
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


MEASURED PRESSURES AND STRAINS IN SILOS STORING GRANULAR 

MATERIALS 

MEASURES DE PRESSIONS ET TENSIONS EN SILOS DE STOCKAGE POUR 

MATERIAUX GRANULAIRES

Geoffrey E. Blight

Professor of Construction Materials 

Witwatersrand University, Johannesburg, South Africa

S Y N O P S IS : A  program  to  m easure silo pressures and fric tion al w a ll loads in full size silos storing granular m ate ria ls  has been conducted  over 

th e  past 1 7  years . T h e  paper sum m arizes  som e o f th e  m ore recen t findings of th e  w o rk . T h ese  include ob servations  of th e  nature  of 

pressures and strains in silos during filling and th e  changes  th a t occur a t th e  s ta rt o f em p tying . Pressures and stra ins for silos m ay be non- 

uniform  around the  p erim ete r and are depend en t on th e rm a l e ffe c ts .

XIIIICSMFE, 1994. New Delhi, India / XIII CIMSTF, 1994, New Delhi. Inde

IN T R O D U C T IO N

S ince 1 9 7 3  th e  w r ite r  has conducted  a program  to  m easure silo 

pressures and fric tion al w a ll loads in full-s ize silos storing granular 

m ate ria ls  and p o w d e rs . T h e  ob jective  has been to  exam in e  the  

va lid ity  o f genera lly  a cc e p te d  design assum ptions, as incorporated  

in to  cu rren t silo design codes and procedures. T h e  program  has  

m ad e  a deta iled  in vestigatio n  of pressures and w a ll loads in 2 0  

sto rag e  s tru ctu res  w ith  d iam ete rs  ranging from  5 .5 m  to  2 5 m  and  

cap a c itie s  from  2 5 0  ton s  to  1 5  0 0 0  tons. Lesser investigations  

have  been carried  out on 4  o th er silos. M ateria ls  stored have ranged  

from  coal and c e m e n t po w der to  m ineral ores, granulated sugar and  

grain of various ty p e s . T h e  range of s tructu res  has included  

rein forced  con c re te  bins and silos, plane p late w e ld ed  s teel silos and  

s tiffe n e d  bo lted  corru gated  s teel silos. Pressures have been  

m easured  d ire c tly  by m eans of calib ra ted  pressure cells , and w a ll 

loads and pressures have also been in ferred via e lec tric  res istance  

s tra in  gauge m easurem ents .

PR E S S U R E -D E P TH  PROFILES D U R IN G  FILLING A N D  A T  S T A R T  OF  

E M P T Y IN G  OF C Y L IN D R IC A L  SILO S

M o s t a c c e p te d  design codes  and guidelines fo r estim ating  la tera l 

pressures on silo w a lls , eg. D eu tsches  In s titu t Für Norm ung (D IN ) 

(1 9 8 7 ) ,  In stitu tio n  of Engineers (A ustra lia) (1 9 8 6 ) ,  recognise th a t  

th e re  m ay  be an increase in la tera l pressure w h en  em p tying  of a full 

silo is s ta rte d . M o s t codes and guidelines also recom m end th e  use 

of th e  Jan ssen  equatio n  for estim ating  la tera l pressures. Th e  

process w h e re b y  th e  increase of pressure occurs is n o t w e ll 

understood . E xplanations v ary  from  a b reak -do w n  of Jan ssen -type  

arching [eg . R eynolds (1 9 3 2 ) ]  to  the  generation  of a tran s ien t over­

pressure or s w itc h  pressure as th e  stress s ta te  of the  silo con ten ts  

changes  from  an "a c tive "  to  a "passive" s ta te  [Jen ike (1 9 6 4 ) ) .  In 

addition  m ost design codes consider tw o  load conditions, those of 

"end o f filling" and "s tart of em p ty in g " , as being th e  critica l cases  

for design . It is th e s e  tw o  conditions th a t w ill be c o n cen tra ted  on 

in th is  paper, to g e th er w ith  a third cond ition , th a t w h ich  applies  

w h e n  a full silo is sub jected  to  daily  tem p era tu re  cycles w ith  its  

c o n te n ts  s ta tic . S om e design codes distinguish b e tw e e n  pressures

su itab le  for m ass f lo w  silos and funnel flo w  silos. A ll of the  silos 

d e a lt w ith  in th is  paper are funnel flo w  silos, but it a c tu a lly  m akes  

little  or no d iffe re n c e  w h ic h  flo w  reg im e applies.

