for ex
amp le R e f s . 4-6 for wor ldwide da ta , R e f s . 7-9 
for the Middle E a s t . 

The next s tage is to find out if a local code 
wi th rel iable zoning e x i s t s , for examp le by 
referr ing to the World L i s t 1 . 
If the local code does not ex is t or is con
s idered unsa t i s fac to ry and if no other 
re l iable source of informat ion e x i s t s , a 
s p e c i a l s tudy of se i sm ic i t y shou ld be car
ried out. The da ta s o u r c e s on wh ich th is 

should be based are descr ibed in the next 
sec t ion and the methods of p rocess ing 
these da ta are descr ibed in the subsequent 
sec t i ons . 
Data sources for special studies 
There are three types of da ta for determin
ing the s e i s m i c hazard of a s i te , al l of wh ich 
must be cons idered in a wel l - founded study. 
They are: 
(a) geolog ica l informat ion 
(b) ins t rumenta l records 
(c) eye -w i tness reports 

of ea r thquake e f f ec t s . 
T h e s e are now d i s c u s s e d in turn. 

Geological information i nc ludes the overal l 
tec ton ic and geologica l set t ing of the s i te, 
and a l so more local fac to rs , inc luding the 
proximity of potent ial ly ac t i ve fau l ts , the 
topography and the nature of the loca l soi l 
depos i ts . 
The overal l set t ing may al low the s i te to be 
compared with other better resea rched 
a r e a s in a s imi la r se t t ing , in order to 
es t ima te appropr ia te va lues for the max
imum credib le ear thquake magni tude, and 
cer ta in informat ion about the var iat ion of 
ear thquake occu r rence with magni tude 
(parameter b in Equat ion 1 below). 

T h e e x i s t e n c e of potent ial ly ac t ive loca l 
fau l ts is not a l w a y s easy to prove; a lmost 
any s i te wil l be near fault s y s t e m s , but in 
many c a s e s these may not have moved for 
mi l l ions of y e a r s . On the other hand it is dif
f icult to prove beyond doubt that the local 
fau l ts won't move s e i s m i c a l l y wi th in the 
period of interest. C lear ly the magni tude 
and f requency wi th wh ich a local fault can 
generate ea r thquakes h a s a major in f luence 
on the loca l hazard . 
L o c a l topography h a s been postu la ted a s in
f luenc ing s i te response due to the loca l 
ref lect ion and refract ion of the s e i s m i c 
w a v e s , ( see for examp le C h a n g 2 4 ) , though 
there are no es tab l i shed methods of al low
ing for t hese e f f ec t s . There is a l so some 
ev idence that other local fea tu res , s u c h a s 
the impounding of large r e s e r v o i r s 2 5 can 
tr igger ea r thquakes . 
The nature of the local soi l f i l ters and 
modi f ies the ear thquake mot ions, and th is 
h a s been wel l quant i f ied. It is usua l to deter
mine the ground motion that would occur in 
bedrock, and then to apply loca l modi f ica
tion fac to rs due to the soi l over ly ing bedrock 
at the s i te , a s descr ibed in a later sec t ion . 
Instrumental records compr i se both the 
records of ear thquake magn i tudes and posi
t ions, from s e i s m o g r a p h s ( te lese i sm ic or far 
f ield records) and acce le rograph record ings 
of ground mot ions (st rong mot ion or near 
field records) . T h e s e are of ten referred to a s 
m i c rose i sm ic da ta . 

The ear l ies t se i smograph records date back 
l ess than 100 yea rs , and the early records 
are unrel iable except for the largest events . 
It is only s i nce the introduct ion of the World 
Wide Se i smo log i ca l Network in the 1960s 

( in t roduced to monitor underground nuc lear 
exp los ions a s a resul t of the Test B a n Trea
ty) that rel iable wor ldwide da ta ex is t . 
A comprehens ive ca ta logue of ea r thquakes 
wor ldwide is held by the Internat ional 
Se i smo log i ca l Cent re ( ISC) at Newbury (of 
w h i c h the Ove Arup Par tnersh ip is an 
a s s o c i a t e member) . The ca ta logue is based 
on da ta suppl ied by se i smo log ica l s ta t i ons 
throughout the wor ld . I S C wil l supply 
l is t ings of ea r thquakes , giving their t ime, 
magni tude and posi t ion, for the a rea sur
rounding a s i te of interest , and these da ta 
shou ld form the b a s i s for es tab l i sh ing the 
magn i tude /occur rence re la t ionsh ips des
cr ibed in a later sec t ion . 
Acce le rograph record ings of ground 
mot ions are even more l imited in extent , and 
for many par ts of the wor ld, including North 
Wes te rn Europe and the Middle E a s t , do not 
ex i s t at a l l . The reason is of cou rse that 
large ea r thquakes c a n be detected from a 
se i smograph t housands of k i lometres 
away , w h e r e a s acce le ra t i ons su f f i c ien t ly 
large to be detected by a strong motion in
s t rument are produced only local ly to the 
ear thquake . Never the less , s t rong mot ion 
records are the main source of da ta on the 
at tenuat ion of ea r thquake acce le ra t ion with 
d i s t ance and the f requency content of the 
mot ions, and so play a vi tal role in hazard 
a s s e s s m e n t . 

Eyewitness reports of earthquake damage 
often form an e s s e n t i a l supp lement to in
s t rumenta l records. They cons i s t of reports 
of the response of man-made and natural 
ob jec ts to an ear thquake and of human 
percept ion of the motion. S u c h reports are 
of ten referred to a s m a c r o s e i s m i c da ta . The 
reports are usua l ly quant i f ied in te rms of 
s tandard intensi ty s c a l e s , s u c h a s the 
Modif ied Mercal l i s c a l e or the M S K s c a l e . 
The interpretat ion of these da ta is an expert 
d isc ip l ine in itself s i n c e there are a number 
of p i t fa l ls , a s fo l lows: 
1) Ea r thquake damage depends not only 
on the degree of shak ing (the hazard) but 
a l so on the or iginal s t rength of the damaged 
s t ruc tu re (the vulnerabi l i ty) and the latter 
may be di f f icul t to determine ret rospect ive ly . 
2) Descr ip t ions of ea r thquake e f f e c t s may 
be in f luenced by ex t raneous fac to rs , s u c h 
a s the novelty of ea r thquakes to the 
reporter, or h is/her v i ews about the c a u s e s 
of the ear thquake. A l so , demol i t ion and 
repair carr ied out af ter the ear thquake may 
be con fused with e f f e c t s of the ear thquake 
i tself . Ins t rumenta l records shou ld be more 
object ive. 
3) It may bedif f icult to sort out s e c o n d h a n d 
reports (wh ich tend to become exaggera ted) 
from e y e w i t n e s s reports. 

Never the less , h is tor ica l reports can be used 
to provide the fo l lowing, of ten e s s e n t i a l , 
in format ion. 
1) The extent of ea r thquake damage can 
be used to es t ima te ear thquake magni tude 
and the cent re of the damaged a rea c a n be 
used to es t ima te ear thquake pos i t ion. 
T h e s e c a n be used ei ther to c h e c k in
s t rumenta l de te rmina t ions if they are uncer
ta in or to subs t i tu te for them if they don't ex
ist. In th is way , quant i t ive informat ion c a n 
be obta ined about ea r thquakes occur r ing 
long before the advent of s e i s m o g r a p h s . 

A long t ime se r i es of ea r thquakes is impor
tant, both b e c a u s e of the in t r ins ic var iabi l i ty 
of ea r thquakes ment ioned previously, and 
b e c a u s e the s e i s m i c hazard of a region may 
vary apprec iab ly over a period longer than 
the t ime for wh ich ins t rumenta l records are 
a v a i l a b l e 1 1 . 
2) The reported reduct ion in ear thquake ef
fec ts with d i s tance c a n be used to es t ima te 
a t tenuat ion l aws , espec ia l l y in a r e a s l ike the 
UK where no st rong motion records e x i s t 1 2 . 

Fig.4 
Typ i ca l 
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ex i s t ence for some t ime. Normal g l a s s is 
however a t tacked by the a lka l i in cement 
and the qua l i t ies of the compos i te are lost. 
In 1966 a breakthrough w a s ach ieved at the 
Bui ld ing R e s e a r c h Es tab l i shmen t when Dr. 
Majumdar d iscovered that z i rconium-r ich 
g l a s s had a r e s i s t a n c e to a lka l i a t tack , w a s 
able to make f ibres of th is g l a s s and to com
bine them with a cement pas te matr ix . The 
mater ia l w a s patented through the Nat ional 
R e s e a r c h and Development Corporat ion 
and prepara t ions made for commerc ia l ex
ploi tat ion. 

Building Research Establishment 
The development of g l a s s re in forced ce
ment at the B R E occur red towards the end 
of the period when prob lems wi th high 
a lumina cement had c rea ted great dif
f icu l t ies . The Es tab l i shmen t determined 
that g l a s s re inforced cement shou ld be sub
jec ted to a lengthy test p rogramme before 
they would endorse i ts commerc ia l use . 
The test programme w a s es tab l i shed by the 
sc i en t i s t s at B R E and w a s therefore sc ien 
t i f ic in concept . The programme concen
trated on one mater ia l , kept in contro l led en
v i ronments and tested in a way that w a s 
repeatable and gave cons is ten t l y reproduci
ble resu l ts . (Where work is based on test 
resu l t s and exper imen ts wh i ch c a n be 
reproduced by others it c a n be publ ished.) 
Init ial work had shown that the a lka l i a t tack 
w a s res is ted , not prevented, so the 
mate r ia l ' s propert ies changed wi th t ime; it 
aged. Th i s p r o c e s s occur red much fas ter in 
water than in air so the two care fu l ly con
trol lable env i ronments chosen were warm 
water and dry, cool air. The init ial work had 
a l so shown that the mater ia l became brittle 
and w a s di f f icul t to test in direct tens ion , a s 
any d istor t ion of shape or test grip al ign
ment in t roduces s t r e s s concen t ra t ions . The 
test c h o s e n to monitor the qual i ty of the 
mater ia l and i ts change of property with 
t ime w a s , therefore, the four-point bending 
test on spray dewatered grc. 

None of th is work is d i rect ly app l i cab le to 
the commerc ia l use of direct sp ray grc in the 
bui lding industry. 
It w a s expec ted that the resu l t s of the age
ing p r o c e s s would be c lear ly demons t ra ted 
wi th in f ive y e a r s , that the e f f e c t s of al l en

v i ronments would lie between those of dry 
air and those of wa rm water and that a rela
t ionship could be es tab l i shed between four-
point bend modulus of rupture (MOR) and 
direct tens ion (UTS) . A sma l l number of 
s a m p l e s were however exposed to natural 
weather ing at the B R E s ta t ion , Ga rs ton , and 
some tens i le test ing w a s p lanned. 
Pilkington Brothers Ltd. 
Pi lk ingtons were granted a l i cence by N R D C 
for the commerc ia l product ion and explo i ta
tion of the a lka l i res is tan t (AR) g l a s s . 
Hav ing proved that the fibre could be pro
duced commerc ia l l y and having built a pilot 
plant, P i lk ingtons were keenly aware that 
the bui lding industry would be very 
cau t ious . Many were st i l l su f fer ing from the 
problems with high a lum ina cement wh ich 
a l so h a s propert ies wh i ch change with t ime, 
and with the per fo rmance of sma l l unsk i l led 
f i rms producing g l a s s fibre re in forced 
p las t i c mate r ia ls . 

P i lk ingtons w ished to sel l g l a s s f ibre, not 
grc; however, to develop a market desp i te 
these two prob lems, they dec ided to 
es tab l i sh an ex tens i ve resea rch programme 
to provide much more informat ion to u s e r s , 
to provide an ex tens i ve techn ica l support 
serv ice and to es tab l i sh a l i cens ing s y s t e m 
for grc manu fac tu re rs to whom and only to 
whom they would se l l A R g l a s s f ibre 
marketed a s Cemfil. With a mater ia l wh ich 
h a s good short- term but poor long-term pro
per t ies, i nadequac ies in manu fac tu re c a n 
be a par t icu lar ly d i f f icul t techn ica l and con
t rac tua l problem. 
By the ear ly to mid-1970s, however, Cemfil 
Market ing Div is ion of P i lk ing tons w a s ex
per ienc ing in tense p ressu re for the commer
c ia l explo i tat ion of grc in order to develop a 
v iab le market for P i l k ing tons ' product and to 
recoup some of the development c o s t s . Yet 
a l ready d e c i s i o n s relat ing to product 
manu fac tu re and commerc ia l investment 
had changed the mater ia l wh ich w a s being 
promoted from spray dewatered , neat ce
ment pas te grc to direct spray, cement 
pas te with s a n d fi l ler grc. To sa t i s f y the need 
for rapid a n s w e r s on th is mater ia l , Pilk
ingtons had become commit ted to ac 
ce le ra ted age ing by immers ion in hot water 
to provide s a m p l e s for their tes t ing 
programme. 

Initial u s e s of grc 
The init ial use in s t ruc tu res w a s l imited to 
permament formwork, where the early 
qua l i t ies of the mater ia l a re used . Even in 
th is , however, prob lems were exper ienced in 
the lack of unders tand ing in des ign that a 
st i f f mater ia l a c t s d i f ferent ly from the more 
convent iona l duct i le mate r ia l s . 
In terms of product promotion arch i tec tura l 
c ladding m a k e s the most impact in the 
bui lding industry even though it is a relat ive
ly sma l l vo lume market . S o m e work had 
been done us ing grc a s c ladd ing and in 1974 
Ove Arup and Par tne rs received a commis 
s ion to adv i se on the s t ruc tura l a s p e c t s of 
the use of grc a s c ladd ing to the new London 
branch of Credi t Lyonna i s (F i g . 1). 

Credit Lyonnais 
The pub l ished informat ion on grc w a s 
gathered and s tud ied, in tens ive meet ings 
held wi th the B R E , P i l k ing tons and the 
Arch i tec t and a number of c r i t i ca l dec i s i ons 
taken , al l in para l le l with the development of 
the a rch i tec tu ra l des ign concept and i ts 
relat ion to the s t ruc ture , f i n i shes and ser
v i ces of the bui lding. 
The d e c i s i o n s were a imed at reduc ing a s 
much a s poss ib le the r i s ks inherent in the 
use of a new mater ia l and the l imi ta t ions of 
the in format ion ava i lab le . T h e mater ia l to be 
used would be a s c l o s e a s poss ib le to that 
on wh ich resea rch had been car r ied out, a 
limit s ta te des ign approach would be used 
to relate loads and r e s i s t a n c e in order to en
courage cons idera t ion of di f ferent fac to rs , 
the cha rac te r i s t i c tens i le s t rength would be 
based on the e las t i c l inear limit of the 
mater ia l , the mater ia l would be used in a 
manner that it ac ted on i ts own and not a s a 
combina t ion with other mate r ia ls , t es t s 
would be car r ied out on mode ls and pro
to types to prove s t ruc tu ra l a n a l y s i s concep
t ions and in tens ive superv is ion of manu fac 
ture would be under taken. 
A des ign w a s prepared on th is b a s i s (F ig . 2) 
and the programme of t es t s on models , fix
ings and a s ing le prototype panel under
taken. T h e f ix ing tes ts gave very high resu l t s 
but the box beam model t es t s (F ig . 3) 
demons t ra ted that the s t ruc tu ra l mode w a s 
direct tens ion in one face and not f lexure, so 
the s k i n s had to be th ickened to a c c o m 
modate th is lower limit. T h e fu l l -sca le pro
totype panel demons t ra ted a load-carry ing 
capac i t y of more than 10 t imes the des ign 
load, so everyone w a s happy. The des ign 
h a s apparent ly been s u c c e s s f u l and there 
are no prob lems so far wi th the c ladd ing . 

Research and material properties 
In 1975 B R E co l la ted the resu l t s of the first 
f ive y e a r s test p rogramme on grc and 
prepared a predict ion of the va lue of 
mater ia l propert ies at 20 y e a r s . The resu l t s 
c a u s e d cons ide rab le d i s c u s s i o n before be
ing agreed between P i lk ing tons and B R E 
and pub l i shed ' . 
The pr imary problem a r o s e regarding the 
predic ted va lue of u l t imate tens i le s t rength 
of the mater ia l exposed to natura l weather
ing. It had become apparent that th is w a s 
the property wh i ch would contro l most of 
the a rch i tec tu ra l des i gns and u s e s in the 
bui lding industry and w a s proving most dif
f icult to agree and predict . 
T h e behaviour of mater ia l exposed to 
natura l weather ing did not s e e m to lie pro
port ionately between that of the two con
trolled env i ronments and had not yet reach
ed a s teady s ta te . A deta i led s tudy of in
d iv idual test resu l ts and prob lems of predic
t ion by curve f i t t ing ind ica ted that the shor
tage of relevant test s p e c i m e n s w a s leading 
to undue weight being given to cer ta in low 
resu l ts . A l though these probably ind icated 
poor s p e c i m e n s or poor test ing the lack of 
ava i lab le da ta meant they cou ld not be 
neg lec ted. 
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Tens i le s t rength wi th t ime 

Pi lk ingtons c o m m i s s i o n e d Ove Arup and 
Par tners to provide a study of mater ia l pro
pert ies and sugges t a des ign approach . T h i s 
s t u d y 2 brought out the di f f icul ty derived 
from low test resu l t s (F ig . 4) and sugges ted 
a des ign approach based on the pub l ished 
table of predicted 20-year propert ies (F i g . 5). 
Design guidance and market development 
Pi lk ingtons found that, whi le the market for 
grc w a s expand ing apprec iab ly , they were 
st i l l giving free des ign adv ice and th is w a s 
becoming a very heavy burden on their 
resou rces . To a s s i s t in promoting the 
mater ia l , whi le l essen ing their involvement 
in individual project des ign , they pub l ished 
a guide to the use , des ign and manu fac tu re 
of g rc 3 . 

