THE FAILURE AND RIGHTING OF THE TRANSCONA GRAIN ELEVATOR

The foundation failure and righting of the Transcona Grain Elevator in 1913 is a truly remarkable case history
made famous by its collapse during filling after foundation pressures exceeded the bearing capacity of the
underlying clay foundation soil. The following photographs and documentation provides a record of the bearing
capacity failure, how the original designers struggled to understand the cause and most remarkably, how
ingenuity and determination led to the successful righting of the 20,000 ton structure. It provides an account of
the landmark work carried out in the 1950's ending with a modern perspective made possible by finite element
modelling techniques.

This historical account would not have been possible without the enthusiastic support of Mr. Bill Parrish Sr. who
kindly provided permission to use the original construction photographs and access to the original elevator,
which is now owned and operated by Parrish and Heimbecker. The photographs were originally presented in
the Heritage Room at the Canadian Geotechnical Society Conference in Winnipeg in 2003. The interest shown at
that time by the delegates was instrumental in the Society's determination to preserve such valuable
information from our past.

Two files are provided. The first file contains a photographic record of the failure and righting. The photographs
carry short explanatory captions. Because of the large file size, it is recommended that this document be
downloaded first before viewing. The second file contains selected papers or articles which may be difficult to
locate and a list of references that may be of assistance to those wishing to research this case study further. The
file has been bookmarked for convenient access - simply ‘click’ the bookmark symbol at the upper left of the
screen.
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 Fie. 24.—SAME PILE AS SHOWN IN Fic. 23, AFTER SINKING WAS COMPLETED.

F16. 25.—CRACK IN WALL OF BUILDING CaUusED BY TENDENCY OF
BLOCKING TO ROLL.
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Fig. 23 shows a pile which has reached a depth where skin friction wur.
offers too much resistance to be overcome by the weight of the pile FPullirs:
dlone, or even by a process which was called the “blow.” This con-
sisted in shutting off the water where it is seen escaping above and
thus foreing it to find an outlet around the outside of the pile, thereby
lessening the skin friction. When the “blow” was not effective, the
pile, if on the outside of the building, was loaded as shown, and, if
inside, was forced down with jack-screws.

Reinforcement may be used in such portions of the pile as may
require it, but it was not necessary in the work described. In this
“work, 153 piles, ranging in diameter from 22% to 30% in. and in length
from 108 to 112 ft., were sunk.

For the support of the walls of the main packing house, the piles
were put down in pairs, each pair supporting a reinforced concrete
" beam which was to carry its share of the wall. When the piles required

for the purpose were completed, and in advance of the completion of
' those intended to support the columns inside the building, the beams
 they were to support were poured, and in due time the weight of the
walls was brought to a bearing on them.

Fig. 24 shows the same pile as Fig. 23, the sinking being completed.
- The lower end of this pile rests on cemented gravel, 116 ft. below the
- surface. The blocking and jack-screws show the method of holding
_up the brick walls while the foundation was sinking at the rate of 0.1
_ft. per day. At the corner, inside the building, the mate of this pile
- has been sunk. A hole will be cut through the foundation, below the
- surface, and a reinforced concrete beam will be built on the two piles.
_ Fig. 25 shows one of several cracks in the walls of the building
~caused by the tendency of the blocking to roll. Such fractures had to
be closed up after the building had been brought to a state of rest.
After piers of brick set in cement mortar had been substituted for the
wooden blocks and wedges, there was no further tendency to roll.
During the progress of the work this building had been sinking
_ constantly, but at rates that varied according to the distance from
e corner of the building on the end nearest the slough, which had
- remained stationary. When, finally, the walls were brought to rest on
. the new foundation, the subsidence at'some points amounted to fully
9 ft.

The columns supporting the floors of the three departments of
the main packing house were in three rows in each department. To
carry these, two intermediate rows of piles were sunk in line with
the original piers, and reinforced concrete beams resting on the
intermediate piles carried the three columns in alignment with them.

The tank house, being a lighter structure, was handled in a differ-
ent way. The concrete piles for it were set away from the old founda-
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for use as foundations for bridges, docks, ete., which have been My
handled, lifted on one side, tilted, and manipulated in almost any Goodtich.
way found necessary without great diﬂieillty.