Figure 1 sh o w s  th e  results o f pressure m easurem ents  on a 2 0 m  

d ia m e te r  coal s torag e  and load -out silo. Th e  silo has a slot ou tle t 

2m  w id e  by 7m  long and the  base is benched a t fa irly  fla t angles  

vary ing  from  5 0 °  to  5 7 °  so th a t the  coal w ill no t slide on and abrade  

th e  bench ing . Th e  pressures w e re  m easured by m eans of pressure  

cells  of th e  m ercury-filled  stra in -gauged  d iaphragm  ty p e  and w e re  

ca lib ra ted  using coal before  insta llation . All of the  pressure cells  for 

w h ic h  m ea s u re m e n ts  are s how n  in Figure 1 w e re  installed on the  

v ertica l cylindrical w a lls  o f th e  silo, a lthough gauges w e re  also  

insta lled  lo w e r d o w n  on th e  benching.

Figure 2  s h o w s  th e  results of laboratory  com pression te s ts  on 

sam ples  o f coal ta k e n  a t d iffe re n t tim es  from  the  belt feed ing  the  

silo. T riax ia l shear te s ts  established the  active  pressure c o e ffic ie n t  

K* a t b e tw e e n  0 .2 1  and 0 .2 3  w h ile  triaxia l com pression te s ts  w ith  

zero  la te ra l s tra in  s h o w ed  th a t th e  a t res t pressure c o e ffic ie n t Ko 

varied w ith  th e  m ois ture  co n te n t of the  coal, but lay b e tw e e n  0 .4 4  

and 0 .6 7 .  It w ill be no ted  th a t the  relationship b e tw e e n  o, and a,  

is n o t linear, bu t approaches  linearity .

T h e  pressure profiles s how n  in Figure 1 w e re  m easured a t various  

stag es  during filling o f th e  silo, and a t the  s tart of em p ty ing . T h ey  

sh o w  th a t th e  relationsh ip  b e tw e e n  depth  of coal above  a certa in  

point and pressure is a p p ro x im ate ly  linear and th a t th e  form  of the  

relationsh ip  rem ains  m ore or less constan t as the  silo is filled . A t  

th e  s ta r t  o f em p ty in g , certa in  of the  pressures increased w h ile  

others  decreased .

Figure 3  s h o w s  th e  pressures p lo tted  in a sim ilar fo rm at to  th a t of 

Figure 2 . T h e  c a lcu la ted  overburden stress yz  rep laces o , and the  

m easured  horizonta l pressure o h rep laces a 3. Th e  sim ilarity  b e tw e e n  

Figures 2  and 3  is obvious, but th e re  are d ifferences. During filling, 

m easured  pressures c lustered  about the  lines labelled KA w ith  som e  

pressures approach ing  th e  Ko lines. Th is  indicates m ain ly an active  

s ta te  o f s tress , ie . a s ta te  of fa ilu re , w ith  oh less than  o , in th e  coal 

during filling. A s  th e  m ate ria l falls into the  silo, it lands,
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FIGURE 1: Profiles of horizontal pressure m easured  in reinforced concre te  coal load-out silo during filling and at 

s ta rt o f em p tying .

rolls and slides on th e  slopes of a cone of deposition . It is thus  

deposited  in a s ta te  of fa ilu re and in this case appears to  rem ain  in 

th is  s ta te  as the  overburden builds up over it.

It w ill be seen  from  Figure 1 th a t all of the  pressures parallel to  the  

short axis o f th e  ou tle t (i.e . across the  slot) decreased , w h ile  the  

pressures th a t increased w e re  those d irected  along the  slot. Figure

3  s h o w s  th a t th e  decreased  pressures correspond to  an apparen t K

value  o f 0 .1 5 .  H o w e v e r, KA is the  lo w e s t pressure ratio  th a t  

th e o re tic a lly  can  apply  in a granular m ateria l. Th e  only obvious  

exp lana tion  fo r these  lo w  pressures is th a t o„ also decreased  a t the  

s ta rt of em p ty in g  w ith  th e  decrease  induced by Janssen-type

oh = MEASURED HORIZONTAL PRESSURE kPa

FIGURE 2: Relationship  b e tw e e n  m ajor and m inor principal 

s tresses during com pression of coal under a t-re s t (K0) 

and active  (KA) conditions.