The market for the mater ia l became very 
much wider than the init ial a rch i tec tu ra l 
c ladd ing use and manu fac tu re rs s tar ted 
producing p ipes, roof t i les and a s b e s t o s ce
ment rep lacemen ts among many other pro
duc ts . The use in c ladd ing a lso changed . 
With its adopt ion by more des igners who 
had little or no knowledge of i ts qua l i t ies 
and propert ies, most of the work c a m e to be 
carr ied out by manu fac tu re r s on a des ign 
and cons t ruc t b a s i s at the s a m e t ime a s 
P i lk ing tons were w i thdrawing from their role 
a s qual i ty control i nsure rs and concen
trat ing on fibre product ion and s a l e s . 
The very compet i t ive tender ing c l imate in 
the wor ldwide bui lding industry, and par
t icu lar ly in Br i ta in , and the des i re to in
c r e a s e the market penetrat ion of grc, led 
manu fac tu re rs to c h a n g e their methods. 
They adopted l e s s r igorous s tanda rds of 
qual i ty contro l , used mater ia l wh ich , by the 
incorporat ion of higher quant i t ies of c h e a p 
s a n d fil ler, w a s l ess l ike the mater ia l on 
wh ich da ta w a s ava i lab le , and they combin
ed it wi th other ma te r ia l s to form s a n d w i c h 
pane ls wh ich were eas ie r to make and pro
vided addi t ional propert ies within the 
bui lding envelope. 

Formality 
In 1978 the B R E pub l i shed the resu l t s of the 
10 year t es ts on their grc s a m p l e s 4 . T h e s e 
conf i rmed the work done after the f ive year 
t e s t s . Li t t le comment w a s generated in the 
industry a s vir tual ly no grc of th is type w a s 
being produced. 
Nemesis 
During the 1970s the market for the use of 
grc cont inued to expand throughout the 
wor ld . There were o c c a s i o n a l reports, of 
c r a c k s in grc c ladd ing pane ls . T h e s e pro
b lems were found to be a s s o c i a t e d with 
poor des ign , poor wo rkmansh ip or poor 
qual i ty mater ia l and these were accep ted a s 
c a u s e s . 
In late 1981 reports began to c i r cu la te 
through the industry of se r ious and exten
s ive c rack ing in grc c ladd ing pane ls and in 
1982 P i lk ing tons produced a l imited c i r cu la -
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tion report conf i rming that they had 
d iscovered an hitherto unforeseen problem 
with mois ture movement s t ra ins in curved 
and shaped s a n d w i c h p a n e l s 5 . Di f ferent ia l 
mois ture movement drying shr inkage , bet
ween the outs ide sk in and the ins ide sk in of 
a s h a p e d s a n d w i c h pane l , cou ld be enough 
to generate moments in the pane l , from the 
restra int of i ts shape , su f f i c ien t to c a u s e 
c r a c k s . F ig . 6 s h o w s a typ ica l shaped panel . 
The d i f f icu l ty wi th th is hypo thes is . 

developed from a theoret ica l s tudy, w a s 
that, w h e r e a s it predicted c r a c k s would oc
cur in al l shaped s a n d w i c h pane ls , c r a c k s 
were actua l ly only occur r ing in some . Fur
thermore c r a c k s were a l so occur r ing in f lat 
s a n d w i c h pane ls and the hypo thes is did not 
exp la in these. 
Ove Arup and Par tne rs were however begin
ning to invest igate c r a c k s in grc pane ls both 
of their own des ign and des igned by others . 
Work has therefore been carr ied out involv
ing field m e a s u r e m e n t s , c h e c k s and con
trols wh ich h a s demons t ra ted that the init ial 
postu lat ion of the c rack ing hypo thes is does 
occur ; the laboratory work h a s been shown 
to represent what c a n occur . Wha t is st i l l 
unknown is why it shou ld occu r in s o m e 
s i tua t ions and not in other, apparent ly 
s imi lar , s i tua t ions . It may be that there is 
s o m e further re la t ionship involving mater ia l 
qual i ty, mater ia l combinat ion and exposu re 
aspec t but insuf f ic ient resea rch work h a s 
been carr ied out to determine these mat ters . 
Hopeful ly the resea rch work wi l l eventua l ly 
be under taken but at present the other 
notor ious aspec t of innovat ion, fear of legal 
l iabi l i ty, is wel l to the fore and much infor
mat ion is being kept conf ident ia l . 
Conclusions 

Work in innovat ion is more tax ing and more 
di f f icul t than normal des ign work. It is 
however very reward ing a s it not only needs 
but a l so e n c o u r a g e s a wider unders tand ing 
and a w a r e n e s s of the phys i ca l behaviour of 
mate r ia l s and the interact ion of e f f ec t s . 
The work in grc however s h o w s how di f f icul t 
it is to be cons is ten t l y right even when pro
ceed ing care fu l ly and eva luat ing the 
r e a s o n s for and resu l ts of ex tens i ve 
resea rch p rogrammes. T h e innovat ion work 
in grc h a s been brought about by, yet h a s 
su f fe red from, commerc ia l p r e s s u r e s . 
However the present prob lems have a r i sen , 
not from errors in what w a s exp l ic i t l y con
s idered, but from a factor that w a s not ex
pl icit ly cons idered . T h i s c a n happen in 'nor
ma l ' des ign a s wel l a s in innovat ive work. 
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Assessment of 
seismic hazard 
Edmund Booth 

Synopsis 
T h i s paper g ives some background informa
tion on the nature of s e i s m i c hazard , and 
desc r i bes the pr inc ip les involved in se lec 
ting ear thquake ground mot ions for use in 
the ear thquake- res is tan t des ign of s t ruc
tures. It r ecommends how these mot ions 
can be related to the zoning in s e i s m i c 
codes . 
Appendix A g ives s o m e s ta t i s t i ca l informa
tion on the ex t reme va lue distr ibut ion of 
ear thquake acce le ra t i ons and Appendix B 
g ives s tandard formulae, based on C o r n e l l 1 5 , 
for quant i fy ing ear thquake acce le ra t ion 
return per iods. Appendix C s u g g e s t s a 
method for quant i fy ing the ef fect of large 
magni tude, d is tant ea r thquakes on long 
period s t ruc tu res . 

The under ly ing phi losophy of th is ar t ic le is 
the s a m e a s in David C ro f t ' s ear l ier p a p e r 2 3 

on the se i sm ic i t y of I ran, but the scope h a s 
been broadened and recent deve lopments 
have been noted. 
The nature of se ismic hazard 
The s e i s m i c hazard at a s i te is a measu re of 
how l ikely the s i te is to be a f fec ted by 
damaging ea r thquakes . However, the r isk of 
damage to a given s t ruc ture depends not 
only on the s e i s m i c hazard at the s i te but 
a l so on the vulnerabi l i ty of the s t ruc ture to 
ear thquake damage. T h i s c a n be exp ressed 
by the re la t ionsh ip 

R isk = Hazard x Vulnerabi l i ty 

We are conce rned here wi th def in ing the 
hazard of a s i te , so that the vulnerabi l i ty of 
the s t ruc tu res that are built there can be ad

jus ted to give an overal l level of r isk that is 
judged accep tab le . The accep tab le r isk level 
wil l depend on the type of s t ructure; it wi l l be 
di f ferent for low-r ise housing s t ruc tu res 
than for high r isk fac i l i t ies (e.g. nuc lear 
power s ta t ions) , or bui ld ings l ike hosp i ta l s 
needed for a pos t -ear thquake emergency . 
Many c o d e s 1 ^ 3 recognize these fac to rs 
expl ic i t ly . 
Whi le the pr inc ip les of se lec t ing des ign 
fo rces are in many c a s e s s imi lar to those in
volved in wind engineer ing, there are some 
important d i f fe rences between the 
c h a r a c t e r i s t i c s of wind and ear thquake 
loading wh ich a f fec t the engineer ing ap
proach to hazard a s s e s s m e n t , a s noted 
below. 
a) The ratio of loading with a long return 
period (say 1,000 years ) to a short period 
(say 50 years ) is much greater for ear th
q u a k e s than for wind. Appendix A prov ides 
s o m e s ta t i s t i ca l compar i sons . The corol lary 
is that the r i s ks a s s o c i a t e d wi th earth
q u a k e s i nc rease much more rapidly with 
return period than for w ind. S i n c e the overal l 
r isk of co l l apse is the product of vulner
abi l i ty and hazard summed over al l return 
per iods, a s t ruc ture des igned to w i ths tand a 
50 year return ear thquake with the s a m e fac
tor of sa fe ty a s a 50 year wind h a s a much 
higher overal l r isk of fa i lure. Appendix A in
ves t iga tes th is further. 

b) The des t ruc t ive e f f ec t s of a major earth
quake are l ikely to be more comprehens ive 
than those of a major wind s torm, a f fec t ing 
not only s t ruc tu res , but a l so buried s e r v i c e s 
(e.g. water , gas) , mechan i ca l and e lec t r i ca l 
equipment (e.g. te lecommun ica t ions equip
ment, hospi ta l support s y s t e m s ) , and road 
and rail l inks. T h e ear thquake may a l s o trig
ger lands l ides or t idal w a v e s . The abi l i ty to 
mount rescue operat ions and to fight secon
dary d i s a s t e r s (espec ia l l y f i res) may 
therefore wel l be much more adverse ly af
fec ted by a dest ruc t ive ear thquake than by a 
rare w inds torm. 

c) In genera l , the d a m a g e c a u s e d by a 
freak wind s torm ex tends over a period of 
many minutes and meteoro log ica l predic
tion methods are wel l developed. However, 
the period of s t rong shak ing during a major 
ear thquake typ ical ly l as t s a minute or l e s s , 
leaving little t ime for evas i ve ac t ion , and 
ear thquake predict ion methods are a s yet 
very unrel iable. 

Ear thquake load ings wi th a long return 
period are thus not only highly dest ruc t ive 
and comprehens ive in e f fec t , but a l so dif
f icult to take evas i ve ac t ion aga ins t in the 
short term. There fore , ear thquake- res is tan t 
design h a s to cons ider even ts with a much 
longer return period than is normal for wind-
res is tant des ign . B e c a u s e the events are 
rare, it is not cons idered economic to pre
vent damage from occur r ing . Ins tead , the 
des ign shou ld ensure that s t ruc tu res do not 
co l lapse , e s c a p e routes are unblocked and 
se rv i ces vi tal during the post -ear thquake 
period c a n surv ive the shak ing in a func
t ional s ta te . 
The U B C 1 of the U S A spec i f i ca l l y e x c l u d e s 
cons idera t ion of return period from its 
hazard a s s e s s m e n t , wh ich it b a s e s sole ly on 
the m a x i m u m h is tor ica l ly recorded earth
quake damage at a s i te . More recent U S 
c o d e s 2 - 3 def ine the hazard in te rms of a 
500-year return period event, and th is is 
recommended a s appropr iate for bui lding 
s t ruc tu res . Des ign of high r isk fac i l i t ies l ike 
nuc lear power s ta t ions involves cons ide ra 
tion of even longer return per iods. 

C a u s e s of earthquake damage 
Ear thquake damage a r i s e s from a number 
of di f ferent c a u s e s , a s fo l lows 

(1) Dynamic e f fec t s due to ground shak ing 
(F ig . 1) 
(2) Foundat ion se t t l ements and move
ments 
(3) Permanent relat ive movements a c r o s s 
a fault break 
(4) L a n d s l i d e s tr iggered by the ear thquake 
(F ig . 2) 
(5) L iquefac t ion , a phenomenon occur r ing 
in sa tu ra ted granular so i l s wh i ch may lose 
strength dramat ica l l y under cyc l i ca l loading 
(F ig . 3) 

(6) T s u n a m i s (t idal w a v e s ) and s e i c h e s 
( changes in water level in lakes) 
(7) Other secondary phenomena , for e x a m 
ple fire and flood damage fo l lowing dam 
fai lure. 

I tems 2 to 5 require spec ia l i s t geo techn ica l 
adv ice and . together with I tems 6 and 7, are 
beyond the s c o p e of th is ar t ic le wh i ch is 
concerned with descr ib ing the ground mo
t ions c a u s i n g I tem 1. H is tor ica l ly , ground 
motion h a s c a u s e d the greatest amount of 
damage , though in some major ea r thquakes 
fire damage h a s been equal ly s ign i f i cant . 

Fig.1 
Strong mot ion 
damage ( I ta l ian 
ear thquake, 1980) 
(Photo: R. Spence ) 

Fig.2 
Lands l i de 
damage (A laskan 
ear thquake 1964) 

Fig.3 
L iquefac t ion 
damage (Ni igata 
ear thquake, 
J a p a n 1964) 
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Tens i le s t rength wi th t ime 

Pi lk ingtons c o m m i s s i o n e d Ove Arup and 
Par tners to provide a study of mater ia l pro
pert ies and sugges t a des ign approach . T h i s 
s t u d y 2 brought out the di f f icul ty derived 
from low test resu l t s (F ig . 4) and sugges ted 
a des ign approach based on the pub l ished 
table of predicted 20-year propert ies (F i g . 5). 
Design guidance and market development 
Pi lk ingtons found that, whi le the market for 
grc w a s expand ing apprec iab ly , they were 
st i l l giving free des ign adv ice and th is w a s 
becoming a very heavy burden on their 
resou rces . To a s s i s t in promoting the 
mater ia l , whi le l essen ing their involvement 
in individual project des ign , they pub l ished 
a guide to the use , des ign and manu fac tu re 
of g rc 3 . 

The market for the mater ia l became very 
much wider than the init ial a rch i tec tu ra l 
c ladd ing use and manu fac tu re rs s tar ted 
producing p ipes, roof t i les and a s b e s t o s ce
ment rep lacemen ts among many other pro
duc ts . The use in c ladd ing a lso changed . 
With its adopt ion by more des igners who 
had little or no knowledge of i ts qua l i t ies 
and propert ies, most of the work c a m e to be 
carr ied out by manu fac tu re r s on a des ign 
and cons t ruc t b a s i s at the s a m e t ime a s 
P i lk ing tons were w i thdrawing from their role 
a s qual i ty control i nsure rs and concen
trat ing on fibre product ion and s a l e s . 
The very compet i t ive tender ing c l imate in 
the wor ldwide bui lding industry, and par
t icu lar ly in Br i ta in , and the des i re to in
c r e a s e the market penetrat ion of grc, led 
manu fac tu re rs to c h a n g e their methods. 
They adopted l e s s r igorous s tanda rds of 
qual i ty contro l , used mater ia l wh ich , by the 
incorporat ion of higher quant i t ies of c h e a p 
s a n d fil ler, w a s l ess l ike the mater ia l on 
wh ich da ta w a s ava i lab le , and they combin
ed it wi th other ma te r ia l s to form s a n d w i c h 
pane ls wh ich were eas ie r to make and pro
vided addi t ional propert ies within the 
bui lding envelope. 

