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OF A SILO ON VARVED CLAY 

W .  J. Eden, M.E.I.C. 

Research Officers, Soil Alechanics Sectiotl, 
Division of Building Research, Notionol Reseccrclz Council, Ottclt~cr 

HIS PAPER is a case recorcl 
describing the bearing capacity 

failure of a farm silo near New 

Liskeard, Ont. The silo failecl sud- 

denly in July, 1961, the day following 

its first filling to capacity. The failure 

of this silo, which was founded on a 

considerable depth of normally con- 

solidated varved clay, provided an 

opportunity to assess the applicability 

of bearing capacity theoiies to a 

highly stratified clay. 

In September, 1961, a fielcl investi- 

gation was carricd out in wh{ch the 

undisturbed stiength of the clay was 

measured with a field vane apparatus 

and samples taken with a thin-walled 

tube piston sampler for laboratory 

strength determinations. The results 

of the site investigation ale presented 

and cliscussecl with regarcl to the 
recluired bearing capacity. 

The Structure 

The cylindrical silo was constructed 
of precast concrete staves with a 
sheet aluminum dome roof. The staves 
werc retainccl by steel tension hoops 
placccl around the outsicle. The silo 
measured 20 ft. insicle diameter by 
50 ft.  high and was founclecl on a 
concrete ring 22 ft. outsicle diamctel. 
by 18 ft. inside diameter. The ring 
extended from 1 ft. above grade to 
4 ft. bclo\v gracle. At grade level, four 
clay tiles passecl through the concretc 
"ring to clrain off the excess silage 
juices. The foundation was a rough 
casting that provided good adhesion 
between the soil and the concrete. 
Thc soil retained by the concrete ring 
was left unclisturbecl. 

The silo was located in the corner 
of a banlyarcl about 30 ft. from the 
corner of the ban]. In preparation for 
paving the yard, about 1 ft, of soil 
had been removed from one side of 
the silo. This slight excavation ex- 
tcndecl from the barn to within 3 ft.  
of the silo. 

The Failure 

The silo was filled with grass silage 
from July 15  until July 23 at a vari- 
able ratc clue to poor harvest weather. 
It is bclieped that a significant portion 
01 the full capacity load was applied 
on July 23. On the morning of July 
24, one of the farm hands thought 
he noticed a slight tilt to the silo but  
not enough to be positive. By early 
afternoon the tilt was quite prc- 
nounced ancl it was decided to move 
the silage blower to safety from its 

Fig. 1 (a) General view of  collapsed silo. 



Fig. 1 (b) Attitude of the silo base after failure. 

position besicle the silo. Beforc the 
blower could be pullecl clear however, 
failure of the silo occurred. As it 
failed, the silo structure broke. Fig. 
l ( a )  shows the failed structure. To 
salvage as much of the silage as pos- 
sible, tarpaulins were placed over the 
silo to protect the fodcler. Fig. l(b) 
shows the attitude of the foundation 
ring after failure. 

Prior to the failure, it had been 
noted that the drain tiles did not 
function; the silage juices seepecl 
under the fouildation ring ancl bub- 
bled up to the surface near the foun- 
dation. 

55 mm. as clcscribccl by Anclersei~ ancl 
Bjerrum.' I11 an acljacent hole, thin- 
walled tube piston samples wele 
taken from depths of 3 to 30  ft. for 
laboratory tests. A11 aclclitioiial vanc 
boring was made in an undisturbed 
area approximately 100 ft. from thc 
silo. 

The results of the fielcl ancl labora- 
tory tests are prcsentecl in summary 
form in Fig. 3. The soil conclitions 
coilsistecl of normally coilsoliclatecl 
varved clays to a clcpth of more than 
46 ft., with a weathered crust from 
the surface to a clepth of about 5 ft. 
Below 5 ft.. to about 22 ft., thc clay 

senting a single test. 

laboratory strength tests are on the 
average lower than the field vane 
tests. The average of all the undrained 
laboratory strength results betw 
ancl 20  ft. gives a strength of 235 
If thc innximum value from each 
is averaged, a value of 295 p.s. 
obtail~ecl. The  average strength yic 

by the fielcl vanc over the same ranges 
in clepth in thc two boriilgs was 325 

.4ilaIysis of the Failure 

To concluct the analysis of the 
failurc, threc factors must b e  cleter- 
n~inecl: the pllysical climensions of the 
structure, the 10x1, and the  shear 
strength of the soil. Only the  physical 
climcnsions can be determined accur- 
atcly. It is necessary to estimate the 
loacl, ancl there is also some question 
whetl~er vane and laboratory strength 
cletciminations on varved clay are 
rcliable. 