T%le second point of interest refers to the earth pressure phenomena

described. The wave that was thrust up, perhaps from some deep
stratum, can be made the source of information with reference to
earjch pressure matters, which may prove of value through an analysis
of its size, rate of formation, ete., if such data can be made available.
For a long time the speaker has been advocating the making of careful
explorations of sub-strata under large buildings, going down many
feet below the customary foundation depth. Demonstrations of this
need, in addition to that afforded by the Canadian Pacific grain ele-
yator, were also mentioned by Robert B. Stanton, M. Am. Soc. C. E.
in his discussion® on earth pressure formation in conmection with a:
slide which took place on the Canadian Pacific Railroad within his
observation. »

The upheaval of the bottom of the Panama Canal is a gigantic
demonstration of the same fact. On a much smaller scale, the ub-
heaval of a steam shovel excavation in Cleveland, which ,occurred

tion, and on these, continuous beams were poured. The building was
moved over to the new foundation. )

The work of erecting the buildings had progressed simultaneously
with that of the new foundations. That it might be maintained in as
nearly a level condition as possible, the walls and columns had been
carried on jacks and oak wedges which were kept constantly adjusted.
In spite of the care used to prevent it, the walls were badly cracked,
and required considerable repairs.

There is no intention to convey the impression that there were
no difficulties in sinking the piles, but such difficulties were readily -
overcome. It was seldom that a pile would follow the jetting as
it proceeded. Instead, a cavity of some depth usually had to be
washed out beneath, into which the pile would sink in due time.
general, the first 50 ft. or so of sinking was comparatively easy; but
beyond that depth, in most cases, more or less urging had to be resorted
to. If, however, larger piles had been necessary, or if a greater pene:
tration had been required, or both, the work could still have been
accomplished without undue difficulties. o

Mr. E. P. Gooprice,* M. Am. Soc. C. E—This paper appeals to the !
Goodrieh. gpeaker more strongly with reference to incidental and exterior phe several'years ago during the cutting through of a street, is pertinent.
nomena than with reference to the ingenious and eminently satisfac: I? is the speaker’s belief that properly made explorations and
tory method used in righting the elevator, which is the primary reason physwal' tf:"‘fts of the soil secured will make it possible to prophesy
for the paper. @ ' thte pOSS.IbllltleS of just such failures as occurred in connection with
The first item of particular interest to the speaker is the demonst thls, grain elevator. Where such possibilities are indicated, obviously,
tion that a structure of the size of this grain elevator, when built of eng}n%rg can take all needed precautions to prevent their occurrence.
reinforced concrete in accordance with the proper design, becomeég This belief has been applied by the speaker in several foundation in-
monolithic structure capable of being subjected to extraordinary 9
stresses without seriously damaging the building. The settlement a tons at Panama or Winnipeg. This paper is thus believed to be of
righting of this elevator are almost identical with an experience co wider Interest than that covered in its main description of the
cerning a grain elevator in Algiers, erected and righted by Fren mechanical methods used in combating the particular difficulty here
engineers. .
The moral of this story is an indirect demonstration of the nesd

of caring for reverse moments in all bottoms, and at the points of
intersection of bottoms and columns, together with the need for card
in the design of columns to resist bending where need is shown. 'S§
long as reinforced concrete members were designed after the fashi
of those made of timber or steel, difficulty was sure to arise, but, wi
the wider adoption of the cantilever, difficulties have disappeared an
better structures been secured. The speaker has been interested
noting the widening use of the cantilever, even in steel and timbi
work, and believes that members thus designed are more efficient th
almost any other device for the same purpose. :
Reverting to the fact of the monolithic nature of large reinfore
concrete structures, many instances may be cited of caissons design

* New York City.

Mr.
Phillips.

* Transactions, Am. Soc. C. E., Vol, LIII, p. 307.
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TRANSCONA ELEVATOR FAILURE: EYE-WITNESS ACCOUNT

N

by

L. Scorr Wauite, O.B.E.

The Grain Elevator referred to in the following article was one of the most important
structures built by the Canadian Pacific Railway Company in their extensive railroad yards
at North Transcona. The yards covered several square miles, and were built on partly farmed
prairie land. The ground was relatively flat for miles around.