Formality 
In 1978 the B R E pub l i shed the resu l t s of the 
10 year t es ts on their grc s a m p l e s 4 . T h e s e 
conf i rmed the work done after the f ive year 
t e s t s . Li t t le comment w a s generated in the 
industry a s vir tual ly no grc of th is type w a s 
being produced. 
Nemesis 
During the 1970s the market for the use of 
grc cont inued to expand throughout the 
wor ld . There were o c c a s i o n a l reports, of 
c r a c k s in grc c ladd ing pane ls . T h e s e pro
b lems were found to be a s s o c i a t e d with 
poor des ign , poor wo rkmansh ip or poor 
qual i ty mater ia l and these were accep ted a s 
c a u s e s . 
In late 1981 reports began to c i r cu la te 
through the industry of se r ious and exten
s ive c rack ing in grc c ladd ing pane ls and in 
1982 P i lk ing tons produced a l imited c i r cu la -
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Fig. 6 
Typ ica l curved 
parapet s a n d w i c h 
panel with c rack 

tion report conf i rming that they had 
d iscovered an hitherto unforeseen problem 
with mois ture movement s t ra ins in curved 
and shaped s a n d w i c h p a n e l s 5 . Di f ferent ia l 
mois ture movement drying shr inkage , bet
ween the outs ide sk in and the ins ide sk in of 
a s h a p e d s a n d w i c h pane l , cou ld be enough 
to generate moments in the pane l , from the 
restra int of i ts shape , su f f i c ien t to c a u s e 
c r a c k s . F ig . 6 s h o w s a typ ica l shaped panel . 
The d i f f icu l ty wi th th is hypo thes is . 

developed from a theoret ica l s tudy, w a s 
that, w h e r e a s it predicted c r a c k s would oc
cur in al l shaped s a n d w i c h pane ls , c r a c k s 
were actua l ly only occur r ing in some . Fur
thermore c r a c k s were a l so occur r ing in f lat 
s a n d w i c h pane ls and the hypo thes is did not 
exp la in these. 
Ove Arup and Par tne rs were however begin
ning to invest igate c r a c k s in grc pane ls both 
of their own des ign and des igned by others . 
Work has therefore been carr ied out involv
ing field m e a s u r e m e n t s , c h e c k s and con
trols wh ich h a s demons t ra ted that the init ial 
postu lat ion of the c rack ing hypo thes is does 
occur ; the laboratory work h a s been shown 
to represent what c a n occur . Wha t is st i l l 
unknown is why it shou ld occu r in s o m e 
s i tua t ions and not in other, apparent ly 
s imi lar , s i tua t ions . It may be that there is 
s o m e further re la t ionship involving mater ia l 
qual i ty, mater ia l combinat ion and exposu re 
aspec t but insuf f ic ient resea rch work h a s 
been carr ied out to determine these mat ters . 
Hopeful ly the resea rch work wi l l eventua l ly 
be under taken but at present the other 
notor ious aspec t of innovat ion, fear of legal 
l iabi l i ty, is wel l to the fore and much infor
mat ion is being kept conf ident ia l . 
Conclusions 

Work in innovat ion is more tax ing and more 
di f f icul t than normal des ign work. It is 
however very reward ing a s it not only needs 
but a l so e n c o u r a g e s a wider unders tand ing 
and a w a r e n e s s of the phys i ca l behaviour of 
mate r ia l s and the interact ion of e f f ec t s . 
The work in grc however s h o w s how di f f icul t 
it is to be cons is ten t l y right even when pro
ceed ing care fu l ly and eva luat ing the 
r e a s o n s for and resu l ts of ex tens i ve 
resea rch p rogrammes. T h e innovat ion work 
in grc h a s been brought about by, yet h a s 
su f fe red from, commerc ia l p r e s s u r e s . 
However the present prob lems have a r i sen , 
not from errors in what w a s exp l ic i t l y con
s idered, but from a factor that w a s not ex
pl icit ly cons idered . T h i s c a n happen in 'nor
ma l ' des ign a s wel l a s in innovat ive work. 
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Assessment of 
seismic hazard 
Edmund Booth 

Synopsis 
T h i s paper g ives some background informa
tion on the nature of s e i s m i c hazard , and 
desc r i bes the pr inc ip les involved in se lec 
ting ear thquake ground mot ions for use in 
the ear thquake- res is tan t des ign of s t ruc
tures. It r ecommends how these mot ions 
can be related to the zoning in s e i s m i c 
codes . 
Appendix A g ives s o m e s ta t i s t i ca l informa
tion on the ex t reme va lue distr ibut ion of 
ear thquake acce le ra t i ons and Appendix B 
g ives s tandard formulae, based on C o r n e l l 1 5 , 
for quant i fy ing ear thquake acce le ra t ion 
return per iods. Appendix C s u g g e s t s a 
method for quant i fy ing the ef fect of large 
magni tude, d is tant ea r thquakes on long 
period s t ruc tu res . 

The under ly ing phi losophy of th is ar t ic le is 
the s a m e a s in David C ro f t ' s ear l ier p a p e r 2 3 

on the se i sm ic i t y of I ran, but the scope h a s 
been broadened and recent deve lopments 
have been noted. 
The nature of se ismic hazard 
The s e i s m i c hazard at a s i te is a measu re of 
how l ikely the s i te is to be a f fec ted by 
damaging ea r thquakes . However, the r isk of 
damage to a given s t ruc ture depends not 
only on the s e i s m i c hazard at the s i te but 
a l so on the vulnerabi l i ty of the s t ruc ture to 
ear thquake damage. T h i s c a n be exp ressed 
by the re la t ionsh ip 

R isk = Hazard x Vulnerabi l i ty 

We are conce rned here wi th def in ing the 
hazard of a s i te , so that the vulnerabi l i ty of 
the s t ruc tu res that are built there can be ad

jus ted to give an overal l level of r isk that is 
judged accep tab le . The accep tab le r isk level 
wil l depend on the type of s t ructure; it wi l l be 
di f ferent for low-r ise housing s t ruc tu res 
than for high r isk fac i l i t ies (e.g. nuc lear 
power s ta t ions) , or bui ld ings l ike hosp i ta l s 
needed for a pos t -ear thquake emergency . 
Many c o d e s 1 ^ 3 recognize these fac to rs 
expl ic i t ly . 
Whi le the pr inc ip les of se lec t ing des ign 
fo rces are in many c a s e s s imi lar to those in
volved in wind engineer ing, there are some 
important d i f fe rences between the 
c h a r a c t e r i s t i c s of wind and ear thquake 
loading wh ich a f fec t the engineer ing ap
proach to hazard a s s e s s m e n t , a s noted 
below. 
a) The ratio of loading with a long return 
period (say 1,000 years ) to a short period 
(say 50 years ) is much greater for ear th
q u a k e s than for wind. Appendix A prov ides 
s o m e s ta t i s t i ca l compar i sons . The corol lary 
is that the r i s ks a s s o c i a t e d wi th earth
q u a k e s i nc rease much more rapidly with 
return period than for w ind. S i n c e the overal l 
r isk of co l l apse is the product of vulner
abi l i ty and hazard summed over al l return 
per iods, a s t ruc ture des igned to w i ths tand a 
50 year return ear thquake with the s a m e fac
tor of sa fe ty a s a 50 year wind h a s a much 
higher overal l r isk of fa i lure. Appendix A in
ves t iga tes th is further. 

b) The des t ruc t ive e f f ec t s of a major earth
quake are l ikely to be more comprehens ive 
than those of a major wind s torm, a f fec t ing 
not only s t ruc tu res , but a l so buried s e r v i c e s 
(e.g. water , gas) , mechan i ca l and e lec t r i ca l 
equipment (e.g. te lecommun ica t ions equip
ment, hospi ta l support s y s t e m s ) , and road 
and rail l inks. T h e ear thquake may a l s o trig
ger lands l ides or t idal w a v e s . The abi l i ty to 
mount rescue operat ions and to fight secon
dary d i s a s t e r s (espec ia l l y f i res) may 
therefore wel l be much more adverse ly af
fec ted by a dest ruc t ive ear thquake than by a 
rare w inds torm. 

c) In genera l , the d a m a g e c a u s e d by a 
freak wind s torm ex tends over a period of 
many minutes and meteoro log ica l predic
tion methods are wel l developed. However, 
the period of s t rong shak ing during a major 
ear thquake typ ical ly l as t s a minute or l e s s , 
leaving little t ime for evas i ve ac t ion , and 
ear thquake predict ion methods are a s yet 
very unrel iable. 

Ear thquake load ings wi th a long return 
period are thus not only highly dest ruc t ive 
and comprehens ive in e f fec t , but a l so dif
f icult to take evas i ve ac t ion aga ins t in the 
short term. There fore , ear thquake- res is tan t 
design h a s to cons ider even ts with a much 
longer return period than is normal for wind-
res is tant des ign . B e c a u s e the events are 
rare, it is not cons idered economic to pre
vent damage from occur r ing . Ins tead , the 
des ign shou ld ensure that s t ruc tu res do not 
co l lapse , e s c a p e routes are unblocked and 
se rv i ces vi tal during the post -ear thquake 
period c a n surv ive the shak ing in a func
t ional s ta te . 
The U B C 1 of the U S A spec i f i ca l l y e x c l u d e s 
cons idera t ion of return period from its 
hazard a s s e s s m e n t , wh ich it b a s e s sole ly on 
the m a x i m u m h is tor ica l ly recorded earth
quake damage at a s i te . More recent U S 
c o d e s 2 - 3 def ine the hazard in te rms of a 
500-year return period event, and th is is 
recommended a s appropr iate for bui lding 
s t ruc tu res . Des ign of high r isk fac i l i t ies l ike 
nuc lear power s ta t ions involves cons ide ra 
tion of even longer return per iods. 

C a u s e s of earthquake damage 
Ear thquake damage a r i s e s from a number 
of di f ferent c a u s e s , a s fo l lows 

(1) Dynamic e f fec t s due to ground shak ing 
(F ig . 1) 
(2) Foundat ion se t t l ements and move
ments 
(3) Permanent relat ive movements a c r o s s 
a fault break 
(4) L a n d s l i d e s tr iggered by the ear thquake 
(F ig . 2) 
(5) L iquefac t ion , a phenomenon occur r ing 
in sa tu ra ted granular so i l s wh i ch may lose 
strength dramat ica l l y under cyc l i ca l loading 
(F ig . 3) 

(6) T s u n a m i s (t idal w a v e s ) and s e i c h e s 
( changes in water level in lakes) 
(7) Other secondary phenomena , for e x a m 
ple fire and flood damage fo l lowing dam 
fai lure. 

I tems 2 to 5 require spec ia l i s t geo techn ica l 
adv ice and . together with I tems 6 and 7, are 
beyond the s c o p e of th is ar t ic le wh i ch is 
concerned with descr ib ing the ground mo
t ions c a u s i n g I tem 1. H is tor ica l ly , ground 
motion h a s c a u s e d the greatest amount of 
damage , though in some major ea r thquakes 
fire damage h a s been equal ly s ign i f i cant . 

Fig.1 
Strong mot ion 
damage ( I ta l ian 
ear thquake, 1980) 
(Photo: R. Spence ) 

Fig.2 
Lands l i de 
damage (A laskan 
ear thquake 1964) 

Fig.3 
L iquefac t ion 
damage (Ni igata 
ear thquake, 
J a p a n 1964) 



Description of earthquake motions 
E a r t h q u a k e s typ ical ly or ig inate at depths 
between 5km and 200km below the ea r th ' s 
su r f ace . They are bel ieved to result f rom a 
fa i lure of rock in the ear th ' s c rus t at weak 
points, under the act ion of high s t ra ins . The 
fa i lure resu l ts in a sudden movement , felt a s 
an ear thquake. Much of the s t ra in energy 
re leased is d iss ipa ted a s heat; a res idua l 
1 0 % appea rs a s s e i s m i c w a v e s wh ich pro
duce the ground shak ing . Acce le ra t i ons up 
to 1.2g and permanent ground dis
p lacemen ts of up to a metre or more have 
been recorded in major ea r thquakes . 
F ig . 4 s h o w s a record of the acce le ra t ion 
recorded at a par t icu lar point dur ing the 
1971 S a n Fernando ear thquake . T h e damag
ing power of the shak ing depends on three 
propert ies of the motion: 

(1) The max imum ground acce le ra t ion 
(2) The f requency content 
(3) T h e durat ion of shak ing . 
T h e s e are now d i s c u s s e d in turn. 
Methods of a s s e s s i n g the maximum ground 
acceleration at a s i te - cor respond ing to 
factor 1 - are descr ibed in a later sec t ion . 
The frequency content - factor 2 - is ex
p ressed in a s imple but e f fec t ive way by the 
response spec t rum of the motion, wh ich is 
descr ibed in greater detai l in a later sec t ion . 
C lear l y the match between a s t ruc tu re ' s fre
quency and the predominant forcing fre
quency of an ear thquake is important in 
governing the way the s t ruc ture responds . 
The magni tude and depth of an ear thquake , 
the d i s tance of a s i te from the ear thquake 
source , and the nature of the soi l depos i t s 
through wh ich the s e i s m i c w a v e s p a s s , al l 
have an important in f luence on ground mo
tion f requency content . 

The duration of shaking a f f e c t s the number 
of s t r e s s reve rsa ls that a s t ruc ture ex
pe r iences and the amount of ea r thquake 
energy it has to absorb. Durat ion is 
therefore important in a s t r u c t u r e ' s a b i l i t y to 
surv ive the ear thquake . Bui ld ing c o d e s 
spec i f y spec ia l deta i l ing requ i rements and 
mater ia l spec i f i ca t i ons wh ich are found to 
have good low cyc le , high ampl i tude fat igue 
c h a r a c t e r i s t i c s . Exp l ic i t a l l owance for dura
tion e f fec t s requi res soph is t i ca ted 
ana ly t i ca l techn iques inappropr iate to most 
bui lding s t ruc tu res , and i ts cons idera t ion is 
beyond the scope of th is ar t ic le . 
Preliminary quantification of se ismic hazard 
A prel iminary ind icat ion of the s e i s m i c 
hazard at a s i te c a n be obta ined by referr ing 
to genera l ear thquake zoning m a p s , for ex
amp le R e f s . 4-6 for wor ldwide da ta , R e f s . 7-9 
for the Middle E a s t . 

The next s tage is to find out if a local code 
wi th rel iable zoning e x i s t s , for examp le by 
referr ing to the World L i s t 1 . 
If the local code does not ex is t or is con
s idered unsa t i s fac to ry and if no other 
re l iable source of informat ion e x i s t s , a 
s p e c i a l s tudy of se i sm ic i t y shou ld be car
ried out. The da ta s o u r c e s on wh ich th is 

should be based are descr ibed in the next 
sec t ion and the methods of p rocess ing 
these da ta are descr ibed in the subsequent 
sec t i ons . 
Data sources for special studies 
There are three types of da ta for determin
ing the s e i s m i c hazard of a s i te , al l of wh ich 
must be cons idered in a wel l - founded study. 
They are: 
(a) geolog ica l informat ion 
(b) ins t rumenta l records 
(c) eye -w i tness reports 

of ea r thquake e f f ec t s . 
T h e s e are now d i s c u s s e d in turn. 

Geological information i nc ludes the overal l 
tec ton ic and geologica l set t ing of the s i te, 
and a l so more local fac to rs , inc luding the 
proximity of potent ial ly ac t i ve fau l ts , the 
topography and the nature of the loca l soi l 
depos i ts . 
The overal l set t ing may al low the s i te to be 
compared with other better resea rched 
a r e a s in a s imi la r se t t ing , in order to 
es t ima te appropr ia te va lues for the max
imum credib le ear thquake magni tude, and 
cer ta in informat ion about the var iat ion of 
ear thquake occu r rence with magni tude 
(parameter b in Equat ion 1 below). 

T h e e x i s t e n c e of potent ial ly ac t ive loca l 
fau l ts is not a l w a y s easy to prove; a lmost 
any s i te wil l be near fault s y s t e m s , but in 
many c a s e s these may not have moved for 
mi l l ions of y e a r s . On the other hand it is dif
f icult to prove beyond doubt that the local 
fau l ts won't move s e i s m i c a l l y wi th in the 
period of interest. C lear ly the magni tude 
and f requency wi th wh ich a local fault can 
generate ea r thquakes h a s a major in f luence 
on the loca l hazard . 
L o c a l topography h a s been postu la ted a s in
f luenc ing s i te response due to the loca l 
ref lect ion and refract ion of the s e i s m i c 
w a v e s , ( see for examp le C h a n g 2 4 ) , though 
there are no es tab l i shed methods of al low
ing for t hese e f f ec t s . There is a l so some 
ev idence that other local fea tu res , s u c h a s 
the impounding of large r e s e r v o i r s 2 5 can 
tr igger ea r thquakes . 
The nature of the local soi l f i l ters and 
modi f ies the ear thquake mot ions, and th is 
h a s been wel l quant i f ied. It is usua l to deter
mine the ground motion that would occur in 
bedrock, and then to apply loca l modi f ica
tion fac to rs due to the soi l over ly ing bedrock 
at the s i te , a s descr ibed in a later sec t ion . 
Instrumental records compr i se both the 
records of ear thquake magn i tudes and posi
t ions, from s e i s m o g r a p h s ( te lese i sm ic or far 
f ield records) and acce le rograph record ings 
of ground mot ions (st rong mot ion or near 
field records) . T h e s e are of ten referred to a s 
m i c rose i sm i c da ta . 

The ear l ies t se i smograph records date back 
l ess than 100 yea rs , and the early records 
are unrel iable except for the largest events . 
It is only s i nce the introduct ion of the World 
Wide Se i smo log i ca l Network in the 1960s 

( in t roduced to monitor underground nuc lear 
exp los ions a s a resul t of the Test B a n Trea
ty) that rel iable wor ldwide da ta ex is t . 
A comprehens ive ca ta logue of ea r thquakes 
wor ldwide is held by the Internat ional 
Se i smo log i ca l Cent re ( ISC) at Newbury (of 
w h i c h the Ove Arup Par tnersh ip is an 
a s s o c i a t e member) . The ca ta logue is based 
on da ta suppl ied by se i smo log ica l s ta t i ons 
throughout the wor ld . I S C wil l supply 
l is t ings of ea r thquakes , giving their t ime, 
magni tude and posi t ion, for the a rea sur
rounding a s i te of interest , and these da ta 
shou ld form the b a s i s for es tab l i sh ing the 
magn i tude /occur rence re la t ionsh ips des
cr ibed in a later sec t ion . 
Acce le rograph record ings of ground 
mot ions are even more l imited in extent , and 
for many par ts of the wor ld, including North 
Wes te rn Europe and the Middle E a s t , do not 
ex i s t at a l l . The reason is of cou rse that 
large ea r thquakes c a n be detected from a 
se i smograph t housands of k i lometres 
away , w h e r e a s acce le ra t i ons su f f i c ien t ly 
large to be detected by a strong motion in
s t rument are produced only local ly to the 
ear thquake . Never the less , s t rong mot ion 
records are the main source of da ta on the 
at tenuat ion of ea r thquake acce le ra t ion with 
d i s t ance and the f requency content of the 
mot ions, and so play a vi tal role in hazard 
a s s e s s m e n t . 