F IGURE 3: Relationship  b e tw e e n  overburden pressure and  

m easured  horizontal pressure for silo referred to  by 

Figure 1 during filling and a t s tart of em p tying .
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arching across th e  s lot. A long the  s lot, one pressure cell show ed  a 

m arked  in crease  in pressure, w ith  the  pressures m oving to w ard s  the  

Ko s ta te , w h ile  th e  other s how ed  no change. It appears th a t the  

changes  of pressure th a t occur at the  s tart of em ptying  are very  

co m p lex  and are re la ted  to  the  geom etry  of the ou tle t. D epending  

on c irc u m sta n c e s , pressures m ay e ither increase or decrease.

T h e  pressure cells  used to  produce Figure 1 w e re  all located  in the  

zone w ith in  w h ic h  th e  flo w  funnel to  the ou tle t w ould  have been  

e xp e c te d  to  in ters e ct the  cylindrical w a lls  of the  silo. W h en  th e  silo 

w a s  e m p tie d , a flo w  funnel or equ iva len t hopper surface  of 

c o m p a c te d  coal rem ained  in p lace, show ing th a t the  flo w  funnel 

a c tu a lly  in tersected  the  silo w a ll a t a depth  of 3 7 m  below  the  top  of 

the  silo. A ccord ing  to  the  "s w itc h " or "peak" pressure theories  of 

Jen ike  ( 1 9 6 4 )  and W a lk e r  (1 9 6 6 ) ,  it is in th is zone th a t an increased  

or s w itc h  pressure w ill develop a t the  s tart of em p ty ing . An  

im p o rta n t part o f th e  a rg u m en t for the  exis ten ce  of s w itc h  pressures  

is th a t the  silo filling is fo rced  to  com press as it flo w s  to w ard s  the  

silo o u tle t and th e re fo re  the  pressure co e ffic ie n t s w itc h e s  from  KA 

(w ith  values  in th e  region of 0 .2  to  0 .3 )  to  K„, the  passive pressure  

c o e ffic ie n t (w ith  values  of 3  to  5 ).

T h e  inset on Figure 3 , w h ic h  appears in m ost standard te x ts  on 

earth  pressure, show s  th a t th e  s w itc h  from  KA to  Kp c an not occur 

w ith o u t a considerable  la tera l com pression of the  silo filling. This  

w o u ld  only ta k e  p lace  if th e  filling w e re  squeezed in to  the  conical 

space  of th e  hopper. On the  other hand , studies of flo w  pattern s  at  

the  ex it of silos [eg. D eu tsch  and C lyde (1 9 6 7 ) )  appear to  show  th a t  

th e  filling is no t squeezed into the  ou tle t, but "queues" to  ex it. If 

th is  is w h a t happens, th ere  is no reason for a sudden change of 

pressure c o e ffic ie n t a t th e  s ta rt of em p ty ing , and hence no reason  

fo r a s w itc h  pressure. Th e  queuing actio n , w ould  h o w e ve r not be 

in co ns is ten t w ith  th e  m o d erate  changes in pressure dem onstrated  

in Figure 1.

Figure 4  p resen ts  th e  results of strain m easurem ents  on the  5 .5 m  

d iam eter bo lted corru gated  s teel w h e a t silo show n in the  cen tre  of 

th e  d iag ram . T h e  m easu rem en ts  to  the  le ft w e re  taken  on the  sam e  

vertica l line a t th e  levels  s how n  in the  centra l d iagram . Th e  hoop  

stra ins have  been expressed  as in ferred lateral pressures and are

p lo tted  aga ins t th e  corresponding overburden pressures. To  

em phasise  th a t these  m easurem ents  are in terpreted stra ins, and not 

d irec tly  m easured  pressures, the  sym bol p„ w ill be used to denote  

la tera l pressures in ferred from  the  strains. The m easurem ents  

rep resen t a series of in ferred pressure paths for th e  points of 

m ea s u re m e n t show ing  h o w  the pressure increases as filling 

proceeds and is fo llo w ed  by the  s tart of em ptying .

It w ill be seen  th a t the  in ferred lateral pressure at each  of the points

0 , 1 , 2  increased progressively until the  silo w a s  full. A t the  s tart 

of e m p tying  there  w a s  a further increase of in ferred pressure, as 

ind icated  by th e  a rro w s . In each  case the pressure approached the  

K4yz line or ac tiv e  s ta te  line.

Th e  set of m easu rem en ts  on the  right is sim ilar, e xc e p t th a t all 

m ea s u re m e n ts  w e re  ta ke n  a t the  sam e level, but spaced at 1 2 0 °  

in terva ls  in plan around th e  perim eter of the  silo. Sim ilar behaviour 

is e v id en t a t th e  s ta rt of em ptying  for th is set of data .