Excavation for the foundations of the elevator was in open cut about 12 feet in depth
(see Fig. 1). Bearing tests were made by loading a plate laid upon a prepared smooth surface :
the test loading was applied from a wooden gantry erected for the purpose. To the best of
the Writer’s memory no borings were taken.

The tests appeared to satisfy the requirements of the engineers, who assumed that the
** blue gumbo " had similar characteristics and depth to that on which many heavy structures
had been founded in the vicinity of Winnipeg, 7 miles to the west.

Fig. 1

Site on commencement of excavations
200
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Fig. 2

Circular bins

Fig. 4

The construction of the elevator proceeded at a
rapid rate during the autumn and winter of 1912, the
circular bins being raised at the rate of 3 feet per day
(see Fig. 2).

In the spring of 1913, when the thaw set in after
heavy winter snows, a great deal of trouble was caused
throughout the yards by the movement of the top
surface  of the clay under the pressure of deep ballast-
fills which carried the tracks. (Fig.3.) In one case
high-level tracks, which were laid on a 30-foot fill,
subsided several feet, throwing up great rolls of ground
to the sides and breaking up massive drainage cul-
verts constructed of 12-inch-by-12-inch timbers. This
subsidence was remedied by driving hundreds of 60-
foot timber piles through the ballast to form a staging
on which the tracks were relaid. (See Fig. 4.)

60-foot timber piles forming staging for track

N
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Fig. 5
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Close-up view showing extent of moverment
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This was not the end of troubles, for on the 18th October, 1913, when the engineering staff
of the C.P.R. were having their lunch at a camnp about a mile distant from the elevator, there
were excited cries that the elevator was collapsing. Everyone rushed out to witness the
phenomenon not believing it possible, but, sure enough, the bin structure had already taken
a considerable tilt to the west and was still moving. The Writer, who possessed the only
camera in the party, hurried over to the scene taking photographs en route. Figs 5and 6 show
the extent of the movement within the first half an hour. It will be noted that the cupola is
still in place. As the structure tilted to the west, the earth on that side bulged up forming
a cushion which slowed down the movement.=_(Fig. 7.) On the east side a wide gap was
left in the ground to the depth of the raft foundation.

The movement of the bin structure throughout was gradual and barely susceptible to the
eye, but a considerable amount of commotion was caused by the connecting bridges carrying
the conveyor belts breaking adrift and crashing to the ground.

-The main concern of everyone at the time was whether the work-house could stand the
disturbance. Check levels were therefore taken and’it was found with considerable relief to
to be standing firm.

Movement continued at a diminishing rate for the rest of the day. In the night the
cupola structure over the bins, which housed the conveyor belting, suddenly collapsed and
fell to the ground. This reduced the load and there was subsequently little further movement.

Naturally a great strain was put on the comparatively thin walls of the storage bins but
they were so well constructed that hardly any cracks appeared in them, :

An account of how the grain was discharged (F ig. 8) and how the bin structure was under-
pinned and jacked-up from new pier-foundations taken to solid rock is contained in Allaire’s
Paper * The Failure and Righting of a Million-Bushel Grain Elevator *’ reference to which is
made in Professor Peck’s article (see Figs 9 and 10).

Fig. 7

Cushion of earth caused by tilting structure
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Fig. 10

View of elevator after righting : note tilt

Soil Mechanics as a special science had hardly begun at that time. If as much had been
known then as is known now about shear strength and behaviour of soils, adequate borings
would have been taken and tests made and these troubles would have been avoided. We owe

more to the development of this science than is generally realized.
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THE BEARING-CAPACITY FAILURE OF THE TRANSCONA

ELEVA_TOR ;
by

R. B. PEcK AND F. G. BRYANT

SYNOPSIS

In 1913, 2 grain elevator near Winnipeg, Canada,
experienced a bearing-capacity failure during its
first loading. The foundation consisted of a large
rectangular raft resting on a plastic clay deposit,
The load at failure is known. This atticle presents
the results of tests made to determine the properties
of the clay, and demonstrates that the failure

occurred at a pressure corresponding to the com-

puted ultimate bearing-capacity of the clay.