Eyewitness reports of earthquake damage 
often form an e s s e n t i a l supp lement to in
s t rumenta l records. They cons i s t of reports 
of the response of man-made and natural 
ob jec ts to an ear thquake and of human 
percept ion of the motion. S u c h reports are 
of ten referred to a s m a c r o s e i s m i c da ta . The 
reports are usua l ly quant i f ied in te rms of 
s tandard intensi ty s c a l e s , s u c h a s the 
Modif ied Mercal l i s c a l e or the M S K s c a l e . 
The interpretat ion of these da ta is an expert 
d isc ip l ine in itself s i n c e there are a number 
of p i t fa l ls , a s fo l lows: 
1) Ea r thquake damage depends not only 
on the degree of shak ing (the hazard) but 
a l so on the or iginal s t rength of the damaged 
s t ruc tu re (the vulnerabi l i ty) and the latter 
may be di f f icul t to determine ret rospect ive ly . 
2) Descr ip t ions of ea r thquake e f f e c t s may 
be in f luenced by ex t raneous fac to rs , s u c h 
a s the novelty of ea r thquakes to the 
reporter, or h is/her v i ews about the c a u s e s 
of the ear thquake. A l so , demol i t ion and 
repair carr ied out af ter the ear thquake may 
be con fused with e f f e c t s of the ear thquake 
i tself . Ins t rumenta l records shou ld be more 
object ive. 
3) It may bedif f icult to sort out s e c o n d h a n d 
reports (wh ich tend to become exaggera ted) 
from e y e w i t n e s s reports. 

Never the less , h is tor ica l reports can be used 
to provide the fo l lowing, of ten e s s e n t i a l , 
in format ion. 
1) The extent of ea r thquake damage can 
be used to es t ima te ear thquake magni tude 
and the cent re of the damaged a rea c a n be 
used to es t ima te ear thquake pos i t ion. 
T h e s e c a n be used ei ther to c h e c k in
s t rumenta l de te rmina t ions if they are uncer
ta in or to subs t i tu te for them if they don't ex
ist. In th is way , quant i t ive informat ion c a n 
be obta ined about ea r thquakes occur r ing 
long before the advent of s e i s m o g r a p h s . 

A long t ime se r i es of ea r thquakes is impor
tant, both b e c a u s e of the in t r ins ic var iabi l i ty 
of ea r thquakes ment ioned previously, and 
b e c a u s e the s e i s m i c hazard of a region may 
vary apprec iab ly over a period longer than 
the t ime for wh ich ins t rumenta l records are 
a v a i l a b l e 1 1 . 
2) The reported reduct ion in ear thquake ef
fec ts with d i s tance c a n be used to es t ima te 
a t tenuat ion l aws , espec ia l l y in a r e a s l ike the 
UK where no st rong motion records e x i s t 1 2 . 
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ex i s t ence for some t ime. Normal g l a s s is 
however a t tacked by the a lka l i in cement 
and the qua l i t ies of the compos i te are lost. 
In 1966 a breakthrough w a s ach ieved at the 
Bui ld ing R e s e a r c h Es tab l i shmen t when Dr. 
Majumdar d iscovered that z i rconium-r ich 
g l a s s had a r e s i s t a n c e to a lka l i a t tack , w a s 
able to make f ibres of th is g l a s s and to com
bine them with a cement pas te matr ix . The 
mater ia l w a s patented through the Nat ional 
R e s e a r c h and Development Corporat ion 
and prepara t ions made for commerc ia l ex
ploi tat ion. 

Building Research Establishment 
The development of g l a s s re in forced ce
ment at the B R E occur red towards the end 
of the period when prob lems wi th high 
a lumina cement had c rea ted great dif
f icu l t ies . The Es tab l i shmen t determined 
that g l a s s re inforced cement shou ld be sub
jec ted to a lengthy test p rogramme before 
they would endorse i ts commerc ia l use . 
The test programme w a s es tab l i shed by the 
sc i en t i s t s at B R E and w a s therefore sc ien 
t i f ic in concept . The programme concen
trated on one mater ia l , kept in contro l led en
v i ronments and tested in a way that w a s 
repeatable and gave cons is ten t l y reproduci
ble resu l ts . (Where work is based on test 
resu l t s and exper imen ts wh i ch c a n be 
reproduced by others it c a n be publ ished.) 
Init ial work had shown that the a lka l i a t tack 
w a s res is ted , not prevented, so the 
mate r ia l ' s propert ies changed wi th t ime; it 
aged. Th i s p r o c e s s occur red much fas ter in 
water than in air so the two care fu l ly con
trol lable env i ronments chosen were warm 
water and dry, cool air. The init ial work had 
a l so shown that the mater ia l became brittle 
and w a s di f f icul t to test in direct tens ion , a s 
any d istor t ion of shape or test grip al ign
ment in t roduces s t r e s s concen t ra t ions . The 
test c h o s e n to monitor the qual i ty of the 
mater ia l and i ts change of property with 
t ime w a s , therefore, the four-point bending 
test on spray dewatered grc. 

None of th is work is d i rect ly app l i cab le to 
the commerc ia l use of direct sp ray grc in the 
bui lding industry. 
It w a s expec ted that the resu l t s of the age
ing p r o c e s s would be c lear ly demons t ra ted 
wi th in f ive y e a r s , that the e f f e c t s of al l en

v i ronments would lie between those of dry 
air and those of wa rm water and that a rela
t ionship could be es tab l i shed between four-
point bend modulus of rupture (MOR) and 
direct tens ion (UTS) . A sma l l number of 
s a m p l e s were however exposed to natural 
weather ing at the B R E s ta t ion , Ga rs ton , and 
some tens i le test ing w a s p lanned. 
Pilkington Brothers Ltd. 
Pi lk ingtons were granted a l i cence by N R D C 
for the commerc ia l product ion and explo i ta
tion of the a lka l i res is tan t (AR) g l a s s . 
Hav ing proved that the fibre could be pro
duced commerc ia l l y and having built a pilot 
plant, P i lk ingtons were keenly aware that 
the bui lding industry would be very 
cau t ious . Many were st i l l su f fer ing from the 
problems with high a lum ina cement wh ich 
a l so h a s propert ies wh i ch change with t ime, 
and with the per fo rmance of sma l l unsk i l led 
f i rms producing g l a s s fibre re in forced 
p las t i c mate r ia ls . 

P i lk ingtons w ished to sel l g l a s s f ibre, not 
grc; however, to develop a market desp i te 
these two prob lems, they dec ided to 
es tab l i sh an ex tens i ve resea rch programme 
to provide much more informat ion to u s e r s , 
to provide an ex tens i ve techn ica l support 
serv ice and to es tab l i sh a l i cens ing s y s t e m 
for grc manu fac tu re rs to whom and only to 
whom they would se l l A R g l a s s f ibre 
marketed a s Cemfil. With a mater ia l wh ich 
h a s good short- term but poor long-term pro
per t ies, i nadequac ies in manu fac tu re c a n 
be a par t icu lar ly d i f f icul t techn ica l and con
t rac tua l problem. 
By the ear ly to mid-1970s, however, Cemfil 
Market ing Div is ion of P i lk ing tons w a s ex
per ienc ing in tense p ressu re for the commer
c ia l explo i tat ion of grc in order to develop a 
v iab le market for P i l k ing tons ' product and to 
recoup some of the development c o s t s . Yet 
a l ready d e c i s i o n s relat ing to product 
manu fac tu re and commerc ia l investment 
had changed the mater ia l wh ich w a s being 
promoted from spray dewatered , neat ce
ment pas te grc to direct spray, cement 
pas te with s a n d fi l ler grc. To sa t i s f y the need 
for rapid a n s w e r s on th is mater ia l , Pilk
ingtons had become commit ted to ac 
ce le ra ted age ing by immers ion in hot water 
to provide s a m p l e s for their tes t ing 
programme. 

Initial u s e s of grc 
The init ial use in s t ruc tu res w a s l imited to 
permament formwork, where the early 
qua l i t ies of the mater ia l a re used . Even in 
th is , however, prob lems were exper ienced in 
the lack of unders tand ing in des ign that a 
st i f f mater ia l a c t s d i f ferent ly from the more 
convent iona l duct i le mate r ia l s . 
In terms of product promotion arch i tec tura l 
c ladding m a k e s the most impact in the 
bui lding industry even though it is a relat ive
ly sma l l vo lume market . S o m e work had 
been done us ing grc a s c ladd ing and in 1974 
Ove Arup and Par tne rs received a commis 
s ion to adv i se on the s t ruc tura l a s p e c t s of 
the use of grc a s c ladd ing to the new London 
branch of Credi t Lyonna i s (F i g . 1). 

Credit Lyonnais 
The pub l ished informat ion on grc w a s 
gathered and s tud ied, in tens ive meet ings 
held wi th the B R E , P i l k ing tons and the 
Arch i tec t and a number of c r i t i ca l dec i s i ons 
taken , al l in para l le l with the development of 
the a rch i tec tu ra l des ign concept and i ts 
relat ion to the s t ruc ture , f i n i shes and ser
v i ces of the bui lding. 
The d e c i s i o n s were a imed at reduc ing a s 
much a s poss ib le the r i s ks inherent in the 
use of a new mater ia l and the l imi ta t ions of 
the in format ion ava i lab le . T h e mater ia l to be 
used would be a s c l o s e a s poss ib le to that 
on wh ich resea rch had been car r ied out, a 
limit s ta te des ign approach would be used 
to relate loads and r e s i s t a n c e in order to en
courage cons idera t ion of di f ferent fac to rs , 
the cha rac te r i s t i c tens i le s t rength would be 
based on the e las t i c l inear limit of the 
mater ia l , the mater ia l would be used in a 
manner that it ac ted on i ts own and not a s a 
combina t ion with other mate r ia ls , t es t s 
would be car r ied out on mode ls and pro
to types to prove s t ruc tu ra l a n a l y s i s concep
t ions and in tens ive superv is ion of manu fac 
ture would be under taken. 
A des ign w a s prepared on th is b a s i s (F ig . 2) 
and the programme of t es t s on models , fix
ings and a s ing le prototype panel under
taken. T h e f ix ing tes ts gave very high resu l t s 
but the box beam model t es t s (F ig . 3) 
demons t ra ted that the s t ruc tu ra l mode w a s 
direct tens ion in one face and not f lexure, so 
the s k i n s had to be th ickened to a c c o m 
modate th is lower limit. T h e fu l l -sca le pro
totype panel demons t ra ted a load-carry ing 
capac i t y of more than 10 t imes the des ign 
load, so everyone w a s happy. The des ign 
h a s apparent ly been s u c c e s s f u l and there 
are no prob lems so far wi th the c ladd ing . 

Research and material properties 
In 1975 B R E co l la ted the resu l t s of the first 
f ive y e a r s test p rogramme on grc and 
prepared a predict ion of the va lue of 
mater ia l propert ies at 20 y e a r s . The resu l t s 
c a u s e d cons ide rab le d i s c u s s i o n before be
ing agreed between P i lk ing tons and B R E 
and pub l i shed ' . 
The pr imary problem a r o s e regarding the 
predic ted va lue of u l t imate tens i le s t rength 
of the mater ia l exposed to natura l weather
ing. It had become apparent that th is w a s 
the property wh i ch would contro l most of 
the a rch i tec tu ra l des i gns and u s e s in the 
bui lding industry and w a s proving most dif
f icult to agree and predict . 
T h e behaviour of mater ia l exposed to 
natura l weather ing did not s e e m to lie pro
port ionately between that of the two con
trolled env i ronments and had not yet reach
ed a s teady s ta te . A deta i led s tudy of in
d iv idual test resu l ts and prob lems of predic
t ion by curve f i t t ing ind ica ted that the shor
tage of relevant test s p e c i m e n s w a s leading 
to undue weight being given to cer ta in low 
resu l ts . A l though these probably ind icated 
poor s p e c i m e n s or poor test ing the lack of 
ava i lab le da ta meant they cou ld not be 
neg lec ted. 
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Glass 
reinforced 
cement 
Michael Courtney 
This paper was given at 
THE ARUP PARTNERSHIPS seminar 
'Innovation in Practice,' November 1983. 

Introduction 
G l a s s re inforced cement is one of the few 
new mater ia ls to appear in the bui lding 
world in recent y e a r s . It is not and , a lmos t 
cer ta in ly , never wil l be a major s t ruc tu ra l , or 
even arch i tec tura l mater ia l but its develop
ment i l lus t rates the s t reng ths and 
w e a k n e s s e s of the industry and the pro
b lems of innovat ion. 

In order to use a new mater ia l , or to use an 
ex is t ing mater ia l in a new way , it is 
n e c e s s a r y to interpret and t rans la te the in
format ion and knowledge of the proper t ies 
of that mater ia l to a form su i tab le and ap
p l icab le to the intended use. R e s e a r c h and 
development informat ion tends to ref lect 
and be l imited to the in terests and t ra in ing 
of the developer or researcher . 
There is vir tual ly no or iginal resea rch fund
ed or carr ied out by those who own, des ign 
or cons t ruc t bui ld ings. Vir tual ly al l work is 
under taken by manu fac tu re rs of ma te r ia l s . 
Government resea rch es tab l i shmen ts or 
p l aces of higher educa t ion . All of these have 
ves ted in terests or have l imited knowledge 
of real bui ld ings so their work concen t ra tes 
on par t icu lar ideas or intent ions. Bu i ld ings , 
however, cons i s t of mater ia ls in di f ferent 
fo rms and in di f ferent comb ina t ions wi th 
other mater ia ls and are intended to last for a 
cons ide rab le time. 

The progress of the use of grc in bui ld ings 
demons t ra tes th is s a m e conf l ic t and 
problem. 
Ini t ial development in grc w a s very s low and 
cau t ious , concent ra t ing on iso la ted proper
t ies of a s ing le form of the mater ia l , spray 
dewatered grc. P r e s s u r e s of commerc ia l ex
ploitat ion however meant that manu fac 
turers s tar ted with a dif ferent mater ia l , 
d i rect spray grc conta in ing sand fi l ler, and 
have moved even further away by us ing grc 
in combinat ion with other mate r ia l s , 
s tyropore and po lys tyrene, to form sand 
w ich pane ls . P rob lems have a r i sen now wi th 
grc for wh ich it h a s been more di f f icul t to 
es tab l i sh c a u s e , e f fec t and remedy, due to 
the mater ia l ' s c h a n g e of propert ies with 
t ime. 
T h e fol lowing cons idera t ion of th is p rogress 
is necessa r i l y s impl i f ied and condensed . 
The material 
G l a s s reinforced cement is a combinat ion of 
g l a s s f ibres, cement and water with sand 
fil ler and admix tu res . It c a n be made in three 
di f ferent w a y s , e a c h of wh ich p roduces 
mater ia l with di f ferent short and long-term 
propert ies. Spray dewatered mater ia l is 
made by us ing a high water content and 
then compac t ing and dewater ing by s u c 
t ion. Direct spray mater ia l h a s a low water 
content , u s e s an addit ive to ach ieve 
workabi l i ty and is compac ted by rol l ing. In 
both these techn iques g l a s s fibre and ce
ment slurry are sp rayed into moulds and on
ly combine at the point of con tac t . Premix 
mater ia l is s imi la r in c o n s i s t e n c y to direct 
sp ray except that it is premixed, is v ibrated 
rather than rolled and h a s much lower 
qua l i t ies . 
The idea of re inforc ing cement mortar wi th 
g l a s s f ibres to make a homogeneous duct i le 
mater ia l with tens i le strength h a s been in 
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Fig. 1 
Credit Lyonna i s . Arch i tec t : Wh inney M a c k a y - L e w i s Par tnersh ip (Photo: David Leech) 

< 

y 

or" 

-@ 
1-1 2 - 2 

Fig. 2 
Credit Lyonna i s prototype panel 

Rear e levat ion 

Quantification of design ground motions 
A bas i c d i f f icu l ty in quant i fy ing s e i s m i c 
hazard is that the return per iods of interest 
are at least 500 yea rs , even for normal 
building s t ruc tu res . Th i s w a s d i s c u s s e d at 
the beginning of the ar t ic le. The coro l lary is 
that a des ign ground motion for a given s i te 
could only be deduced direct ly from the 
record ings of an acce le rograph at the s i te if 
the inst rument were left at the s i te for many 
hundreds of yea rs . Th i s c a n be compared 
with ihe s i tuat ion for wind, where the return 
per iods of interest are an order of 
magni tude shor ter and des ign can be based 
on anemometer readings taken over a 
period of a few decades . Indirect methods 
must therefore be used for quant i fy ing 
des ign ground mot ions. 
T h e fact that the methods are indirect, 
coupled with the long return per iods involv
ed, make the determinat ion of the mot ions 
highly uncer ta in . For th is reason it is e s s e n 
t ial to b a s e their a s s e s s m e n t on the 
broadest poss ib le data base , us ing al l three 
da ta s o u r c e s (geological , e y e w i t n e s s , in
s t rumenta l ) referred to previously. Despi te 
the impress ion that might be ga ined from 
the append ices to this ar t ic le , sound 
engineer ing scru t iny of the da ta is at least 
a s important a s complex ma themat i ca l 
a n a l y s i s . 

T w o methods of a n a l y s i s are in common use 
for p rocess ing the data s o u r c e s out l ined in 
the previous sec t ion to give des ign f igures. 
The methods are : 
(i) Determin is t ic methods 
(ii) Probab i l i s t i c methods. 
The deterministic methods involve 
postu la t ing a des ign ear thquake occur r ing 
at a given d i s t ance from the s i te . An ap
propriate e x p r e s s i o n for the at tenuat ion of 
acce le ra t ion with d i s tance for a given 
magni tude of e a r t h q u a k e 1 3 ' 4 c a n then be 
used to determine the des ign acce le ra t ion 
at the s i te . 
T h e problem is of cou rse in choos ing the 
des ign ear thquake magni tude and d i s tance . 
In an a rea where there is a wel l -def ined and 
recorded ac t i ve fault s y s t e m , the d i s tance 
to the neares t potent ial ly ac t i ve fault m a y b e 
e a s y to determine, and se i smo log i s t s may 
be ab le to give an opinion on the largest 
magni tude the fault is capab le of, and the 
f requency wi th wh ich that magn i tude is pro
duced . T h i s may be the best way of 
es t imat ing the max imum credib le earth
quake r isk to hazardous ins ta l la t ions . In 
many par ts of the world, however, espec ia l l y 
away from tec ton ic plate boundar ies , link
ing ea r thquakes to known fau l ts is much 
harder, and the determin is t ic methods are 
of va lue pr imari ly in check ing the pro
babi l is t ic methods . 