Thc 10x1 is illacle up of t he  wcight 
ot t l ~ c  silo structure, the weight of the 
contents, the weight of the foundation 
ring ancl the weight of soil retainecl 
in tlic ring. Using the dimensions of 
the silo, the weight of the structure 
was calculatecl to be 50  tons-a figure 

was very soft and sensitive. Thc soil subsccluently confirmed by the -silo 
Fig. 2 shows the final position of 

strata consisted of very thin light lay- manufacturcr. The founclation ring 
the foundation ring. The failure 

ers between thicker dark layers. The  \veighed approximately 47 tons and 
occurred in the of the sllal- 

dark layers averaged about :$ in, thick. the soil rctained in the ring at 100 
low excavation in the banlyarcl. 

Below 22 ft.. the varves were much pcf was about 50 tons. T h e  weight " 
more clistinct with layers of approxi- of tlle contents is less certain. The 

Soil Conditions matcly equal thickness. Classificatio~l farmer estimated it to be 400 tons 
The silo was located approximately tests made on separated layers of the based on the yield per acre of forage 

four miles north of the town of New lower clay are picsentecl in Fig. 3. crop. The manufacturcr lists a capac- 
Liskeard which is situatecl at  the 
north encl of Lake Timiskaming in - 

northeastern Ontario. This area is Fig. 2 Details of the silo base after failure. 
located in the "little clay belt",l a 
clay plain foimed after the retreat of 
glacial lake Barlow. The chief de- 
posits of the little clay belt are nor- 
mally consolidated and slightly over- 
consolidated varvecl clays. The surface 
elevation at  the silo is 724 ft., about +6 

140 ft. above the level of Lake 
Timiskaming. It is believecl that the 0 

I- 

silo was situated near thc top of the ; 
little clay belt deposits. 1: 

SURFACE PROFILE 

Two borings were made about 12 $ lo FOLLOWING REMOV 
OF HEAVED SOIL \ 

ft. from the founclation outsicle thc 
1 5  

failure zone. I11 one, vanc tcsts were 
conductecl from the 4 ft. Ievcl to a 20 

clepth of 46 ft. The apparatus usccl o 5 10 zo 

was the "Geonor" vane, 110 mm. s 
P 

SCALE IH FEET 
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I Fig. 3 Boring log and summary of test results. 

ity of 450 tons of grass silage at 65% 
moisture content and 389 tons of 
corn silage at 69% moisture content. 
Gray3 presents graphically the mea- 
sured densities of coin silage and 
these measurements have been sub- 
stantially confirmed in subsequent 
studies by Otis and P ~ m r o y . ~  Using 
the density-depth relationships given 
by Gray3 the weight of the silage was 
estimated to be 393 tons. Hence the 
total weight of the contents, structure, 
and soil retained in the found a t' ion 
ring was estimated to be 550 + 50 
tons. 

It has been the experience of the 
authors and has been confirmed by 
the test results, that field vane 
strengths are slightly higher than 
laboratory determinations. For bear- 
ing capacity computatio~ls the field 
vane strengths were used. Using 
Skempton's rule,j the shear strengths 
were averaged between the bottom 
of the foundation and a depth below 
the foundation equal to two thirds of 
its diameter, that is, 4 to 20 ft. In- 
cluding the boring 100 ft. away, there 
were 26 strength measurements in this 
zone giving an arithmetic average 
strength of 325 p.s.f. 

To apply the various bearing capac- 
ity formulae, it was decided to con- 

der the foundation to be equivalent 

a circular bearing area 4 ft. below 

e surface. The soil insicle thc foun- 

dation ring above 4 ft. was considered 
inert and contributed to the total 
load of 550 2 50 tons. 

Four methods of ailalysis were tried 
and are summarized in Table I. The 
factor of safety, F, listed is the ratio 
of the bearing capacity calculated 
from the shear strength to the esti- 
mated average bearing pressure. 
Tablc I1 lists the safety factors calcu- 
lated using the average laboratory 
shear strength, and the average masi- 
mum laboratory shear strengths in one 
case. 

The four methods of analysis were: 

1)  Skempton" 

2)  a modification to the above for- 
mula following the procedure of 
Skemptonc 

3)  the formula suggested by Meyer- 
hof7 

4 )  the Fellenius circular arc method 
as described by Wi1son.s 

(1) Skempton's Method 

For rapid loading on clay, Skemp- 
ton-as proposed the following 
formula: q, = c.N, + p where 

q,, is the ultimate bearing capacity, 
c is the average undrained 

strength of the clay, 
N, is a factor depending on the 

shape of the foundation and its 
depth of embedment, and 

p is the overburclen pressure at 
founclatioil level. 