T h e  fa c t  th a t in ferred  pressures w e re  less than  those for the  KAyz  

line during filling ind icates  th a t Janssen typ e  arching w a s  occurring  

during filling. Th e  increase in pressure a t the  s tart of em ptying  

w o u ld , in te rm s  of the  Janssen th e o ry , ind icate  th a t the  arching w a s  

red uced , vertic a l pressures increased and the  m ateria l approached  

a no-arching ac tiv e  s ta te .

In the  case  of the  m easurem ents  on the  le ft of Figure 4 ,  a 

continuous ch art recording w a s  m ade of the  variation of strain w ith  

t im e  a fte r  th e  s ta rt of em p ty ing . Th e  recording is show n in Figure

5 w h e re  th e  stra ins have also been expressed as in ferred lateral 

pressures. A t  all th ree  po ints, strains gradually  increased to  the  end 

values  s how n  in Figure 4 . Th e  points of m easurem ent w e re  

de libera te ly  p laced in positions ad jacen t to  w h ere  the  flo w  cone  

w o uld  be e xp e c te d  to  in tersect the  w a ll, and w h ere  tran s ien t or 

s ta tic  s w itc h  pressures w o u ld  be exp ected  to  occur. Th e  behaviour 

s h o w n  in Figure 5 , also does not seem  consis tent w ith  the  

g enera tion  of a s w itc h  pressure. Th e  m oderate  increases in pressure  

are , h o w e v e r, cons is ten t w ith  a loss of arching. In the  tw o  cases  

exam in ed  h ere , th e  silo w ith  a slot ou tle t show ed  decreases of 

la tera l pressure across th e  s lot, w h ere  arching is m ost likely to  occur

o
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CONTINUOUS CHART RECORDINGS

FIGURE 5: C ontinuous recordings of strain expressed as 

eq u iva len t la tera l pressure, w ith  tim e  a fte r  s ta rt of 

em p ty in g  for silo referred to  by Figure 4 .

a t th e  s ta rt of e m p ty in g , and increases of pressure along the  slot. 

In the  second cas e , w h e re  the  ou tle t is s ym m etrica l, on ly increases  

in pressure, con s is ten t w ith  a loss of arching, w e re  recorded . A  

num ber of cases  w h e re  changes  of pressure a t the  s tart of em p tying  

show  sim ilar ch arac te ris tics  have been described by Blight (1 9 9 0 ) .

Figure 6  s h o w s  a s et of in ferred la tera l pressures m easured during  

filling o f a silo id en tica l to  th a t illustrated in Figure 4  e xc e p t th a t the  

barrel is supported  on th e  ground and there  is no conical hopper. 

T h e  m ateria l being s tored  w a s  barley . In th is set of d a ta , strains  

w e re  m easured  both  on th e  inside and on the  outside o f the  

corru gated  s tee l silo w a ll, a t tw o  d iffe re n t heights  and a t four 

positions around th e  perim ete r. D iffe ren ces  b e tw e e n  com para tive  

m ea s u re m e n ts  w e re  found to  be w ith in  the  s ca tte r o f m easurem ents  

m ade on th e  ou ts ide . M o s t of th e  m easurem ents  fo llo w  th e  Janssen  

pressure line labelled "arching K =  KA", ca lcu la ted  for a la tera l 

pressure c o e ffic ie n t o f KA. H o w e v e r, a s ign ificant num ber of 

m ea s u re m e n ts  in d icate  th a t the  lateral pressure over part of the  

p erim ete r o f th e  silo lies on th e  line g iven by ph =  Koyz w h ere  Ko, the  

a t res t pressure c o e ffic ie n t w a s  established by laboratory  te s ts  like  

tho se  s h o w n  in Figure 2 . Th e  lo w e r part of Figure 7 show s strain  

m ea s u re m e n ts  on the  s tiffe n e rs  of the  silo, in terpre ted  as s tiffe n e r  

loads. T h e  m easu rem en ts  agree reasonably  w e ll w ith  the  

relationsh ip  b e tw e e n  s tiffe n e r load and overburden pressure  

ca lcu la ted  by th e  Janssen equation  w ith  K =  KA and the  fu lly  

d eve loped  angle  of w a ll fr ic tio n .. The m easurem ents  are less than  

w h a t w o u ld  be e xp e c te d  fo r a linear stress distribution w ith  depth  

and a pressure c o e ffic ie n t o f Ko unless it is assum ed th a t th e  full 

angle  o f w a ll fric tion  w a s  not deve loped . The observations of 

s tiffe n e r load a re , h o w e v e r, reasonab ly  cons is tent w ith  the  in ferred  

la tera l pressures in th e  silo.

