
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Measurements of Slope Movements with a Simple Camera

La Mesure des Deformations des Pentes avec un Appareil Photographique Simple
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SYNOPSI S The use of  phot ogr ammet r y t o obt ai n sl ope movement  dat a f or  mi ne expansi on desi gns was di ct at ed by

envi r onment al  const r ai nt s whi ch i ncl uded dat a acqui si t i on by essent i al l y unt r ai ned per sonnel  over  a pr ol onged per i od 
i n a r emot e l ocat i on.  I t  was j udged t hat  t he appr opr i at e t echnol ogy f or  t he si t uat i on r equi r ed a si mpl e,  mass-  

pr oduced camer a and t he use of  sui t abl y modi f i ed and si mpl i f i ed st andar d phot ogr ammet r i c met hods.  Good cor r el at i on 
was pr oved by compar i son of  cal cul at ed di mensi ons f r om st er eopai r s wi t h sur veyed di st ances i n t he f i el d.  Al t hough 

t he equi pment  used on t hi s pr oj ect  coul d not  r esol ve smal l  cr eep movement s,  f ai r l y det ai l ed i nf or mat i on concer ni ng 

t he maj or  f eat ur es of  sl ope movement s can be obt ai ned.  Phot ogr ammet r y i s hi ghl y devel oped as a separ at e di sci pl i ne 
and shoul d be used much mor e of t en i n t he geot echni cal  sci ences i n t he f ut ur e.

I NTRODUCTI ON

Phot ogr ammet r y was chosen as t he pr ef er r ed met hod wi t h 

whi ch t o moni t or  movement s of  t he sl opes at  an open 
pi t  coal  mi ne i n I ndonesi a.  The advant ages of  phot o­
gr ammet r y ar e:

1) Measur ement s can be made f r om r el at i vel y st abl e 

posi t i ons r emot e f r om t he sl ope t hemsel ves,  t her eby 

ensur i ng consi st ency,  cont i nui t y and t he saf et y of  
per sonnel  i nvol ved wi t h moni t or i ng.

2) Lar ge ar eas of  sl opes can be moni t or ed pr act i cabl y 

and economi cal l y.

Thi s l at t er  poi nt  i s par t i cul ar l y i mpor t ant  si nce i t  i s 
of t en i mpossi bl e t o pr edi ct  i n advance whi ch ar eas of  a 

gi ven sl ope or  pi t  f ace ar e l i kel y t o move and i t  i s 

necessar y t o obser ve t he ent i r e ar ea whi ch may be 

pot ent i al l y unst abl e.

Phot ogr aphs,  i n addi t i on t o pr ovi di ng a per manent  
r ecor d,  f r ee of  human er r or  and bi as,  al so pr ovi de a 

vi sual  r ecor d of  what  happens.  Rel at i vel y unski l l ed 

peopl e t aki ng phot ogr aphs can be t he ’ eyes'  of  an 
engi neer  who may vi si t  t he si t e onl y i nf r equent l y.  

Phot ogr aphs t aken at  r egul ar  i nt er val s wi l l  show t he 

evol ut i on of  a par t i cul ar  movement  or  f ai l ur e and t hi s 

i nf or mat i on i s of t en i nval uabl e as an i ndi cat or  of  

f ai l ur e mechani sm and when pl anni ng r emedi al  measur es 

or  desi gni ng t he next  phase of  t he pr oj ect .

I n or der  t o meet  bot h budget  r est r i ct i ons and t he l evel  

of  sophi st i cat i on of  t he engi neer s and t echni ci ans 

car r yi ng out  t he wor k at  t he mi ne,  t he equi pment  and 
pr ocedur es wer e made as si mpl e as possi bl e.  I t  i s 

t hese si mpl i cat i ons whi ch pr ovi de t he basi s of  t hi s 
paper .  The r esul t s shoul d be of  i nt er est  t o any geo­

t echni cal  engi neer  on any pr oj ect  wher e f ai r l y l ar ge 
movement s ar e ant i ci pat ed.

The f ol l owi ng sect i ons descr i be t he camer a equi pment  

whi ch was chosen,  a t ypi cal  f i el d set  up,  t he pr ocedur es 

f ol l owed t o t ake t he phot ogr aphs,  and t he cal cul at i ons 
of  movement .  The pr esent at i on st ar t s of f  wi t h a 
det ai l ed descr i pt i on of  how t he ' myst i que'  was r emoved 
f r om phot ogr ammet r y so t hat  t he t echni ques wer e r eadi l y 

under st ood by bot h of f i ce and f i el d per sonnel .