For this case, c was taken at 
p.s.f. N, for a 22 ft. diameter circ 
footing 4 ft. below the surface is 6.6. 
The overburden pressure, p, is equal 
to 400 p.s.fi q,, was calculated to be 
2540 p.s.f. For the three load condi- 
tions assumed, 500, 550, and 600 
tons, F, the safety factor, varied from 
0.97 to 0.80. 

(2) A Modification to Skempton's Method 

Since the above formula does not 
take into account the adhesion be- 
tween the soil above 4 ft. and the 
rough surface of the foundation ring, 
Skempton's formula was modified. In 
an earlier work, Skempton6 recog- 
nized the adhesion and proposed that 
the bearing capacity be increased by 
a factor ( L / A ) .  c', where L is the 
perimeter area of the footing in con- 
tact with the soil. A is the area of 
the base of the footing and c' is the 
adhesion between the footing and the 
foundation. PotyondyQas shown that 
the adhesion between soil and rough 
concrete is equal to the strength of 
the soil, in this case 500 p.s.f. 

The modified formula becomes 

qfU = c.Nc + p + ( L / A )  .c' 
ailcl gave a bearing capacity of 2900 
p.s.f. ancl a range in F from 1.10 to 
0.92. 

(3) Meyerl~of's Method 

In the case of a buried circular 
founclation with a rough shaft bearing 



odified Skempton (ref. 6) 1.10 1.00 0.92 

and N ,  as above 
= perimeter area of footing 

c = average vane shear strength between 
4 ft. and 20 ft. 

K,  = I 
= 100 pcf 

2; = 4 f t .  

4. Fellenius, as modified by Wilson (ref. 8) 0.94 0.88 0.78 
Circular arc through centre 
Adhesion included 

on a purely cohesive soil, Meyerhofi on a circular arc. Thus, in the analysis, 
proposes the formula: it is possible to take into account vari- 

4r c.Ncqr f K ~ Y D  ations in the level at  the surface of the 
where clay. Wilson8 has derived a method 

qr = ultimate bearing capacity. of locating the centre of the most 
c = average shear strength = critical surface for analysis by statics. 

325 p.s.f. Assumptions made were that only 3 
Ncq, = a factor depending on ft. of soil were above the foundation 

shape of the foundation, level on one side, and that the soil 
the depth of the bearing above the foundation level had a 
surface and full adhesion shear strength of 500 p.s.f. The aver- 
between the soil and the age shear strength below 4 ft. was 
shaft of the foundation = taken as 325 p.s.f. To do the analysis, 
7.6. a slice one foot wide was taken 

K, = coefficient of earth pres- through the centre of the silo. Because 
sure between the soil and the failure surface has three dimen- 
the shaft taken as 1. sions, with a larger portion in the 

y  = density of the soil above upper crust than in a two-dimensional 
the bearing surface = 100 slice through the centre, the Fellenius 
pcf. method can be expected to yield a 

D  = depth of the foundation safety factor somewllat low. Using 
= 4 ft. this method, safety factors of 0.94, 

Hence, 0.88' and 0.78 were obtained. 
4,. = 2870 p.s.f. and F varies 

between1.09and0.91.  
The analysis of this failure has 

(4) T h e  Fellenius Method shown that there is reasonable agree- 
The Fellenius method is based on ment between the bearing capacity 

the premise that failure will take place calc~~latecl from field vane strengths 

TABLE I1 

Comparison of Test Methods as  Applicd to Meyerhof's Formula 

Factor of Safety 
Shear Strength p.s.f. 

500-ton load 550-ton load 600-ton load 

Average field vane strength = 325 1.09 0.99 0.91 
Average laboratory strength = 235 0.83 0.75 0.69 
Average of maximunl strengths 

per sample = 295 1.00 0.91 0.84 

1. The field vane test will y 
reliable undrained strenrth values 
design purposes in medyum to high 
plastic vmved clays. Since the maxi- 
mum laboratory streilgth deteimina- 
tioils are slightly lower than the vane 
strengths, the maximum, rather than 
average laboratory strengths, should 
be used in clesign. 

2. Since Skempton's rule of using 
the average shear strength to a depth 
below the footing equal to two-thirds 
the width yielcled reasonable agree- 
ment, the average vane strength, not 
the minimum, should be used for 
design. 

3. I t  appears that the strength of 
the fissured crust and adhesion be- 
tween the concrete and the  soil de- 
serve consideration in design. Hence, 
a beaiing capacity formula such as 
Meyerhof's, which takes this into ac- 
count, should be used for design. 