The probabilistic methods involve a 
s ta t i s t i ca l t reatment of ea r thquake records, 
in a manner f irst descr ibed by C o r n e l l 1 5 . 
They a s s u m e that ea r thquakes occur a s 
s ta t i s t i ca l l y independent events , randomly 
d ist r ibuted in t ime, though they may be 
a s s u m e d to be c lus te red in s p a c e , for exam
ple along fault l ines. A good descr ip t ion of 
the method is given by C o r n e l l ' 6 . 
T w o fundamenta l s t eps are needed to per
form the a n a l y s i s : 
(1) Quant i fy how often ea r t hquakes occu r 
in the reg ions surrounding the s i te - the 
magnitude/occurrence relationship. 

( 2 ) Quant i fy the re lat ionship between 
magni tude, ground acce le ra t i on and 
d i s tance f rom the ear thquake - the at
tenuation law. 

Magnitude/occurrence relationship 
The first s tep in deriving the magni tude/oc
cur rence re la t ionship is to div ide the a rea 
sur rounding the s i te into di f ferent earth
quake s o u r c e s - s e e F ig . 5. T h e s o u r c e s 
can be represented either a s l ine s o u r c e s , 
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cor respond ing to fault s y s t e m s along wh ich 
ea r thquakes are c lus te red , or areal s o u r c e s , 
in wh ich ea r t hquakes are randomly 
d ist r ibuted in s p a c e . E a c h sou rce may have 
a dif ferent occu r rence re la t ionsh ip . 
Choos ing how to divide the region into 
s o u r c e s is done by a combinat ion of 
geolog ica l a rguments , on the b a s i s of 
known or pos tu la ted fault s y s t e m s and 
plate boundar ies , and a l so by examina t ion 
of the s p a c i a l d is t r ibut ion of recorded earth
q u a k e s . In other words , engineer ing judge
ment is involved, and it may be w ise to test 
the sens i t iv i ty of the f inal result to c h a n g e s 
in assump t i on about source . C o r n e l l 1 6 

desc r i bes th is sens i t i v i ty a n a l y s i s for a 
s tudy of the Bos ton a rea . 
The f requency of occu r rence of ea r thquake 
is f o u n d 1 7 to be descr ibed wel l by Equat ion 1 
(see F ig . 6). 

logN = a - b M M=sM, 
N = 0 M > M, 

(11 

where N = number of ea r thquakes 
per year with magni tude 
greater than M 
m a x i m u m credib le earth
quake magni tude for the 
s o u r c e 
are c o n s t a n t s for a given 
sou rce . 

T h e cho ice of the m a x i m u m credib le earth
quake M 1 is usua l l y determined by 
geologica l a rguments , based on m a x i m u m 

M, = 

a,b 

recorded ea r thquakes in geological ly 
s imi la r reg ions. It may be the sub jec t of con
s iderab le uncer ta in ty , espec ia l l y in a r e a s of 
low se i sm ic i t y . M, can have a major in
f luence on the es t ima te of peak ground ac
ce lera t ion at long return per iods, 
a and b are determined pr inc ipa l ly by the 
best s t ra ight l ine fit of log N aga ins t M, from 
ins t rumenta l records of prev ious earth
quakes . A s d i s c u s s e d above, these da ta c a n 
be obta ined from the I S C , supp lemented by 
e y e w i t n e s s records . Th ree important 
s o u r c e s of error need to be c h e c k e d : 

(a) T h e h is to r ica l record may not be com
plete. T h e further back in t ime the record 
goes , the more l ikely it is that sma l le r 
magn i tude ea r thquakes wil l have gone 
unrecorded, and th is is the probable reason 
for the fa l l ing away of da ta points from a 
st ra ight l ine s e e n for low magn i tudes in F i g . 
6. Magn i tudes l e s s than four are very unl ike
ly to damage well-built eng ineered st ruc
tures, s o the cho i ce of a and b should be 
based on h is tor ica l ly comp le te da ta for 
M > 4. 

(b) There is good ev idence that the rate of 
ea r thquake act iv i ty in cer ta in par ts of the 
world undergoes cyc l i ca l va r ia t ions (see for 
examp le M c G u i r e " ) . What h a s happened in 
the relat ively recent past isn' t therefore 
necessa r i l y a good ind icat ion of what wi l l 
happen in the future. 
(c) Major ea r thquakes are usua l l y l inked 
with a s s o c i a t e d even ts ca l led f o r e s h o c k s 
and a f t e r s h o c k s . The a n a l y s i s depends on 
the a s s u m p t i o n that ea r thquakes are 
s ta t i s t i ca l l y independent even ts , so fore-
and a f t e r s h o c k s should be exc luded from 
the record. T h i s involves a cer ta in amount of 
judgement - when does an ear thquake 
c e a s e to be a de layed a f te rshock and 
become the next new event? 
T h e s imp les t way to check h is tor ica l com
p le teness of record and c y c l i c a l va r ia t ions 
is to plot the log N ve rsus M da ta for a s e r i e s 
of d i f ferent h is tor ica l per iods. S ta t i s t i ca l l y , 
the c h e c k is on the a s s u m p t i o n that the 
ear thquake o c c u r r e n c e s are P o i s s o n 
dist r ibuted with t ime, and a ma themat i ca l 
check for UK da ta is desc r ibed by I r v ing 1 2 . 
Attenuation laws 
An a t tenuat ion law d e s c r i b e s the peak 
ground response produced by a magni tude 
M ear thquake at a d i s tance R from the earth
quake f ocus . Most pub l ished l a w s take the 
form: 

Response = b , e b 2 M ( R + c ) - b 3 ( 2 ) 

where b v b 2 and b 3 and c are empi r i ca l 
c o n s t a n t s . 



A great number of a t tenuat ion l aws have 
been p u b l i s h e d 1 3 1 4 . For a region in wh i ch no 
direct ev idence from strong motion records 
e x i s t s , da ta obta ined from a geologica l ly 
s imi la r region shou ld be used . The cho i ce 
probably won't be s t ra igh t fo rward , and the 
sens i t iv i ty of the f inal result to us ing dif
ferent l aws should be invest igated. An alter
nat ive st rategy is to derive at tenuat ion l a w s 
from eyew i t ness reports of damage, a s h a s 
been done for the U K 1 2 . 
T h e uncer ta inty in cho ice of law is com
pounded by the cons ide rab le sca t te r of data 
about the publ ished trend l ines. At the least , 
the a n a l y s i s should be car r ied out for both 
the mean trend line and the upper bound 
9 5 % line. More soph is t i ca ted a n a l y s e s 1 2 - 1 6 

inc lude the s ta t i s t i ca l d ispers ion of da ta 
about the trend l ine direct ly into the 
a n a l y s i s . In th is app roach , the probabil i ty of 
an ear thquake at a given d i s tance c a u s i n g a 
cer ta in acce le ra t ion at the s i te c o m e s both 
from a larger magni tude ear thquake produc
ing the mean acce le ra t i on , and a sma l le r 
ea r thquake producing an above average ac
ce lera t ion . In a recent s tudy of UK se i sm ic i -
t y , 1 2 the latter e f fect appea rs to have 
dominated the acce le ra t i ons at very long 
return per iods. 

Derivation of maximum 
ground accelerations 
Having es tab l i shed the magni tude/occur
rence and the a t tenuat ion l a w s for the 
region a f fec t ing the s i te , the probabil i ty of a 
cer ta in ground acce le ra t ion x occur r ing at 
the s i te can be quant i f ied a s fo l lows. 
Acce le ra t ion x can be due to either a large 
magni tude, low probabi l i ty ea r thquake oc
curr ing a long way from the s i te , o r a sma l le r 
magn i tude more common ear thquake oc
curr ing at c l ose range. The rarity r>f the large 
d is tant ear thquake is part ly ba lanced by the 
sma l le r a rea in wh ich the sma l l ear thquake 
must occu r in order to produce an equal ly 
high acce le ra t ion . 

The s ta t i s t i ca l a n a l y s i s is merely a way of 
accoun t ing for these e f f ec t s . The earth
quake magni tude needed to produce x at a 
d i s t ance R from the s i te is given by the at
tenuat ion law. The probabi l i ty of that 
magni tude occurr ing is given by the 
magn i tude /occur rence re la t ionship. The 
total probabi l i ty of x is then the s u m of the 
probabi l i t ies of the relevant causa t i ve earth
q u a k e s occur r ing , s u m m e d over the ent i re 
region a f fec t ing the s i te . 
Numer ica l e x p r e s s i o n s for the probabi l i ty, 
af ter Corne l l , 5 are given in Appendix B. A 
number of computer programs ex is t wh ich 
perform the ca lcu la t ion , inc luding the Arup 
program Q U A K E , and McGu i re ' s program 
E Q R I S K 1 8 . 

Design response spectra 
In an ear l ier sec t ion , it w a s pointed out that 
the m a x i m u m ground acce le ra t ion is only 
one factor in descr ib ing the damag ing 
power of st rong ground motion. The other 
two fac to rs are the f requency content of the 
mot ion and the durat ion of shak ing . 
A r esponse spec t rum desc r i bes how the 
peak response of a s ing le degree of f reedom 
s y s t e m var ies with the s y s t e m ' s natural 
period and damping. F ig . 7 s h o w s th is 
schema t i ca l l y . The spec t rum peaks where 
the predominant per iods in the ground mo
tion match most c lose ly the s y s t e m ' s 
natura l period. A response spec t rum 
therefore provides a good descr ip t ion of the 
f requency content of the ground motion, 
though the spec t rum is not great ly a f fec ted 
by the durat ion of shak ing . 
Most ea r thquakes produce predominant 
per iods of acce le ra t ion in the range 0.2 to 
0.6 s e c o n d s , though s o m e ea r thquakes pro
duce predominant per iods a s long a s 2 
s e c o n d s . To put this in context , the natural 

16 per iods of bui ld ings are of the order of N/10 

s e c o n d s , where N is the number of s to reys , 
so a 5 s torey bui lding h a s a period of around 
0.5 s e c o n d s . 
It is unw ise to rely on the response spec t rum 
from a s ing le ear thquake for des ign pur
poses . For one thing, that ear thquake may 
produce a few high s p i k e s of response at 
cer ta in f requenc ies , but t hese are unl ikely 
to be of conce rn . T h i s is b e c a u s e a s t ructure 
resonat ing with the f requency of the sp ike 
would tend to s h a k e i tself out of trouble 
s ince on y ie ld ing, the natura l period would 
change . On the other hand, a s ing le earth
quake may not conta in al l the per iods likely 
to a f fec t a par t icu lar s i te . Current des ign 
prac t ice is therefore to use spec t ra wh ich 
are the smoothed , average response of a 
large number of ea r thquakes . C o d e s of prac
t ice s u c h a s A T C 3 .06 2 con ta in s u c h spec t ra , 
wh ich are d i s c u s s e d in a later sec t ion . 
A large deep ear thquake tends to produce 
longer per iods than a sma l l sha l low one. 
A lso , short per iods tend to a t tenuate more 
rapidly than long per iods so that the 
response spec t rum is sh i f ted towards the 
longer period range in the far f i e l d 1 9 . A 
region at some d i s tance from a tectonic 
plate boundary, or other major source of 
ea r thquakes , but st i l l wi th in its sphere of in
f luence, is l ikely to be in f luenced by large 
magni tude d is tant ea r thquakes , and so be 
a f fec ted by the long period shi f t . T h i s shi f t 
wil l be important in the des ign of ta l l , and 
therefore long per iod, bu i ld ings. T h i s is 
d i s c u s s e d in more detai l in the next sec t ion . 
The layers of so i l over ly ing bedrock at the 
s i te a l so modify the f requency con
tent - s e e F ig . 8. Deep a l luv ia l so i l s ampl i fy 
the longer period mot ions, compared with 
bedrock, but are unable to t ransmi t very 
high acce le ra t i ons , so that short period ac
ce le ra t ions may be t r immed relat ive to 
bedrock. An es t ima te of the so i l modi f ica
tion ef fect c a n be made by us ing a program 
such a s S H A K E 2 6 . S imp le methods of allow
ing for so i l e f f ec t s are provided in many 
s e i s m i c c o d e s a s descr ibed below, and 
these methods wil l usua l ly be adequa te for 
bui lding s t ruc tu res . 

Seismic codes of practice 
At the start of th is ar t ic le , it w a s pointed out 
that the purpose of determin ing the s e i s m i c 
hazard at a s i te w a s to provide s t ruc tu res 
built there with an appropr ia te degree of 
r es i s t ance to ea r thquakes . In p rac t i ce , th is 
usua l ly m e a n s des ign ing the s t ruc ture in ac
co rdance with a s e i s m i c code of pract ice . 

Where the s i te in ques t ion is not covered by 
s u c h a code, it is n e c e s s a r y to choose a 
code intended for some other part of the 
wor ld. If a s e i s m i c hazard a n a l y s i s is used to 
ma tch the s i te with s e i s m i c zones in the 
c h o s e n code having a s imi lar degree of 
s e i s m i c hazard , a s imi la r per fo rmance (or 
overal l r isk of fai lure) under ear thquake 
loading to that impl ied by the code shou ld 
be ach ieved . 
The s e i s m i c hazard can therefore be v iewed 
a s a re lat ive measu re , used to ca l ib ra te a 
s i te aga ins t the zoning in an accep ted code, 
rather than a s an abso lu te exp ress ion of 
r isk. 
Uniform Building Code (UBC) 
of America 
About 15 bui lding pro jects des igned by the 
Ove Arup Par tnersh ip have used the s e i s m i c 
hazard a n a l y s i s techn iques descr ibed to 
ca l ib ra te s i t es in many par ts of the world 
aga ins t the zoning of the U B C 1 . 
One problem with the U B C is that its s e i s m i c 
zoning is expl ic i t ly e x p r e s s e d in deter
min is t i c , rather than probabi l is t ic , te rms. 
Moreover, no accoun t is taken of the long 
period e f f ec t s of d is tant large magni tude 
ea r thquakes . 
Never the less , a corre lat ion between U B C 
zoning factor Z, and the 500 year return 
period acce le ra t ion x 5 0 0 c a n be made, a s 
s h o w n in the table below. 

500 year return 
e f fec t i ve peak hor izontal U B C Zone factor 
acceleration at bedrock 

X 5 0 0 

zone z 

0.31 g to 0.40g 4 1 
0.16g to 0.30g 3 3:4 
0.09g to 0.15g 2 3/8 
0.05g to 0.08g 1 3/16 
O.OOg to 0.04g 0 1/8 

The table is s imi lar to Tab le 1 of Ref. 4. I ts ra
t ionale is a s fo l lows. T h e peak acce le ra t ion 
given for Zone 4 co r responds to the peak ac
ce lera t ion for the United S t a t e s given in A T C 
3.06 2 . Peak acce le ra t i ons for l e s s s e i s m i c 
zones are factored down from th is Zone 4 
va lue in proportion to the Z factor. For e x a m 
ple the peak acce le ra t ion for Zone 
2 = 0.40g x 3/8 = 0.15g. 
The c h o i c e of 500 yea rs a s the appropr ia te 
return period for bui lding des ign is jus t i f ied 
in Appendix A. It is adopted by the US C o d e s 
A T C 3 .06 2 and A N S I A 5 8 . 1 3 . 
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Applied Technology Council Recommenda
tions ATC 3.06 
Another United S t a t e s Code, A T C 3 .06 2 h a s 
a zoning wh ich is in probabi l is t ic te rms, and 
a l s o expl ic i t ly a l l ows for the ef fect of large 
magni tude, long d i s t ance ea r thquakes . In
s tead of the s ingle zone factor Z of U B C , two 
fac to rs descr ib ing s e i s m i c hazard are pro
posed, A g and A v . 
A a is equa l to the 'e f fec t ive ' peak bedrock 
acce le ra t ion at a s i te , e x p r e s s e d a s a f rac
t ion of g, that is a s s o c i a t e d with a 500-year 
return period. The 'e f fec t ive ' peak acce le ra 
t ion is def ined in s u c h a way a s to d iscount 
very high f requency s p i k e s of acce le ra t i on , 
wh i ch are thought to have little e f fec t on 
prac t i ca l bui lding s t ruc tu res . The e f fec t i ve 
peak acce le ra t ion may therefore be s l ight ly 
l ess than the true peak. 
A v is numer ica l ly equal to A a for s i t es at 
wh i ch loca l ea r t hquakes produce the 
predominant e f f ec t s , but becomes up to 
three t imes greater for s i t es where d is tant 
ea r thquakes become important. Append ix C 
p roposes a method for se lec t ing A v . 
The fac to rs A a and A v are used to cons t ruc t 
the acce le ra t ion response spec t ra proposed 

by A T C 3.06. A a de termines the short period 
response , A v the long period response -
see F ig . 9. 
The A T C 3.06 spec t ra a lso a l l ows for the soi l 
cond i t ions at the s i te. By c l a s s i f y i n g the soi l 
into one of three di f ferent types 
(broadly : hard, medium, sof t ) three di f ferent 
s h a p e s of spec t rum a reob ta ined - see F ig . 
9. Compar i son with F ig . 8 s h o w s that the 
A T C 3.06 spec t ra cor respond to the f ield 
data . 