SI MPLI FYI NG PHOTOGRAMMETRY

Phot ogr ammet r y i s t he sci ence of  maki ng measur ement s 

f r om phot ogr aphs.  A pai r  of  phot ogr aphs,  wi t h a 

cer t ai n amount  of  gr ound common t o bot h vi ews,  a st er eo 
pai r ,  i s t he basi c uni t  i n phot ogr ammet r y.  A st er eo 

pai r  can be used t o bui l d a t r ue t hr ee di mensi onal  

model  of  t he scene bei . i q phot ogr aphed.  When used f or  

sl ope movement  st udi es,  i t  i s t he di r ect i on and di st ance 
a r ef er ence poi nt  on t he sl ope moves i n t he t i me 

i nt er val  bet ween set s of  a phot ogr aph t hat  i s of  i nt er est .  
Thi s movement  can be measur ed phot ogr ammet r i cal l y by 

compar i ng t he l ocat i on of  a poi nt  i n space at  one i n­

st ant  i n t i me wi t h i t s l ocat i on at  a second i nst ant  i n 

t i me;  t he change i n l ocat i on i s t he measur e of  t he 

movement .  The l ocat i on of  t he poi nt  at  any i nst ant  

must  be descr i bed wi t h r el at i on t o a known posi t i on -  
i n t hi s case t he posi t i on of  t he camer a.

I n st andar d phot ogr ammet r y a consi der abl e amount  of  

auxi l l i ar y equi pment  and ef f or t  i s r equi r ed t o l ocat e 
t he camer a wi t h pr eci si on and t o det er mi ne exact l y t he 

di r ect i on of  t he camer a axi s ( or  l i ne of  s i ght ) . To 

measur e r el at i ve movement  of  a poi nt ,  i t  i s not  neces ­

sar y t o know t he exact  posi t i on of  t he camer a i n space;  
i t  i s onl y necessar y t o know t he posi t i on of  t he camer a 

when t he second set  of  phot ogr aphs i s t aken r el at i ve t o 

i t s posi t i on when t he f i r st  set  was t aken.  Thi s means 

t hat  t he di st ance and di r ect i on t he camer a was moved 
has t o be known i n or der  t o account  f or  t he changi ng 

camer a posi t i on when cal cul at i ng t he movement  of  a 
poi nt  on t he sl ope.

I f  t he exact  same camer a posi t i on and camer a axi s 

di r ect i on ar e used f r om one ser i es of  phot ogr aphs t o 

t he next  ( and t he posi t i on i s t r ul y f i xed) , t hen t he 
l ocat i on of  t he camer a i n space does not  have t o be 
known i n or der  t o measur e sl ope movement s nor  does 

movement  of  t he camer a have t o be consi der ed i n t he 

cal cul at i ons.  Fi xi ng t he camer a posi t i on,  t hen,  dr ama­

t i cal l y si mpl i f i es t he use of  phot ogr ammet r y t o measur e 
movement .  The appar ent  movement  of  a poi nt  f r om one 

ser i es of  phot ogr aphs t o t he next  ser i es i s t he t r ue 
movement  of  t he poi nt .

The same pr ocess of  si mpl i cat i on and el i mi nat i on can be 

f ol l owed i n t he case of  ot her  var i abl es whi ch ar e 
i nvol ved i n phot ogr ammet r y.  The ot her  var i abl es i ncl ude:
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1)  The di st ance bet ween camer a l ocat i ons whi ch ar e 

used f or  a st er eo pai r  ( i f  t hi s di st ance i s a 
const ant  f or  al l  set - ups t hen t he val ue of  t hi s 

const ant  can be bui l t  i nt o t he equat i ons) .

2)  The di r ect i on of  t he camer a axi s wi t h r espect  t o 

t he ver t i cal  or  hor i zont al  ( t her e ar e advant ages 

i n keepi ng t he axi s t r ul y hor i zont al  i n,  f or  

exampl e,  t he cal cul at i on of  el evat i ons) .