This paper is a contribution from 
the Division of Building Research, 
National Research Council and is 
published with the approval of the 
Director of the Division. 
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drainage path took up to 200 minutes to Of Canada. ACSSM Tech. Memo 
reach an equilibrium pore pressure condition. 

lg6'' 

D. L. Townsend, M.E.I.C. In addition to these experimental results, 
Queen's University Kenneys has suggested that the ratio between Di~c~'ssion bll V. Milligan, M.E.I.C., 

the coefficients of volume compressibility Partner, H. Q. Golder & Associates 
As an instructor in soil mechanics, it is and expansibility of the layers in the varved ~ t d .  

particularly gratifying to read of cases such soil may be critical for cases shortly after 
as this where the theoretical calculations so construction. As good things are invariably simple, so 

this uauer, which describes the failure of a 
silo on-soft varved clay, is simple and well 

TABLE I presented. The data has been carefully 
Soil Properties of Artificial Sa~ilples assembled by the authors and various 

CY Cr Ic mechanisms of foundation shear failure 
WL wp CC CR cmZ/sec cinz/sec c ~ n / s e c  examined. 

TABLE 2 
Final Moisture Contents, Artificial Samples 

at Cell Pressure 1.4 kglcmz 

Assu~ned  Layer Thickness (cms) 
Ini t ial  
m.c. 2 .67  2 00 1 00 0 50 

Soil "L". . . . . . . . . . . . . . . . . . .  21 .0  21 .4  21.9  22.7 23 .9  
Soil "D". . . . . . . . . . . . . . . . . .  24.8 24.2  23.8 23.5  22.1  

TABLE 3 
ariation in +I,, with Position in Layer, Soil "L" 

Percent  Strain M a x  in lum 
T e s t  

1 . 5  2 . 0  4 . 2  5 . 8  6 . 7  15 Value 
---- 

0.2 inch  . . . . . . . . .  19" 21" 26" 28" 33.5" 
1.5 i n c h . .  . . . . . . .  15" 18" 22" 26" 33.5" 

If one assumes that the annular concrete 
foundation ring and the weight of silage 
resting on natural ground within the struc- 
ture act in concert, and the fact that the 
silage juices which were observed to seep 
under the foundation ring and rise to the 
ground surface did not reduce clay adhe- 
sion, then the bearing capacity formulae 
proposed by Skemptonl and Meyerhofz 
would adequately explain the failure. These 
are uncertainties neglected by the authors 
in their analyses which might be  questioned. 

The authors have further illustrated the 
value of in situ vane testing in this strati- 
fied deposit. Similar correlation of the vane 
shear strength with the undrained shear 
strength as measured in the laboratory has 
been noted in the study of an embankment 
failure on soft varved clay. This failure and 
some data relating to it are illustrated in 
Figures 1 to 3. It may be noted that normal 
methods of analysis for the failure using the 
undrained shear strength or  q5 = 0 hypothesis, 
as one would apply for an earth structure on 
a homogeneous clay deposit, proved to be 



--- 

GRAIN SIZE IN M Y  

SOIL CONDITIONS - EARLTON EMBANKMENT 

sound for thls stlatlfled deposlt. However, 
there 1s a danger In the extrapolation of this 
experience to suggest that the sole use of 
vane shear tests would be valid for all 
varved clays Where the Individual layers are 

Figure 2. 

thin, of comparable th~ckness and of similar 
degree of structure (generally liquidity In- 
dices for both layers close to 1) then expen- 
ence has indicated that In situ vane shear 
tests glve good agreement with undralned 
compression tests on thin wall tube samples. 
However, where the layers are thick and of 

the varved deposit, namely between 1.3 and 
2.0, seem very high in comparison with 
available data3 for similar stratified deposits 
In Ontario. It is possible that some of the 
tests as detailed in the paper, were carried 
out on bulk samples rather than on indi- 
v~dual  layers of the samples and thus do not PLAN AND SECTIONS FOLLOWING FAILURE - EARLTON EMWKMENT 

give a true indlcatlon of the properties of SECTIONS 

the deposit. 

-- ---:A 
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STATION P I l f l O  

The authors appreciate the comments of 
Dr. Meyerhof, Professor Townsend and Mr. 
M~lligan concerning the behaviour of varved ,ow Bc.O1r IAILYIL 

clay under shear stlesses. Although the 
excellent agreement ach~eved in this case 
may have been fortuitous, the authors be- 
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RE - DESIGNED SECTION - EARLTON EMBANKMENT 

Figure 3. 

65.2 51.1 22.8 28.3 1.8 

51.6 35.8 20.6 15.2 2.0 