Conclusions 
The methods of a s s e s s i n g s e i s m i c hazard 
descr ibed in th is ar t ic le conta in many uncer
ta in t ies. However, the goal of the a n a l y s i s is 
not pr imari ly to quant i fy an abso lu te 
m e a s u r e of hazard , but to ensu re that struc
tures built at a given s i te have an accep tab le 
r isk of fa i lure under ear thquake loading. 
T h i s c a n be ach ieved a s fo l lows. 

If the s i te in quest ion is not covered by a 
sa t i s fac to ry s e i s m i c code, a region shou ld 
be c h o s e n wh ich does have a wel l -
es tab l i shed , regular ly updated s e i s m i c 
code. The se i sm ic i t y of the s i te shou ld then 
be ma tched aga ins t the se i sm ic i t y of the 

c o d e ' s region by performing the s a m e type 
of hazard a n a l y s i s for both the code region 
and the s i te . In th is way , the s a m e level of 
overal l sa fe ty impl ied by the code (and it is 
important to c h e c k that the level is ap
propriate) c a n be ach ieved at the s i te in 
quest ion . S i n c e the level of sa fe ty is achiev
ed by the relat ive, rather than abso lu te , level 
of hazard , the uncer ta in t ies and a s s u m p 
t ions implici t in the hazard a n a l y s i s become 
l e s s important. 
Fo l low ing recent Ca l i fo rn ian prac t ice , it is 
recommended that for bui ld ings, the b a s i s 
for compar i son of se i sm ic i t y should be the 
500-year return peak bedrock acce le ra t ion . 
Appendix A g ives s o m e jus t i f i ca t ion for the 
cho ice of 500 y e a r s a s the compar i son 
return period. It is a l so recommended that 
the ef fect of large magni tude d is tant earth
q u a k e s should be a l lowed for in the des ign 
of long period s t ruc tu res , and Appendix C 
p roposes a method for doing so. 
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APPENDIX A 
Extreme value distribution of earthquake accelerations 

Symbols 
g acce le ra t ion due to gravity 
p\N empi r ica l c o n s t a n t s in Weibul l d istr ibut ion (Equat ion A1) 
n exposu re per iod, or life, of a s t ructure, yea rs 
T return period of a load, y e a r s 

v n va r iance of an ex t reme annua l load, for n y e a r s exposure 
x T ex t reme annua l load with T year return period 
y n mean (expected) va lue of ex t reme annua l load for n yea rs 

exposure . 
On the b a s i s of F ig C 1 - 7 of A T C 3.06 2 , the distr ibut ion of annua l 
peak acce le ra t i ons fo l lows an approx imate ly Weibul l d istr ibut ion, 
Equat ion A 1 . 

T = e ^ T N (A1) 

T is here the return period in y e a r s cor responding to an annua l 
ex t reme acce le ra t ion x T , and /3 and N are cons tan t s , depending on 
the region. 
T h e best fit of the Weibul l d is t r ibut ion to the A T C 3.06 da ta is 
s h o w n in F i g . A I , and the cor respond ing cons tan t s f} and N are 
given in the Tab le A 1 . 

Table A1 

A r e a 500 year return 
acce le ra t ion 

X 5 0 0 

N 0 

Very low 
se i sm ic i t y (e.g. UK) 

0.05g .36 17.3 

Low se ismic i t y 
(e.g. U B C Zone 1) 

0.1 Og .37 14.2 

Moderate 
se i sm ic i t y 
(e.g. U B C Zone 2 - 3 ) 

0.20g 42 12.3 

High se ismic i t y 
(e.g. U B C Zone 4) 

0.40g 72 12.3 

If the assump t i on of Weibul l d is t r ibut ion holds, it c a n be shown 
that the ex t reme va lue distr ibut ion for an exposure period of n 
y e a r s is given by 

Pn(y) = ( l -e-py )" 

dP N , Pn(y) = - = n^Ny N ' - ' ( 
dy 

(1 

(A2) 

(A3) 

P n ( y ) g ives the probabi l i ty that a s t ruc tu re s tand ing at a par t icu lar 
s i te for a period of n y e a r s wil l exper ience an acce le ra t ion at least 
a s great a s y. p n (y) is the cor respond ing probabil i ty densi ty 
func t ion* . 
David Croft h a s s h o w n 2 0 that the two important loading 
paramete rs wh i ch govern the degree of s t ruc tura l r e s i s t a n c e (in 
our te rms, vulnerabi l i ty) required for a given level of sa fe ty are: 
(1) the mean or expec ted va lue y n of the peak load for the 
exposu re period of interest 
(2) the va r iance v n of the peak va lues , wh ich g ives a m e a s u r e of 
their s ta t i s t i ca l var ia t ion. 
David Crof t d e m o n s t r a t e s 2 0 that for an exposure period of n 
y e a r s , the s t ruc tu ra l r es i s t ance R n n e c e s s a r y to give a level of 
sa fe ty equivalent to that implied by CP110 for dead, l ive and wind 
loads is : 

R„ = 0.94y„(1 + 4 8 /0 01 +0 77 v 2 ) (A4) 
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The mean and va r i ance of peak acce le ra t i ons for a 50-year 
exposu re period are shown in Tab le A2 us ing the governing da ta 
of Tab le A 1 . For compar i son , typ ica l da ta for UK wind loadings 
are a l s o shown . 
It w a s found that the tai l of the ear thquake distr ibut ion, , 
cor responding to very low probabi l i ty events , made a s ign i f i cant 

" T h e mean and va r iance of a funct ion and the other s ta t i s t i ca l 
te rms used in th is appendix are def ined in s tandard tex tbooks 
(e.g. Ben jamin & C o r n e l l 2 1 ) . 
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Ex t reme value d is t r ibut ions for 50 year exposure 

contr ibut ion to the va r iance , espec ia l l y for the a r e a s of low 
se i sm ic i t y . It w a s dec ided to ignore acce le ra t i ons with return 
per iods greater than 3000 yea rs . T h i s co r responds to the limit of 
rel iabi l i ty of the da ta shown in A T C 3.06, and a departure of 3.5 to 
4.5 s tandard dev ia t ions from the mean . In a s imi la r a n a l y s i s of 
w ind loadings, David C r o f t 2 0 t runcated the wind distr ibut ion at the 
1000 year or 3o level; a more ex t reme va lue s e e m s appropr ia te to 
ear thquake loading, s i n c e the acce le ra t ion at that return period is 
only part ly in f luenced by the m a x i m u m magni tude of ea r thquake 
a s s u m e d . 
T a b l e A2 s h o w s that: 
(1) The s ta t i s t i ca l var iat ion is much the greatest in a r e a s of low 
se i sm ic i t y . 
(2) T h e s ta t i s t i ca l var iat ion in al l a r e a s is much greater for 
ea r thquakes than wind. 
T h e s e in fe rences c a n a l so be drawn from F ig .A2. 

Cost 
A commenta ry on G a t e w a y 2 would not be 
complete without some re ference to the 
overal l cos t but, a s the bui lding provided a 
g ross a rea of 20 ,000m 2 of wh ich 6,000 w a s 
car park ing, compar i son with other 
bui ld ings is part icular ly hazardous . 
The budget w a s at the lower end of the pro
perty deve lopers ' range and the f inal ac
count , at £8.7m, inc luded £850,000 spent on 
fitting out, wh i ch w a s added without exten
ding the cont rac t period. 
Perhaps the most important cos t in f luence 
next to the des ign i tself w a s that a s s o c i a t e d 
with t ime. 

The cho ice of contract a l lowed the appoint
ment of a management cont rac tor wi th in a 
few w e e k s of the go-ahead in J a n u a r y 1981. 
just a s the detai led des ign w a s beginning. 
S o m e of the techn iques for fas ter cons t ruc
tion have a l ready been touched upon, in par
t icular those wh ich had an in f luence on the 
des ign . But a great deal of effort w a s a lso 
put into compi l ing tender l i s ts for each ele
ment, so that the lowest tenderers would not 
turn out to be unrel iable per formers. 
Care fu l interviewing and c lear presentat ion 
of informat ion helped to conv ince prospec
tive sub-cont rac to rs that the project would 
be wel l managed and that the proposed se
q u e n c e s for the works would be main ta ined. 
T h i s w a s ref lected by keen compet i t ion on 
al l e lemen ts , in market cond i t ions wh ich 
were s lowing previous inf lat ionary t rends. 
In the event, adherence to the programme 
produced other e f f i c i enc ies apprec ia ted 
later, when the sub-con t rac to rs ' a c c o u n t s 
were set t led without s ign i f i can t c l a i m s . 
Su f f i ce it to say that the project w a s com
pleted on t ime and wel l wi th in the budget. 

Fig. 14 
Look ing towards G a t e w a y House 
from the roof te r race 

Fig. 15 
View into the a t r ium 

Fig. 16 
The o f f i ces , seen from one of the 
cent ra l ga l ler ies in the at r ium 
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Conclusion 
At a techn ica l level, G a t e w a y 2 appears to 
have met with approval . A l though Wigg ins 
Teape have had to ad jus t from the con
s i s t ency of air-condi t ioning to the var ia t ions 
of natura l vent i la t ion, there have been few 
teething prob lems other than during the 
hea twave last summer . Even then, 
tempera tures inside the o f f ice were below 
the outs ide max imum by about ~\Vz°, 
al though it is probably fair to say that this 
w a s due to the cool ing e f fec t of the struc
ture rather than to the vent i la t ion rate. In 
winter, there appears to have been little 
need to open more than a few w indows for 
f resh air, thus reducing draughts and air
borne heat l o s s e s . 

The a t r ium itself h a s been a great soc ia l 
s u c c e s s . Wigg ins T e a p e ' s s ta f f c lub uses 
the cent ra l a rea for badminton every day 
and , desp i te the l imi tat ions on i ts use during 
of f ice hours , the atr ium has been a dramat ic 
venue for many func t ions in the evening. 
Pe rhaps the most imaginat ive w a s a manne
quin parade, when the mode ls descended to 
the main floor level in the g l a s s l i f ts. During 
dayt ime, the genera l com ings and goings 
and the interest provided by the moving l i f ts 
and c a s c a d i n g p lants have led to severa l 
senior s ta f f chang ing their o f f i ces , so that 
they c a n look into the atr ium rather than at 
the view outs ide. 

The atr ium is i l lustrated overleaf 



Project organization 
The contract 
Wigg ins Teape were a l ready fami l iar with 
the managemen t form of cont ract a s a 
m e a n s of speed ing up the des ign and con
s t ruct ion p rocess . Never the less , the 
method usua l ly adopted for se lec t ing the 
manag ing cont rac tor had worr ied us for 
some whi le, a s the s u c c e s s f u l f irm could be 
chosen on the b a s i s of the proposed fee and 
c o s t s , rather than for their management 
sk i l l s and c rea t ive abil i ty. The di f f icul ty of 
persuading a c l ient to proceed wi th other 
than the lowest tender could be out of al l 
proportion to the V2 % or 1 % sav ing l ikely to 
be involved. 
Further , the programme for G a t e w a y 2 w a s 
so tight that the need to concen t ra te the 
con t rac to rs ' at tent ion at the se lec t ion s tage 
on managemen t ideas w a s greater than 
ever. 
In order to e f fec t a change of att i tude, the 
prospect ive management con t rac to rs were 
sent an invi tat ion document wh i ch expla in
ed that they were required to make com
peti t ive s u b m i s s i o n s based upon organiza
t ion and cons t ruc t ion methods. Cos t plan 
a l l o w a n c e s for cons t ruc t ion organizat ion 
and the managemen t fee were f ixed by us 
and given in the invi tat ion document a s two 
lump s u m s . 

In addi t ion, the invitat ion document broadly 
def ined the current progress of the des ign , 
an t ic ipa ted p rogrammes for two or three of 
the major subcon t rac t s and the manner of 
the con t rac to r ' s s u b m i s s i o n . It s ta ted that 
the s u c e s s f u l cont rac tor would be the one 
who most conv inc ing ly demonst ra ted that 
the bui lding cou ld be comple ted on t ime and 
wi th in the author ized cos t . 

F i ve con t rac to rs were required to present 
personal ly their p roposa ls in our Soho 
Squa re of f ice and to leave a s u m m a r y in the 
form of a printed formal s u b m i s s i o n . The 
overal l qual i ty of the p resenta t ions and the 
eventua l cho i ce of a highly mot ivated 
management cont ractor cer ta in ly con
tr ibuted to the pro ject 's s u c c e s s , both in 
te rms of programme and budget. T h e incen
tive to think of new ideas led in a sma l l way 
to a refurb ish ing of the management con
tract , and served to re inforce the teamwork 
concept of c l ient /des igner /cont ractor . 
For management con t rac to rs , th is method 
of se lec t ion h a s s i n c e become a common 
method of compet ing for work. 

Shared project organization 
Prior to G a t e w a y 2, our repeated use of 
management con t rac t s had resul ted in a 
very sys tema t i c approach to the way we 
would separa te a project into i ts e lemen ts 
and distr ibute our informat ion. By making 
use of a computer link with the s i te , we ex
ploited th is aspec t of our organizat ion when 
commun ica t i ng with the contractor . 
The s i te w a s equipped with a Superbra in 
64QD, modem and printer to ma tch the in
s ta l la t ion in our Soho Square o f f i ce . 

We identi f ied these obvious trial a r e a s : 

(a) 

(b) 

(c) 

(d) 

(e) 
(f) 

Ins t ruc t ions , drawing i s s u e s and 
spec i f i ca t i on approva ls 
Monthly app l i ca t ions and cer t i f i ca tes 
for payment 
Interim and f inal s ta temen ts of accoun t 
and reg is te rs for account se t t l emen ts 
Reg is te rs for spec i f i ca t i ons and 
ma in tenance manua ls 
Jo in t project reports 
Drawing reg is ters . 

Whi ls t not al l t hese tr ial a r e a s were fully im
p lemented before complet ion of the project, 
the exper iment did demons t ra te that l inked 
compute rs can be used to encourage c lose r 
integrat ion and greater e f f i c iency . 

T h e s y s t e m w a s par t icu lar ly s u c c e s s f u l in 
the a rea of ins t ruc t ions , 1500 of wh ich were 
i ssued over a range of 100 separa te bui lding 
e lemen ts from acompute r -he ld l ibrary. Af ter 
the addit ion of any spec i f i c c l a u s e s , draw
ing numbers and cos t c h a n g e s , the instruc
t ions were t ransmi t ted to the s i te over a 
te lephone line and the cos t informat ion to 
our own D E C 10 over a hard l ine. By th is 
m e a n s al l ins t ruc t ions were typed at the s i te 
termina l on the day of i s sue and the cos t 
s imu l taneous ly updated, thus ensur ing a 
c lose ly monitored cos t control s y s t e m . 

Another a rea where there w a s a marked im
provement in e f f i c iency w a s the distr ibut ion 
and chas ing of subcon t rac to rs ' a c c o u n t s -
an act iv i ty made all the more important by 
the prol i ferat ion of subcon t rac ted e lements 
and the a b s e n c e of the more t radi t ional 
lump-sum cont ract . On G a t e w a y 2, our com
puter s y s t e m I n t e r c a p ' co l lec ted together 
ail the ins t ruc t ions and c o s t s i s sued to al l 
subcon t rac to rs and au tomat ica l l y produced 
an inter im s ta tement of accoun t for e a c h 
e lement every month. 
Us ing h is s i te mach ine , the cont rac tor ex
t racted the informat ion v ia the B T network 
from our D E C 10 in F i tzroy Street . C h a s i n g 
w a s then progress ive ly carr ied out by the 
cont rac tor from the s i te wh i ch , due to h is 
dai ly s i te con tac t s , w a s more ef fec t ive than 
when th is operat ion w a s carr ied out by us 
f rom the Soho Squa re o f f ice . A s a resul t , 
most subcont rac t a c c o u n t s were set t led 
short ly af ter handover. 
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Table A2: E x t r e m e va lues during a 50-year exposu re period. 

Area 50 y e a r s 
return 
acce le ra t ion 

Unt runcated 

Mean Va r i ance 

T runca ted 
to 3000 yrs 
Mean Va r i ance 

X 5 0 y 5 0 V 5 0 V 5 0 

Very low 
se ismic i ty 

0.016g 0.030g 0.95 0.026g 0.77 

Low 
se ismic i ty 

0.032g 0.055g 0.92 0.049g 0.75 

Moderate 
se ismic i ty 

0.067g 0.104g 0.79 0.095g 0.64 

High 
se ismic i ty 

0.204g 0.253g 0.41 0.242g 0.36 

UK wind 
loads 

X / / 0.95X 0.20 

Table A3: Requi red res i s tance for 50 y e a r s exposure period. 