A maj or  advant age of  phot ogr ammet r y over  nor mal  sur vey 
t echni ques i s t hat  i f  mar ker s and st akes ar e pl aced i n 

t he wr ong ar ea,  and some ot her  par t  of  t he hi l l  or  pi t  

f ace moves,  i t  i s onl y a mat t er  of  wor ki ng back t hr ough 
t he phot ogr aphs t o bui l d up a hi st or y of  how t he 

movement  t ook pl ace ( assumi ng t her e i s good phot o­
gr aphi c cover age of  t he ent i r e s i t e) . No such oppor ­

t uni t y exi st s i f  sur vey poi nt s or  sl ope i ndi cat or s ar e 
i nst al l ed i n t he wr ong l ocat i on.

3)  The cover gence or  di ver gence of  t he camer a axes 
when t aki ng t he st er eo pai r  of  phot ogr aphs ( i n 

gener al  t he axes shoul d be kept  par al l el ) .

4)  The number  of  phot ogr aphs whi ch shoul d be t aken 

i n di f f er ent  di r ect i ons f r om one camer a posi t i on 

at  any one t i me ( t heor et i cal l y an i nf i ni t e number  

of  shot s coul d be t aken as t he camer a i s r ot at ed 

ar ound a gi ven pos i t i on) .

5)  The di st ance bet ween t he camer a posi t i on and t he 
sl ope.

6)  The el evat i on of  t he camer a wi t h r espect  t o t he 
sl ope and,

7)  The el evat i on of  one camer a posi t i on wi t h r espect  
t o t he second posi t i on used f or  a st er eo pai r  

( t her e i s consi der abl e advant age i n keepi ng t hese 
el evat i ons t he same) .

I f :

1)  A par al l el  st er eo pai r  i s used,  i . e.  t he opt i cal  

axes f or  t he t wo phot ogr aphs ar e par al l el ,

2)  The opt i cal  axes ar e hor i zont al ,  and per pendi cul ar  
t o t he base l i ne bet ween t he camer a posi t i ons,

3) The el evat i ons of  t he t wo camer a posi t i ons ar e 

i dent i cal ,  t hen t he l ocat i on of  a poi nt  wi t h 
r espect  t o t he camer a posi t i ons can be f ound 

si mpl y f r om t he r el at i ons:

b x x .  ; b x f  ; b x z ,  
x = ______1 y = ___________ z = ______1__

wher e x,  y and z ar e t he t hr ee mut ual l y per pendi c ­

ul ar  di st ances f r om one of  t he camer a l ocat i ons.  
These f or mul ae ar e easi l y devel oped usi ng si mpl e 
geomet r i cal  const r uct i ons and ar e i l l ust r at ed 

i n Fi gur e 1.

I f ,  i n addi t i on,  t he exact  same camer a l ocat i on and
axes di r ect i ons ar e used at  t i mes t ,  and t „ ,  t hen

1 2

EQUI PMENT 

The Camer a

The i deal  camer a f or  t er r est r i al  st er eo phot ogr ammet r y 
i s a pur pose- bui l t  phot ot heodol i t e,  but  t hi s equi pment  

i s r el at i vel y ver y expensi ve and may not  be economi cal  
i n al l  envi r onment s,  l ocat i ons and f or  al l  pur poses.

A st andar d Mami ya 645 camer a cost i ng a f ew hundr ed 

dol l ar s was pur chased of f - t he- shel f  f or  t hi s par t i cul ar  
pr oj ect .  The Mami ya i s a si ngl e l ense r ef l ex camer a 

pr oduci ng 6 cm by 4. 5 cm negat i ves.  I n gener al ,  t he 

l ar ger  negat i ve,  t he gr eat er  t he accur acy i n measur ement  
but ,  on t he ot her  hand,  t he gr eat er  t he cost  of  t he 

equi pment .  The 6 x 4. 5 cm si ze of  t he Mami ya seemed 

t o gi ve a r easonabl e compr omi se bet ween si ze and cost .