T h e  d a ta  s h o w n  in Figures 1, 4  and 6  are typ ical o f la tera l pressure  

profiles  recorded  in a num ber of o ther silos. Th e  data  s how  th a t  

Jan s se n -ty p e  arching m ay  or m ay  not occur in silos during filling and  

th a t th e  stress  s ta te  ad jacen t to  the  w a ll m ay  correspond to  any  

s ta te  from  Janssen  arching a c tiv e , to  a c tiv e , to  a res t (Ko). A t  the  

s ta rt o f e m p ty in g , pressures in the  area w h ere  th e  flo w  cone  

in tersects  th e  w a ll m ay  decrease  or increase, depending on the  

g e o m e try  o f th e  o u tle t. H o w e v e r, s w itc h  pressure do not seem  to  

occur.

TE M P E R A T U R E  S U R C H A R G E  PR ESSURES IN  S ILO W A LL S

T e m p e ra tu re  surcharge pressures arise w h en  the  w all of a silo 

c o n tra c ts  in response to  a diurnal or seasonal fall in te m p era tu re  (see

Figure 7 ). Th e  co n tractio n  is resisted by the  silo filling w ith  the  

result th a t th e  silo w a ll exp erien ces  an increase in pressure. W h e n  

th e  w a ll exp ands  aga in , the  pressure reduces. H o w e v e r, a residual 

pressure rem ains  because  th e  silo fill m oves progressively o u tw a rd s  

w ith  the  w a ll as it exp ands, and then  increases the  restra in t o ffe red  

to  c o n tra ctio n  o f th e  w a ll w h en  it cools again. Th e  result is a 

th e rm a l ra tc h e tin g  e ffe c t  in w h ich  the  pressure in the  silo builds up  

to  a m ax im u m  over a period o f 3  to  5 days. Th e  ratchetin g  action  

has been d em o n stra ted  by Blight (1 9 8 5 ) .  Th is  additional pressure  

has been called  th e  te m p era tu re  surcharge pressure. Th e  therm al 

e ffe c t  is s h o w n  in Figure 8  for a 2 4 m  d iam ete r re inforced concrete  

silo storing c e m e n t p o w d er. In th is d iagram  the  horizontal pressure  

on th e  w a ll w a s  m easured  by a m ercury filled s tra in -gauged  

d iaphragm  pressure cell set in the  silo w a ll. Th e  e ffe c t is even  m ore  

m arked  for s teel silos w h e re  the  w alls  respond m ore qu ickly  to  

changes  in a m b ie n t te m p era tu re  [eg. Blight (1 9 8 5 ) ] .

T h e  te m p e ra tu re  surcharge pressure appears firs t to  have been  

in ves tig a ted  by A nderso n  (1 9 6 6 ) .  H o w e v e r, his expression fo r the  

te m p era tu re  surcharge pressure is hard to  use rea lis tically  because  

of th e  d iffic u lty  of co rre c tly  eva luating  th e  m ateria ls  properties  it 

in co rp orates . T h e  m eth od  requires th e  eva luation  of th e  e las tic  

m odulus and Poisson 's  ratio  for the  silo filling. M oduli for granular

INFERRED LATERAL PRESSURE P„ kPa 

0 10 20 30 40 50 60

FIGURE 6: (A bove) S tress  path m easurem ents  for in ferred la tera l 

pressures for silo identical to  th a t of F ig .4 , but 

ground-supported  and storing barley.

(B elow ) Load paths for in ferred s tiffe n e r loads for 

sam e silo.

856



and p o w d e red  m ate ria ls  are highly sensitive to  stra in , and reduce  

rapidly w ith  increasing stra in . A s tem p era tu re  surcharge pressures  

deve lop  a t s tra ins  of 1 0 0  to  2 0 0  m icrostra in , it is necessary  to  

m easure  th e  corresponding m oduli a t th is stra in  level. B ecause it is 

d iffic u lt to  ta k e  in to  acco u n t radial variations of s tra in , the  author  

has deve loped  an a lte rn a tive  equation [Blight (1 9 9 0 ) ]  conta in ing  

m ateria ls  properties  th a t can be in ferred from  m easurem ents  of 

th erm a l s tra in  on p ro to typ e  silos. Th e  equation for th e  tem p era tu re  

surcharge T S  is essentia lly  th e  sam e as A nderso n 's , and is as 

fo llo w s  for a (cylindrical silo):

t ,  -  —(A 0o  + A 0 )
'  2  '