Requi red 
r e s i s t a n c e 

Load fac tors for 
var ious return per iods 

Area R50 R 5 0 

x 50 

R 5 0 

X T 0 0 

R 5 0 

X 5 0 0 

R 5 0 

X 1 0 0 0 

R 5 0 

X 3 0 0 0 

Very low 
seismic i ty 

0.105g 6.6 4.2 1.8 1.3 0.9 

Low se ismic i t y 0.193g 6.2 4.0 1.8 1.3 0.9 

Moderate 
se ismic i ty 

0.334g 5.1 3.5 1.7 1.3 0.9 

High 
se ismic i ty 

0.589g 2.9 2.3 1.5 1.3 1.1 

UK wind loads — 1.6 1.4 1.1 1.0 0.8 

Table A4: I nc rease in load factor for an i nc rease in exposu re 
period from 50 to 100 yea rs 

Area 

Mean load 

VTOO 

Var i ance 

V 1 0 0 

Requi red 
res i s tance 

R 1 0 0 

I nc rease in 
load factor 

R 1 0 0 

R 5 0 

Very low 
se ismic i ty 

0.035g 0.62 0.12g 1.14 

Low se ismic i t y 0.066g 0.59 0.22g 1.14 

Moderate 
se ismic i ty 

0.125g 0.52 0.38g 1.14 

High se ismic i ty 0.285g 0.30 0.63g 1.07 

UK wind 
loads 

1.09y 5 0 / / 1.06 

Table A3 compu tes the s t ruc tura l r es i s t ance factor R n of 
Equat ion A4 for an exposure period of 50 yea rs , on the 
assumpt ion that the peak acce le ra t ion is a good predictor of the 
required res i s t ance . We have seen that f requency content and 
duration of shak ing are a lso important fac to rs . A s s u m e that 
frequency e f f ec t s are adequate ly a l lowed for in des ign , and 
neglect durat ion e f fec t s for the moment . 
The fol lowing in fe rences can be d rawn from Tab le A3 . 

(1) Sca l ing ear thquake loads in re lat ion to the 50 or 100 year return 
period ground acce le ra t ion would give markedly dif ferent levels 
of safety in a r e a s of di f ferent se i sm ic i t y . 
(2) The load factor on 500 year acce le ra t i ons of around 1.7 
suggested by the table at first s ight s e e m s much higher than the 
factor of 1.0 required by A T C 3.06, even a l lowing for a 2 5 % 
increase to accoun t for s t ra in-rate e f f e c t s and contr ibut ion from 
non-structural members a s quoted by C r o f t 2 0 for wind. However, it 
should be remembered that y ie ld ing is a l lowed under the act ion 
of ext reme ear thquake loading. G iven that ea r thquakes c a u s e 
d isp lacement (not load) dominated cyc l i ca l e f f ec t s , it s e e m s 
reasonable to a l low for the i nc rease in s t rength between yield and 
ult imate. For re in forcement , a factor of (1.7/1.25) = 1.36 between 
ult imate and yield ag rees wel l with the min imum factor of 1.33 
required by U B C 1 for th is ratio, and most reinforcing and 
structural s tee l s wil l exceed it. 

F ina l l y , Tab le A4 inves t iga tes the e f fec t of i nc reas ing the 
exposure period from 50 to 100 y e a r s . A r e a s of low to moderate 
se i sm ic i t y require an i nc reased load factor of 1 4 % compared with 
7 % for a r e a s of high se ismic i t y or wind loadings. T h i s may 
underes t imate the required i nc rease , due to the i nc reased risk of 
prolonged shak ing . 
Conclusions 
(1) The 500-year return acce le ra t ion prov ides a reasonab le bas i s 
for compar i son of the s e i s m i c hazard of di f ferent a r e a s . 
(2) The s ta t i s t i ca l var iat ion of ex t reme ear thquake acce le ra t i ons 
exper ienced over a typ ica l bui lding l i fet ime is greater in a r e a s of 
low se i sm ic i t y than in a r e a s of high se i sm ic i t y . 
(3) For al l c a s e s of ea r thquake load ings, the s ta t i s t i ca l var iat ion is 
much greater than for wind load ings. 
(4) Par t ia l ev idence h a s been produced to suggest that a load 
factor of 1.0 on 500-year return period ear thquake loads provides 
a degree of sa fe ty broadly equivalent to that provided for in CP110 
for dead, live and wind loads. 
(5) An inc rease in exposu re t ime from 50 to 100 yea rs h a s a greater 
e f fect on the load fac to rs required in a r e a s of low to moderate 
se i sm ic i t y , than it does for a r e a s of high se ismic i t y , or for UK 
wind loading. 

APPENDIX B 
Quantification of earthquake hazard 
The fol lowing a n a l y s i s is based on C o r n e l l 1 5 . It enab les the return 
period cor responding to a given ground acce le ra t ion or ve loc i ty to 
be ca lcu la ted from ear thquake records, for a var iety of 
ear thquake source geometr ies . 
There are three requ i rements for the a n a l y s i s : 
(1) Knowledge of magn i tude /occur rence re lat ionship (see F i g . B I ) 
wh i ch are a s s u m e d to fol low either B1 or B2 . 

E I T H E R 

OR 

logN = a - b M for M 0 s M s M , 
N = 0 for M > M , 

logN = a - b M + log[1 - 1 0 D | M M ' 

(B1) 

(B2) 

(2) Knowledge of a t tenuat ion law wh ich is a s s u m e d to fol low the 
form 

y = b 1 e t ) 2 M ( R + c ) " M (B3) 

(3) Ea r t hquakes are a s s u m e d to obey a Po i sson disr ibut ion. S e e 
C o r n e l l 1 5 for further d i s c u s s i o n . 

W o r l d w i d e data 
( f rom Housner22) 

E q u a t i o n 
B 1 

M l imber 

Equa t i on B 2 

Magni tude M 

Fig .BI 
Magni tude occu r rence re la t ionsh ips 



S i te 

(a) Po in t source 

(b) L i n e source 

S i te 

(c) A n n u l a r source 

Fig.B2 
Ear thquake s o u r c e s at depth h 

Definition of Symbols 
a, b 

b 2 , b 3 

c 
d 

M 
M 

' y 
y 

y 

C o n s t a n t s in magn i tude /occur rence re la t ionship 
(Equa t ions B1 and B2) . 
C o n s t a n t s in a t tenuat ion re la t ionsh ip (Equat ion B3) . 
Cons tan t in a t tenuat ion re la t ionship (Equat ion B3). 
D is tance from s i te to nearest point on sou rce 
(F ig . B2(b) and (c)) 
Ea r thquake magni tude (e.g. on R ich ter sca le ) 
L o w e s t e a r t h q u a k e magn i t ude of eng inee r i ng 
s ign i f i cance 
Larges t credib le ear thquake magni tude 
Average number of ea r thquakes e a c h year with a 
magni tude exceed ing M. N is ca l cu la ted per unit 
length for a l ine source , and per unit a rea for an a rea 
source 
D is tance from s i te to ear thquake focus (F ig .B2(a) ) 
D is tance from s i te to far thest point of source 
(F ig . B2(b ) and (c)) 
Return period cor respond ing to a s i te response y 
R e s p o n s e at s i te (eg peak acce le ra t ion or veloci ty) 
Lower bound response , from Equat ion B8 
Upper bound response , from Equat ion B9 

T h e fol lowing addi t ional s y m b o l s are now def ined 

/ } = bin 10 

y = ^ ( b 3 / b ? ) - 1 

v = 10 a O M o 

for a point source 

for a l ine source 

average number of ea r thquakes 
per year with a magni tude of at 
least M Q 

average annua l number per unit 
length 

Fig.B3 
Numer ica l 
va lues of Q 
in equat ion B5 

r ° / d = 1 . 0 5 

q d - 0 . 5 

: ,1 1 0 

Fig.B4 
Asymmet r i ca l 
l ine s o u r c e s Case 1 

Case 1 - % ( C a s e 2 - Case 31 r 0 ' 

M 
r c 

Case 3 

Fig. 7 

Erec t ing the ex te rna l cur ta in wal l ing 

Fig. 8 
Genera l v iew during cons t ruc t ion , 
taken from G a t e w a y House 

Structure 
Steel 
T h e conservatory- l i ke a tmosphere in the 
at r ium needed s lender and elegant 
s tee lwork to counterpoint the relat ive sol idi
ty of the concre te o f f i ce s t ruc ture . Aided by 
a re laxat ion of the bui lding regulat ions, the 
180 tonnes of unprotected s tee lwork includ
ed 22 c ruc i fo rm c o l u m n s fabr icated from 
four 100 x 100mm ang les with a con t inuous 
20mm space r be tween. Gal lery edge-beams 
fo l lowed a s im i la r v isua l theme, wi th two 
300mm deep s tee l p la tes separa ted by a 
con t inuous , we lded spacer . Genera l l y , 
beams and c o l u m n s were fully welded at 
works , but bolted s i te connec t i ons were car
ried out with spec ia l high-tensi le s l e e v e s fix
ed by socke t -cap s c r e w s for v isua l r easons . 
The rolled c h a n n e l s and ' c a t ' s c r a d l e s ' of 
rec tangu lar tubes used in the roof s t ruc ture 
support 4.5m squa re pane ls in e a c h bay 
wh ich were ra i sed into posi t ion fully felted 
and with a ce i l ing on the unders ide. The in
tersect ing s t r ips of g lazing between the 
sol id pane ls needed no addi t ional support 
and were erec ted from the permanent 
s u n s c r e e n / m a i n t e n a n c e gri l lage. The s a m e 
preoccupat ion wi th avoiding sca f fo ld ing led 

Detai l of s teel co lumn in atr ium 

to the cho i ce of t rapezoida l meta l deck ing 
for the ga l le r ies , with dense concre te infi l l 
and ant i -c rack mesh . 
The h ierarchy in the s t ruc tu ra l s tee l de ta i ls 
w a s ex tended to s m a l l - s c a l e e lements by 
us ing square tubes for the gal lery handrai l -
ing and for some of the furni ture. 

Concrete 
Although the at r ium answered many of the 
specu la t i ve o f f i ce ' s t radi t ional shor tcom
ings, par t icu lar ly with regard to spat ia l 
qual i ty, it w a s felt that there w a s st i l l the 
need to inject s o m e interest into the working 
a r e a s . In c o n s e q u e n c e , a p recas t concre te 
unit w a s developed wh ich w a s integrated 
with the s e r v i c e s and par t i t ions and wh ich 
provided a prof i led s t ruc ture , without a 
suspended ce i l ing . 
The 100mm thick, V-shaped uni ts were cas t 
to two di f ferent lengths - 6.0m and 7.5m -
to ach ieve the des i red o f f ice width of 13.5m. 
Stee l mou lds produced concre te of suf f i 
c ient ly high qual i ty to be e x p o s e d and 
painted throughout the o f f i ce f loors. 
D iaphragm ends on the V-units ac ted a s per
manent formwork for sp ine b e a m s spann ing 
between in s i tu , c ruc i fo rm c o l u m n s . 
Par t i t ions running paral le l wi th the precas t 
uni ts located in the r e c e s s e d junc t ions in-
be tween, e l iminated the a c o u s t i c c rossove r 
problems of suspended ce i l i ngs . T h o s e par
t i t ions wh ich ran a c r o s s the d i rect ion of the 
uni ts were inf i l led above with t r iang les of 
g l a s s , wh i ch fitted in grooves c a s t into the 
soff i t at 1.5m intervals . 

T h e cos t of the concre te s t ruc ture com
pared very wel l wi th the cost wh i ch might 
have been an t ic ipa ted for a more conven
t ional so lu t ion, wh i ch would have required a 
suspended ce i l ing and the t ime n e c e s s a r y 
for i ts ins ta l la t ion . 
Construction 
During cons t ruc t ion , genera l sca f fo ld ing in 
the of f ice a r e a s w a s avoided by m e a n s of a 
mobile support s y s t e m , wh ich a l lowed other 
t rades to fol low c lose ly behind. E x t e n s i o n s 
of t ime due to bad weather were exc luded 
from the cont rac t cond i t ions and the con
crete cont rac tor made ex tens i ve use of por
table tents to defeat the severe winter of 
1981-82, dur ing wh ich only one work ing day 
w a s lost b e c a u s e of the weather . Pre-g lazed 
cur ta in wal l ing w a s erected in storey-height 
uni ts from a sma l l hoist , wh ich w a s spec ia l 
ly des igned to t ravel a long the ou ts ide edge 
of the concre te s t ruc ture . On the atr ium 
s ide, the enc los ing s c r e e n s were l i f ted into 
posi t ion from the c lean ing rail at roof level. 

Fig. 10 
View of the at r ium with temporary 
s c r e e n s to the o f f i ces and e x p o s e d 
metal deck ing to the ga l le r ies 
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Fig. 4 
Air movement : summer 
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Fig. 5 
Air movement : winter 

Natural ventilation 
The stack effect 
With little t ime for r esea rch , a computer 
model developed by the Mechan ica l and 
E lec t r i ca l Development Group predicted the 
a i r f low c h a r a c t e r i s t i c s of the at r ium. It con
f i rmed that there would be suf f ic ien t height 
and temperature d i f fe rence for air to f low 
natura l ly upwards , when the w i n d o w s 
around the per imeter were open. Provided 
there were open ings in the roof, the ' s t a c k 
e f fec t ' wou ld draw f resh air a c r o s s the of
f i ces from outs ide, even on a hot st i l l day. 

It t ransp i red that natural vent i lat ion w a s not 
only poss ib le but would be improved by the 
p resence of the at r ium wh i ch , by virtue of 
openable roof vents , would provide a degree 
of contro l not normal ly ava i lab le in natura l ly 
vent i la ted bui ld ings. Of cou rse , indiv idual 
control of the vent i lat ion rate would be 
poss ib le by opening or c los ing the o f f i ce 
w indows . 

The cost equation 
Phi losoph ica l l y , the low-energy, sel f-reg
ulat ing envi roment w a s very a t t ract ive - an 
advanced bui lding type cou ld be made to 
work through the m in imum use of tech
nology - but in cost te rms, the s impl ic i ty 
and economy of natural vent i lat ion were 
fundamenta l . Cap i ta l and energy-con
suming plant had been avoided and storey 
heights reduced due to the a b s e n c e of duct
work, leading to a bui lding m a s s wh ich w a s 
compac t and ef f ic ient . Fur ther , the cos t of 
the a t r ium roof, s tee lwork and g l a s s l i f ts 
w a s more than of fset by the sav i ngs over a 
t radi t ional l ightwel l so lu t ion . 

Detailed design of the ventilation system 
The s u c c e s s of the natura l vent i lat ion con
cept depended on a number of re f inements 
wh ich were largely the resul t of the com
puter s imu la t i ons . F i rs t ly , the window open
ings fac ing the atr ium were to i nc rease in 
s ize on the upper f loors to ensu re that air 
would a l w a y s f low from the outs ide to the 
at r ium, not the reverse. Second ly , e x c e s s i v e 
heat ga ins in summer were to be avoided 
wi th in the o f f i ce s p a c e by m a x i m u m use of 
natura l light, permanent s u n s h a d i n g on the 
exter ior f acade and t inted g l a s s . Third ly, the 
concre te s t ruc tu re w a s to be e x p o s e d within 
the o f f i ces , so that the thermal m a s s could 
help reduce ex t remes of temperature. Four
thly, there had to be a min imum of 1 3 0 m 2 of 
opening ven ts in the roof. 
The pneumat ica l l y operated roof ven ts were 
spl i t into s i x zones to ca te r for vary ing 
weather cond i t ions or vent i la t ion re
qu i rements and , a l though al l ven ts have 
been l inked to the fire a la rm s y s t e m , they 
are genera l ly contro l led from the bui lding 
automat ion s y s t e m in the main p lantroom. 
Radiant underf loor heat ing w a s ins ta l led in 
the at r ium to supp lement the heat ga ined 
from the o f f ice s p a c e dur ing the winter 
months and to keep down-draughts wel l 
above the main floor level . E l s e w h e r e in the 
bui lding, the computer su i t e ' s heat rec la im 
ch i l le rs provided free background heat in 
the at r ium 24 hours a day, adding another 
s tab i l iz ing in f luence to the energy cyc l e . 
Tempera ture s t ra t i f i ca t ion in the at r ium, 
wh i ch w a s to be expec ted in summer , h a s 
been conf ined to a hot layer immediate ly 
above the h ighest storey. 

Fire safety 
Clear ly , the pr incip le of natura l vent i la t ion 
with an at r ium had the potent ia l to a f fec t al l 
f loors in the event of f ire. In grant ing ap
prova ls and re laxa t ions , the att i tude of the 
control l ing author i t ies w a s governed by the 
sa fe ty c h a r a c t e r i s t i c s inherent in the b a s i c 
des ign . The most important of these were: 

(1) G a t e w a y 2 w a s a s imp le of f ice bui lding 
and a low-to-normal r isk. 

(2) T h e at r ium w a s res t r ic ted to c i rcu la t ion 
only and w a s not mul t i -use. 

(3) E s c a p e routes were whol ly indepen
dent of the at r ium. 

(4) E s c a p e d i s t a n c e s were wel l ins ide the 
permit ted m a x i m u m . 

(5) It w a s not poss ib le to enter the a t r ium 
without pass ing the e s c a p e s ta i r s in 
the protected s h a f t s . 

(6) The protected s h a f t s served a s f ire 
b reaks in the internal co rners of e a c h 
floor. 

In theory it w a s a s s u m e d that smoke would 
enter the atr ium a s if the f loors were open-
s ided but the f inal w indow des ign a l lowed 
only 1 4 m 2 of opening on to the atr ium from 
any one compar tment . T h i s compared with 
1 3 0 m 2 of opening ven ts in the at r ium roof, 
and a reservoir vo lume of 25,000m 3 . 
For these r e a s o n s , the addi t ional re
qu i rements of the va r ious author i t ies were 
rest r ic ted to smoke detect ion throughout 
the bui lding, au tomat i c opening vents in the 
at r ium roof and the adopt ion of a s ingle-
s tage a la rm and evacua t ion procedure. 
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Case 1 • s— * Case 2 

Fig.B5 
Annu la r sec to r 
areal source 

Fig.B6 
Bi- l inear 
magni tude 
occu r rence 
re la t ionship Case 1 

Case 1 H Case 2 • Case 3 

Case 2 

Mb 

Case 3 

for an a rea sou rce v = average annua l number per unit 
a rea 

C b. i*
: • p/1 v 

C 2 = 0 if equation B1 holds 

C 2 = e " < M ' Mo> if equation B 2 holds 

G , G 2 are geometry fac to rs depending on the shape of the source , 
and are def ined below. 