To achi eve some f l exi bi l i t y i n t he choi ce of  l ocat i ons 

f or  t he camer a t wo l enses wer e pr ovi ded wi t h t he 

camer a.  I t  was j udged t hat  t he st andar d 80 mm l ens 
and a 150 mm l ong f ocus l ens woul d be sui t abl e f or  
most  si t uat i ons.  The l ong f ocus l ens coul d be used 

f or  det ai l  at  cl ose r ange or  pr ovi de a br oader  pi ct ur e 

wi t h some det ai l  at  l ong r ange.  Because t he Mami ya 

l enses wer e r el at i vel y i nexpensi ve,  mass pr oduced 

i t ems,  onl y t he mi ddl e t wo t hi r ds of  a phot ogr aph wer e 
used i n or der  t o mi ni mi ze t he ef f ect s of  opt i cal  
di st or t i on.

The nor mal  f ocusi ng scr een was exchanged f or  a check ­

er ed scr een t o ai d or i ent at i on of  t he camer a.  I t  was 
assumed t hat  t he cent er  of  t he scr een mar ked t he 

opt i cal  cent er  of  t he l ense and t hat  t he cent er  of  t he 
negat i ve was equi val ent  t o t he opt i cal  cent r e.

Auxi l l i ar y Equi pment

The camer a must  be at t ached t o a st r ong f i r m t r i pod 

and t he shut t er  must  be oper at ed usi ng a cabl e r el ease 

t o i mpr ove i mage def i ni t i on.  The pl at e on t he t r i pod 
head was r emoved and r epl aced wi t h a l ar ger  pl at e 

whi ch was f i t t ed wi t h a sensi t i ve bubbl e f or  coar se 

l evel l i ng.  I t  shoul d be not ed t hat  a hor i zont al  
camer a axi s was assur ed by obt ai ni ng t he camer a 

el evat i on and ai mi ng at  a poi nt  ( usual l y a hand on a 
l evel l i ng st af f )  i n t he t ar get  ar ea.

A. x =
Xt 2 ' Xt l

t y  =
y t 2 - y t l

& z = Zt 2 Zt l
and t ot al  movement  =

2 f  2 . 2 . 2  
V&x +k y  + ckZ

Whi l e i n t heor y at  l east ,  t he movement  of  an i nf i ni t e 

number  of  poi nt s on a sl ope coul d be moni t or ed i n t hi s 

f ashi on,  i n pr act i ce onl y a manageabl e,  i . e.  l i mi t ed,  
number  of  poi nt s i s moni t or ed.  Usual l y a f ew di st i nc ­

t i ve f eat ur es on t he sl ope ar e chosen such as a par t i cu­

l ar  t r ee or  shr ub,  a boul der ,  or  a br eak i n t he gr ound 
cont our s.  An al t er nat i ve i s t o set  mar ker s on st akes 

i nt o t he sl ope and t o moni t or  t hese.

A st andar d good qual i t y ( Wi l d or  si mi l ar )  l evel  wi t h a 

gr aduat ed hor i zont al  ci r cl e was used t o l ocat e t he 

camer a posi t i on wi t h r espect  t o t he t ar get s descr i bed 
i n subsequent  sect i ons.

TYPI CAL FI ELD SET- UP 

Camer a Posi t i ons

Phot ogr aphy i s r el at i vel y ver y economi cal  when compar ed 
wi t h t he ef f or t  ( cost )  of  det ai l ed sur veyi ng.  Ther e­

f or e,  a l ar ge number  of  phot ogr aphs can be obt ai ned t o 
pr ovi de compl et e cover age of  t he subj ect .  Evi dence of  

bot h cur r ent  act i ve movement s i n t he shape of  l ar ge 

t ensi on cr acks and t he scar s and debr i s of  past  f ai l ur es 

was abundant  on t he si t e.

5 22
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Fi gur e 1 -  I l l ust r at i on of  Si mpl e Phot ogr ammet r i c For mul ae

A ser i es of  l ong di st ance phot ogr aphs of  t he pot ent i al l y 
unst abl e pi t  wal l  wer e obt ai ned f r om t he mor e st abl e 

si de of  t he pi t .  Anot her  ser i es of  phot ogr aphs wer e 
obt ai ned f r om posi t i ons much cl oser  t o act ual  cur r ent  

movement s.  The par t  of  t he pi t  whi ch was bei ng 
act i vel y mi ned coul d be cover ed wi t h a si ngl e ser i es 

of  si x phot ogr aphs based on t he di st ance acr oss t he 
mi ne and t he angl e of  vi ew of  t he l ong f ocus l ens.