( 2 )

T S
2 M sEte, 

M ,D  + 2E t

in w h ic h  M s is th e  m odulus of com pressib ility  o f th e  silo 

filling for horizontal radial com pression;

E is th e  m odulus of e las tic ity  for the  m ateria l of 

th e  silo w a ll;

D is the  m ean  d iam eter of the  silo;

t  is th e  w a ll th ickness; and

e, is th e  m ean  free  therm al strain in the  w a ll, ie. 

th e  m ean  strain th a t w ould  occur w e re  th e  silo 

em p ty .

T S  has been e va lu a ted  from  stra in  and tem p era tu re  or pressure and 

te m p era tu re  recordings sim ilar to  those show n  in Figures 7  and 8 .

For th e  case  illustrated  in Figure 8 , w h ere  the  outside fa ce  of the  

Wall changed  te m p era tu re  by A 0 O and the  inside by A 6 f.

w h e re  «  is th e  c o e ffic ie n t o f therm al contraction  of th e  w a ll.

Figure 9  assem bles  all the  values of M s th a t are currently  availab le . 

M o s t of th e s e  have  been deduced from  m easurem ents  on s teel grain  

silos. Fo rtu n a te ly  the  com pression m odulus M s seem s to  be fairly  

sim ilar for m ost grains. Even c em e n t po w der lies fa irly  close to  the  

line of best fit  to  all of th e  observations. Th e  m odulus M s is very  

d iffic u lt to  m easure  w ith  any a ccu racy , as the tem p era tu re  o f a silo 

is never un iform  around its  c ircum ference , especially  w h en  th e  silo 

w a ll is partly  in sun and partly  in shade. Th e  values of M s s how n  in 

Figure 9  w e re  m ade by recording therm al strain and the  

corresponding te m p era tu re  over several 2 4  hour cyc les  in order to  

m inim ize th e  e ffe c t  of th e  non-un iform ity  of tem p eratu re  around the  

silo perim ete r.

C O N C L U S IO N S

1. T h e  da ta  s h o w n  in Figures 1 and 6  show  th a t it is d iffic u lt to  

k n o w , a t the  design s tag e , if a Janssen-type  la tera l pressure  

distribution w ill occur in a silo. Such a distribution m ay  

occur only over part of the  silo perim eter (Figure 6 ), or the  

arch  action  m ay  disappear a t the  s tart of em ptying  (Figures

4  and 5 ). For design purposes it is safe  and realistic  to  

assu m e th a t th e  m axim u m  pressure to  w h ich  the  silo w a ll 

w ill be sub jected  w ill be given by

Ph =  K0y z
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FIGURE 7: V aria tio n  over 2 4 -h o u r period o f te m p era tu re , hoop strain and s tiffe n e r s tra in  for are o f w a ll of 

c o rru gated -stee l grain silo.
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FIGURE 8: V a ria tio n  over tw o  daily  periods of te m p era tu re  and la tera l pressure on the  w a ll of a 2 4 m  d iam eter  

re in forced  concre te  silo storing c e m e n t po w der.

F IG U RE 9:

2 .

Relationship  b e tw e e n  com pression m odulus M . and  

overburden stress calcu la ted  from  m easurem ents  on 

1 0  s teel grain silos and reinforced concre te  c em e n t  

silo.

w h ile  recognizing th a t th e  pressure m ay  not e ve ry w h e re  be 

g iven  by th is  expression.

S ilo pressures can be exp ected  to  change a t th e  s ta rt of 

e m p ty in g , a ltho ugh th e  changes m ay  be localized. Pressures  

m a y  increase (Figures 1 and 4 ) or decrease  (Figure 1)

depending on th e  g eo m etry  of the  ou tle t. C hanges of 

pressure ta k e  place in a gradual fashion (Figure 5) and s ta tic  

or tran s ie n t s w itc h  pressures do not seem  to  occur.

S ilo pressures and fric tional w a ll loads can  v ary  considerably  

as a result of tem p era tu re  changes. Th is  applies to  both  

re in forced  c oncre te  and s teel silos (Figures 7  and 8 ).

T e m p e ra tu re  surcharge pressures for a lim ited num ber o f silo 

fillings can  be predicted on the  basis of equation (1 ) and  

values  o f th e  m odulus M s from  Figure 9 .
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