Geometry factors G, and G 
G., and G 2 are now given for three bas i c geometr ies of source , 
though F i g s . B6 to B8 show how other geometr ies can be derived 
from the b a s i c ones . 

Point source (Fig. B2(a)) 

G , = (R + c) " * * G 2 = 1 (B4) 

Line source (Fig. B2(bj) 

G , = (2/ar)Q[y. ro/d.c/d) G 2 = 2dH'o/d) 2 - 1 (B5) 

s e c " r & d 

where Q[y. frVd. c/d] = 
sec-1 e an 

(sect* + c / d ) 1 " 
, wh ich c a n either be 

eva lua ted by numer ica l integrat ion, or can be read off F ig . B3 . 

Annular source (Fig. B2(c)) 

Z t / / d + c V ' \ 2 * c / / d + c \ \ (B6) 
G ' (y- l ) (d+c)>- ' 

G ^ ^ d ^ f r o / d ) 2 - 1) 

V V ° + c / / '/<a ^ c ) v \ V 0 + c 7 / 

Quantifying Return Periods 
It c a n be s h o w n that the fol lowing equat ion holds 

1 I y - v ( d G , y C 2 G 2 ) (B7) 

T h i s approx imat ion is su f f i c ien t ly a c c u r a t e f o r T v > 2 0 y e a r s , and 
(M 1 - M 0 ) > 2 provided that 

(i) y>y , = b , e w M o ( d + c) M (B8) 

T h i s condi t ion s a y s that Equat ion B7 only holds for acce le ra t i ons 
greater than that produced by the lower bound ear thquake ac t ing 
at the nearest point on the sou rce from the s i te . To deal 

& C 2 . 

(ii) y < y u = b , e c c) (B9) 

T h i s condi t ion s a y s that Equat ion B7 does not hold for 
acce le ra t i ons higher than that produced by the max imum 
credib le ea r thquake ac t ing at the far thest point on the source 
from the s i te . 

To deal with larger acce le ra t i ons . rQ must be lowered: ie. that part 
of the source wh ich can ' t produce at least y u must be neg lected. 
For a point source , of course , y is the abso lu te m a x i m u m 
acce le ra t ion , and there is no r isk of its being exceeded . 

Combination of sources of different types 
The overal l contr ibut ion to ear thquake hazard from a number of 
di f ferent sou rces can be added together to produce the overal l 
hazard . Equat ion B7 then becomes 

for n s o u r c e s 1 T y ^ T v . l C ^ G i C 2 | G 2 | ) (B10) 

By th is means , s i t es a f fec ted by a combinat ion of point, l ine and 
annu la r s o u r c e s c a n be ana lyzed . A l so , di f ferent sou rce 
geomet r ies (F i gs . B 4 - B 5 ) or di f ferent magn i tude /occur rence 
l aws (F ig . B6) can be model led. 

APPENDIX C 
Determination of factor A v from A T C 3.06 2 

A s d i s c u s s e d in the main part of the ar t ic le, the p rocedures 
proposed by A T C 3.06 include a factor A v to a l low for the long 
period e f fec t s of d is tant , large magni tude ea r thquakes . A T C 3.06 
g ives va lues of A v for s i t es in the U S A : the fol lowing approx imate 
procedure is recommended for s i t es e l sewhere . The procedure is 
based on informat ion given in the commentary to A T C 3.06. 
(1) In reg ions where loca l ea r thquakes have the predominant 
e f fec t on peak ground acce le ra t i ons , take A a = A y . S u c h s i t es 
c a n be def ined a s those where the removal of a d is tant sou rce of 
ea r thquakes h a s little ef fect on the computed value of A a . 
(2) Where a sou rce more than 100 km from the s i te h a s a 
s ign i f i cant e f fect on the s e i s m i c hazard of the s i te , the peak 
ground acce le ra t ion A d " should be ca l cu la ted at the cent re of th is 
d is tant source . 
(3) If the source is near a tec ton ic plate boundary, and the region 
is thought to be s im i la r to Ca l i f o rn ia , A v at the s i te shou ld be 
taken a s 

A v A j * 
2 D 130 (C1) 

where D is the d i s t ance in k i lometres from the s i te to the nearest 
point on the d is tant source . 
(4) If the source is in an intraplate region s imi lar to the mid-west 
and eas tern s ta tes of the U S A , take 

or A . 

2 D 130 

A ' 

2 / D • ' 3 
' ?60 

for D < 130 

for D > 130 

(C2) 

(C3> 

(5) A should never be taken a s l ess than A at the s i te. 
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The problem 
M E P C Ltd. developed the s i te now occup ied 
by the B P C L headquar ters in B u c k i n g h a m 
P a l a c e Road . A s part of the planning 
permiss ion to develop they had to 
redevelop the s i te occup ied by a building 
ca l led Chan t rey House . T h i s project set 
A rups an unusua l problem in 1975. The 
bui lding f acade w a s ' l i s ted ' and the cl ient 
needed to develop the s i te commerc ia l l y . 
Th i s involved opening up a load-bearing 
wal l bui lding and providing f loors that 
could support an enhanced imposed 
loading for o f f i ces . 

The bui lding w a s cons t ruc ted around 1910 
a s f la ts , but had subsequent l y been used a s 
o f f i ces by severa l sma l l f i rms. The ex is t ing 
s t ruc ture of the bui lding w a s bas i ca l l y steel 
fi l ler jo ist f loors with breeze concre te infil l 
supported on load-bearing brick wa l l s . 
Our init ial invest igat ions of the ex is t ing 
f loors sugges ted that the a l lowab le 
imposed loading that the f loors could 
sus ta in w a s in the region of 1.5 to 3 .5kN/m 2 

which w a s cons iderab ly l ess than the 
5 .0kN/m 2 required by the c l ient . 
When the ex is t ing t imber floor cover ing w a s 

removed, the top f lange of the fi l ler jo ist 
w a s found level wi th the top of the breeze 
concre te , present ing a fire problem. 
Alternative solutions 
Ini t ial cons idera t ion w a s given to gutting 
the bui lding, and leaving the ex terna l w a l l s 
in p lace. T h i s w a s thought, however, to be 
an expens ive and s low cons t ruc t ion . 
The a l ternat ive of rep lac ing the internal 
load-bearing w a l l s with a s tee l f rame and 
somehow st rengthening the ex is t ing f loors 
seemed a more a t t rac t ive proposi t ion. T h e 
load-carry ing capac i t y of the fil ler jo i s ts 
cou ld not be i nc reased by introducing 
intermediate suppor ts b e c a u s e of the lack 
of head-room, the need to air-condit ion the 
bui lding, and the genera l c i rcu la t ion 
requi rements. 
The proposal 
If the ex is t ing t imber floor w a s rep laced by 
concre te , we bel ieved we cou ld just i fy the 
ex is t ing fil ler j o i s t s by us ing them in 
compos i te ac t ion wi th th is concre te , f irst 
having reduced the s t r e s s in the fil ler j o i s t s 
by propping them at mid-span. T h i s would 
a l so provide the required fire r es i s t ance . 
Our approach 
We a s k e d around in A rups to see if th is sort 
of thing had been done before, but much to 
our su rp r i se it had not. We therefore 
embarked upon p rocedures to es tab l i sh the 
viabi l i ty of the proposa l . 
The f irst thing we did w a s to talk to the 
Distr ict Surveyor and get h is init ial 
reac t ion . In pr incip le the proposal w a s 
accep ted but he felt that an a l lowab le 
s t r e s s in the s tee lwork for bending of 
100N /mm 2 w a s more appropr ia te than the 
125N/mm 2 we had a s s u m e d . He w a s wi l l ing, 
however, to be conv inced later on th is 
point. 

We agreed that the only way to be cer ta in 
w a s to car ry out a test ing programme on 
the s tee l to determine i ts strength and 
weldabi l i ty . T h e level of tes t ing w a s set at 
samp l i ng 2 1 / 2 % of the number of f i l ler 
j o i s t s , inc lud ing random in s i tu ha rdness 
tes t ing. 
The resul t of th is test ing w a s that the s tee l 
w a s found to be of a we ldab le and 
cons i s ten t qual i ty. The y ie ld s t r e s s of the 
s a m p l e s var ied from 2 3 0 N / m m 2 to 
3 2 4 N / m m 2 wh i ch compared favourably wi th 
the m in imum guaranteed yield s t r e s s of 
2 5 5 N / m m 2 for present day Grade 43 s tee l . It 
w a s agreed wi th the Distr ict Surveyor that 
we would use present day s t r e s s e s reduced 
by 1 0 % . T h i s gave an a l lowab le s t r e s s in 
the s tee lwork for bending of 149N /mm 2 

w h i c h w a s greater than we had f i rst 
a s s u m e d , and conf i rmed the viabi l i ty of the 
s c h e m e . 

A deta i led survey w a s then carr ied out of 
the va r ious s i z e s of fi l ler jo ist related to 
s p a n , so that we could determine by c a l c u l a 
tion the amount of j ack ing to the ex is t ing 
fi l ler jo ist that w a s required. 
The loads ant ic ipa ted in the jack ing s y s t e m 
were s m a l l , but we were uncer ta in how 
much addi t iona l load-carry ing capac i t y 
would be needed to overcome the locking 
e f fec t of the breeze concre te . There w a s a 
large amount of shor ing and jack ing 
required, and a s we were looking for the 
most s imp le and economic so lu t ion. Acrow 
props were the sort of thing we had in mind 
but due to their l imited load capac i t y on 
s torey height l i f ts and the unknown load 
that may be imposed in the props, we 
dec ided to car ry out a test us ing hydrau l ic 
j a c k s . The test proved that the locking 
e f fec t would i nc rease the load in the prop 
by 6 0 % over and above that ca l cu la ted . The 
cen t res of the props were ad jus ted 
accord ing ly . 

The construction 
The s e q u e n c e of const ruc t ion adopted for 
one bay of s l ab w a s : 
(a) We ld shea r s tuds to the top f lange of the 

f i l ler j o i s ts . 
(b) T a k e p rec ise levels of the top of the fi l ler 

j o i s t s . 
(c) J a c k up the floor s l ab the required 

amount . 
(d) Lay m e s h on top of the ex is t ing s lab . 
(e) C a s t a 75mm thick concre te topping. 
(f) Deprop after seven d a y s or when the 

concre te reached a st rength of 1 3 N / m m 2 

At f irst the cont ractor w a s nervous about 
car ry ing out the work, but af ter exper ience 
did it s u c c e s s f u l l y and with con f idence. T h e 
t ime taken to d e s t r e s s a bay of s l a b s w a s 
between 1 and 2 hours. 
Problems that arose and points to note 
The main problem w a s def in ing the 
boundar ies for propping due to the ef fect of 
the lock ing ac t ion of the breeze concre te 
and the need to mainta in support to the 
ex te rna l wa l l s . T h i s w a s overcome by 
cut t ing out breeze concre te when the joist 
ran para l le l to ex terna l wa l l s and 
subsequen t l y rep lac ing it wi th re inforced 
conc re te af ter the s t rengthening operat ion 
had taken p lace . 
Great c a r e w a s needed to ensu re that the 
props were p laced vert ical ly , were in good 
condi t ion, and were not bent. Al l t hese 
points would have reduced their load-
car ry ing capab i l i t i es . 
Conclus ions 
The bui lding h a s been comple ted for some 
three y e a r s and h a s operated sa t i s fac to r i l y 
wi th no s i g n s of d i s t ress . G iven the s a m e 
s i tuat ion aga in , th is form of s t rengthen ing 
of ex i s t i ng fi l ler jo ist f loors shou ld be 
ser ious ly cons ide red . 
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Fig. 1 
Genera l v iew of 
Chant rey House 
(Photo: 
Norman Beaton) 

Fig. 2 
• Strengthening 

of ex is t ing floor 
(Photo: Cour tesy 
of Bov i s Ltd.) 
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The design 
A number of p lanning s tud ies , supported by 
models , showed that the only sens ib le way 
to reduce the bulk of the new building and at 
the s a m e t ime concea l a s many c a r s a s 
poss ib le , w a s to plan the o f f i ces around a 
cent ra l cour tyard . Th i s reduced the height 
general ly to f ive s to reys and a l lowed a 
degree of model l ing on the facade wh ich 
w a s in s c a l e with G a t e w a y House . Wi th two 
levels of car parking below, the main floor 
w a s approx imate ly level with the ground at 
the en t rance to the s lop ing s i te. 

Ex te rna l l y , the two bui ld ings acqu i red a 
fami ly r esemb lance but, internal ly, they 
could hardly have been more di f ferent. 
W h e r e a s G a t e w a y House had an outward-
looking p lan, wi th the ch ie f cha rac te r i s t i c of 
ex terna l l andscaped te r races , G a t e w a y 2 
f o c u s s e d inwards to a large s p a c e , wh i ch 
had the potent ia l to be g lazed over to form 
an a t r ium. 
The a t t rac t ions of the at r ium solut ion were 
obv ious - a major ameni ty cou ld be provid
ed without adding to the g ross a rea , energy 
consumpt ion cou ld be reduced b e c a u s e 
there w a s l e s s ex terna l s u r f a c e area and , 
above a l l , there w a s scope for cons iderab le 
a rch i tec tu ra l d rama. 
The sheer s ize of the a t r ium invited the use 
of f ree-standing co l umns to support the 
roof, wi th pedest r ian ga l le r ies spann ing bet
ween at every level . T h e s e ga l le r ies great ly 
reduced the c i rcu la t ion d i s t a n c e s around 
the bui lding when connec ted wi th the 
enc losed s ta i r co res , and provided the loca
tion for two groups of g l a s s l i f ts. 

T h e immedia te cha l lenge to convent iona l 
w isdom, however, w a s to sugges t that the 
at r ium would not add to the overal l cos t . 
T h i s in turn meant that natura l vent i lat ion 
would have to work in a bui lding 50m a c r o s s . 
Both a s p e c t s are d i s c u s s e d in detai l later. 

Wiggins Teape as developer 
T h e au tumn of 1980 co inc ided with a 
deepening of the r e c e s s i o n wh ich a f fec ted 
al l s e c t i o n s of industry, inc luding paper. 
During the preceding year , Wigg ins T e a p e ' s 
s ta f f in G a t e w a y House had reduced in 
number from about 800 to 550 and they had 
a large amount of under-used s p a c e . When 
the out l ine des ign for the new development 
w a s presented to Wigg ins Teape in J a n u a r y 
1981, they s a w in G a t e w a y 2 a bui lding bet
ter su i ted to their current s i ze , combined 
with the opportunity to genera te subs tan t i a l 
investment cap i ta l . The formula dev ised by 
Strut t and Parker enab led Wigg ins Teape to 
take up their opt ion on the s i te and become 
the deve loper /occup ier of G a t e w a y 2. T h e 
va luab le f reehold of G a t e w a y House w a s 
sold to a pens ion fund for a s u m wel l in ex
c e s s of the development c o s t s , providing 
Wigg ins T e a p e with funds for investment in 
the paper industry during a t ime of f inanc ia l 
s t r ingency . 
T h i s had major des ign imp l ica t ions , such a s 
the addi t ion of res taurant and soc ia l 
fac i l i t ies , a board room, a computer su i te 
and so on. Most important of a l l , the pro
g ramme d ic ta ted by the property t ransac 
t ions a l lowed only 18 months for cons t ruc
t ion, a s s u m i n g a start on s i te in J u n e 1981. 

Fig. 3 
The at r ium 
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Introduction 
For s o m e t ime s i n c e we comple ted G a t e w a y 
House in 1976, Wigg ins Teape and their pro
perty adv i se rs Strutt & Parker had been con
cerned about what might be built on the 
empty s i te next door. They felt that an un
sympa the t i c neighbour cou ld damage not 
only the a s p e c t from the bui lding but a l so i ts 
investment va lue. 
To sa fegua rd their in teres ts , Wigg ins Teape 
bought an option on the s i te and , in 1980, we 
were a s k e d to prepare a s c h e m e wh ich 
quick ly became known a s G a t e w a y 2. 
The brief 
The brief w a s decept ive ly s imple - to pro
vide an o f f i ce development wh ich would pro
tect and e n h a n c e the des ign of G a t e w a y 
House . 
In marked cont rast to i ts p redecessor , 
however, G a t e w a y 2 w a s to be des igned to a 
typ ica l deve loper 's brief, wi th 14 ,000m 2 of 
o f f i ces and a low budget. The a c c o m m o d a 
tion w a s to be uniform width in de ference to 
the property market , and natural ly ven
t i la ted. Added to th is w a s the B a s i n g s t o k e 
factor - park ing for no l e s s than 400 c a r s . 
E l s e w h e r e in the B u s i n e s s E s t a t e , th is kind 
of unpromis ing brief w a s exempl i f ied by 
severa l unfor tunate s lab -b locks , e a c h sit
ting on top of a mult i -storey ca r park, and 
our immediate concern w a s to find a way of 
reconc i l ing this bui lding type with the ex
uberant profi le of G a t e w a y House . 

Fig. 1 
G a t e w a y 2 from the south 

2 G a t e w a y House is on the left 
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