The base l engt h bet ween t he camer a l ocat i ons was 30 m.  
Base l engt hs f or  t he cl oser  ser i es wer e 8  t o 10 m.

Much mor e car e was r equi r ed t o l ocat e st abl e gr ound on 
whi ch semi - per manent  camer a l ocat i ons coul d be 

est abl i shed.

Bui l di ng i n Redundancy

I f  t he movement  of  a gi ven poi nt  can be cal cul at ed 
separ at el y i n t wo or  mor e st er eo pai r  vi ews,  t hen a 
compar i son of  t he r esul t s wi l l  enabl e checks t o be 

made on t he cal cul at i ons as wel l  as gi ve an appr eci at i on 
of  t he er r or  i nvol ved i n t he measur ement s.  Good 

phot ogr aphi c cover age of  a subj ect ,  f r om bot h t he 
poi nt  of  vi ew of  compl et eness of  cover age as wel l  as 
f or  checki ng of  cal cul at i ons and er r or  def i ni t i on,  can 

be obt ai ned by t aki ng a ser i es of  si x phot ogr aphs 

shown i n Fi gur e 2.  The camer a i s set  up over  a peg 

at  0 1  and t hr ee phot ogr aphs ar e t aken,  ai mi ng at  
t ar get s Tl ,  T2 and T3.  The camer a i s t hen moved t o 

t he peg at  0 2  and t hr ee phot ogr aphs ar e t aken,  ai mi ng 

at  t he t ar get s T3,  T4 and T5.

5 23
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Fi gur e 2 -  Suggest ed Rel at i onshi p Bet ween 

Camer a Locat i ons 01/ 02 and 
Tar get s T1 t o T5.

Anal ysi s

The phot ogr aphs ar e anal yzed i n a si mi l ar  f ashi on t o 
t hat  shown i n Fi gur e 1.  Al l  co- or di nat es and el evat i ons 

ar e wi t h r espect  t o t he co- or di nat es and el evat i on of  
peg 0 1 .

The co- or di nat e f or mul as can be r api dl y sol ved usi ng a 

pr ogr ammabl e cal cul at or .  Al t hough undoubt edl y mor e 
t i me consumi ng and l ess accur at e t han machi ne anal ysi s,  

accept abl e r esul t s can be obt ai ned i n a r easonabl e 

t i me.  The l ayout  used f or  measur ement s and subsequent  
anal ysi s i s shown i n Tabl e 1.

The phot ogr ammet r y f or mul ae ar e gi ven i n most  st andar d 

t ext s,  see f or  exampl e,  Mof f i t t ,  ( 1967) ,  al t hough 

t her e i s at  l east  one aspect  t hat  most  t ext books may 

not  consi der .  Much phot ogr ammet r i e wor k i s done wi t h 
l ar ge negat i ves or  l ar ge cont act  pr i nt s.  I t  i s cl ear  

f r om an exami nat i on of  t he t hr ee f or mul ae i n Fi gur e 1 
t hat  i f  enl ar ged pr i nt s ar e used,  t he f or mul ae f or  t he 
x and z co- or di nat es ar e unaf f ect ed.  However ,  t he 

f or mul a f or  y has onl y const ant s i n t he numer at or  and 

t her ef or e must  be mul t i pl i ed by t he enl ar gement  t o 
mat ch t he enl ar ged denomi nat or .  For  exampl e i f  t he 
pr i nt  was 5 t i mes l ar ger  t han t he negat i ve t he f or mul a 

f or  y woul d become:

b x f  x 5

si nce x^ and x 2  wi l l  be enl ar ged f i ve t i mes.

The accur acy of  t he t echni que was pr oven bot h by 

cal cul at i ng known di mensi ons,  f r om t he phot ogr ahs,  and 

al so by pr edi ct i ng ot her  di mensi ons and t hen conf i r mi ng 
t hem by measur ement s i n t he f i el d.  For  t he st er eo 
pai r  shown as Fi gur es 3 and 4,  er r or s r anged f r om 3. 07 

per cent  t o 0. 44 per cent .  The pr edi ct ed di mensi ons 

wer e consi st ent l y t oo smal l  and f or  t hi s par t i cul ar  

st er eo pai r  and i t  i s t hought  t hat  i t  i s val i d t o 

mul t i pl y al l  cal cul at ed di mensi ons by t he aver age 

f act or  of  1. 0225.

Or i ent i ng t he Camer a

I t  i s r ecommended t hat  f i ve pegs be i nst al l ed on t he 

sl ope f ace wi t h t he posi t i ons of  t he pegs r el at ed t o 
t he t wo f i xed camer a posi t i ons as shown i n Fi gur e 2.

As shown on Fi gur e 2,  t hi s l ayout  yi el ds t hr ee par al l el  
st er eo pai r s ( f or  whi ch t he camer a axes ar e par al l el )  
and one conver gent  st er eo pai r  ( f or  whi ch t he camer a 

axes conver ge) . The i nt er nal  angl e f or  t he conver gent  

pai r  shoul d be somewhat  l ar ger  t han 27 so t hat  i mages 

on t he t wo phot ogr aphs have easi l y measur abl e di s ­

pl acement s .

I n pr act i ce,  t he si ze of  t he subj ect  i s r oughl y est i ma­
t ed and sui t abl e posi t i ons f or  t he pegs ar e det er mi ned 

i n t he f i el d.  The pegs ar e i nst al l ed usi ng f i r st  
qual i t y sur veyi ng equi pment  and t echni ques and t he co­

or di nat es and el evat i ons of  al l  seven pegs ar e t hen 
det er mi ned.  I f  t he t ar get  pegs ar e t hemsel ves movi ng,  

t hey must  be r e- est abl i shed f or  each set  of  phot ogr aphs.

The camer a was set  up and t he el evat i on of  t he cent er  

of  t he l ens obt ai ned by di r ect  measur ement .  A hor i zon­
t al  si ght  l i ne can be assur ed i f  a l evel l i ng st af f  i s 

hel d on t he t ar get  peg and t he cor r ect  el evat i on 

mar ked,  wi t h say,  a hand.

Ot her  t echni ques whi ch achi eve t he same obj ect i ves 

can,  of  cour se,  be used and each si t uat i on may r equi r e 

some modi f i cat i on of  t he met hod whi ch has been out l i ned.

CONCLUSIONS

Gi ven t he par t i cul ar  const r ai nt s appl yi ng t o t hi s 
pr oj ect ,  t he moni t or i ng syst em was j udged t o be t he 

most  appr opr i at e t echnol ogy t o achi eve t he desi r ed 
r esul t s.  Al t hough t he equi pment  used on t hi s pr oj ect  

cannot  be expect ed t o r esol ve smal l  cr eep movement s,  
t he phot ogr ammet r y was cer t ai nl y capabl e of  pr ovi di ng 

a mass of  f ai r l y det ai l ed i nf or mat i on concer ni ng t he 

maj or  f eat ur es of  sl ope movement s.

A car ef ul l y obt ai ned phot ogr aph i s wi t hout  equal  i n 
r ecor di ng a mass of  i nf or mat i on.  Sur veyi ng al one 

woul d necessar i l y r equi r e subj ect i ve excl usi on of  many 
f eat ur es whi ch mi ght  subsequent l y be essent i al  f or  an 

under st andi ng of  t he f ai l ur e mechani sm.
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Fi gur es 3 and 4.  A Typi cal  St er eopai r  ( Gr avel  l ayer  i ndi cat ed by ar r ow. )

Tabl e 1

Exampl e Cal cul at i ons

Poi nt  Descr i pt i on xl - x 2 xl X y z
mm mm mm

Thi ckness of  gr avel  over  mudst one 6 . 1 +24. 1 14. 6 1. 621 in 45. 938 m 3. 880 m

uphi l l away hi gher

Top of  gr avel  mi nus base of  gr avel  4. 2 1. 116 m

t hi ck

x = 8. 026 x  1 0 1 mm x 6 . 1  nun = 1. 621 m
30. 2 mm

y = 80 mm x 8 .. 026 x 1 0 0 0  mm x 24. 2 = 45. 938 m
30. 2 mm 1 1 . 2

z = 14. 6 mm x 8. 026 x 1 0 0 0  mm = 3. 880 m

30. 2 mm

Thi ckness,  z t op -  z base = 4. 2 mm x 8. 026 x 1000 mm = 1. 116 m
30. 2  mm

wher e x_ _ _ 5.  _ B_____ and B = 8. 026 m,  f  = 80 mm and m = 2. 160

xl  f  x m zl  ( xl  + x 2 )
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