The article is accompanied by a supplementary
note by Mr L. Scott White—an eye-witness of the
incident.

En 1913 la rupture d'un silo prés de Winnipeg,
Canada, a eu lieu dont la cause était Vinsuffisance
de 1a force portante. Le silo était fondé sur un
radier supporté par ume couche d’argile plastique
La charge au moment de la rupture est connue.

- Les qualités de l'argile sont indiquées par les
resultats presentés ci-dessous des essais de sol sur des
¢énchantillons intacts,

. Ces résultats indiquent que la rupture a eu Yieu
sous une charge égale & la force portante limite
calculée de Vargile. .

" Ll'article est accompagné d’une note supplé-
mentaire par M. L. Scott White, qui était témoin &
V'incident.

INTRODUCTION

Tn 1911, the Canadian Pacific Railway Company began construction of a million-bushel
grain elevator at North Transcona, 7 miles north-east of Winnipeg, Manitoba, Canada. The
elevator, together with one of the largest railroad gravity yards in the world, was to provide
relief for the Winnipeg Yards during the months of peak grain-shipment.

The structure consisted of a reinforced-concrete work-house, and an adjoining bin-house.
The work-house was 70 feet by 96 feet in plan, and 180 feet in height, with a raft foundation
at a depth of about 12 feet. The bin-house contained five rows of 13 bins, 92 feet in height

and 14 feet in diameter, resting upon a concrete framework supported by a reinforced-concrete
raft. The raft had a width B== 77 feet, and a length L = 195 feet, and was established at a
depth D = 12 feet below the level of the surrounding ground.

In September 1913, the structure was completed and filling was begun. The grain was
distributed as evenly as possible amongst the bins. On October 18, 1913, after 875,000

bushels of wheat had been stored in the elevator, settlement of the bin-house was noted.
Within an hour the settlement had increased uniformly to about one foot. This was followed
by a tilt toward the west which ceased after 24 hours at an inclination of 26 degrees-53 minutes
from the vertical. (Allaire, 1816). ,

The significance of this failure was realized almost immediately, Early interest centred
primarily on the ability of the structure to remain intact during the failure and on the unique
underpinning operations. Subsequently, when soil mechanics had provided the basis for
computing the ultimate bearing-capacity of various soils, it was realized that the Transcona
fajlure afforded one of the best of the few opportunities for a full-scale check on the validity
of such computations. '

_ Several wash-borings were made immediately after the failure (Figs 1 (a), and 1 (b)).
These indicated that the elevator was underlain by rather uniform deposits of clay. This
finding was in agreement with the geological history of the area, according to which extensive
fine-grained sediments were deposited in the waters of glacial Lake Agassiz which came into
being when the Wisconsin ice-sheet blocked the region’s northern outlet. Winnipeg lies above
one of the deeper portions of the lake basin and, as a consequence, about 30 to 50 feet of

laminated sediments are found overlying the Ordovician limestone bedrock.
201
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In 1951, the opportunity arose to obtain relatively undisturbed samples of the subsoil and
to make the tests necessary for a theoretical computation of the bearing capacity. Two
borings, B-1 and B-2, were made near to the site at the locations shown in Fig. 2, {ar enough
from the zone of failure to be in material unaffected by the displacements. From each
boring, samples in 2-inch thin-walled tubes were taken continuously through the clay strata.
Laboratory tests were made to determine the index properties and the stress-strain relation-
ships appropriate for the stability analysis.

Fig. 2
L 3
Ho. 5.

°No 4
# No 8.

No. 6.

* . Ho.3 :

=1 o loo ELEVATOR Do 18’ © B~2
*Ha.7.
Ho.f.

° ‘ No.2.
) WORK — HOUSE © D

Location of borings

SCALE: 1INCH= 10O FEET.

INDEX PROPERTIES

Tn the laboratory, the samples were cut into specimens 6 inches in length. Each specimen
was examined and carefully described, and its natural water-content was determined. Repre-
sentative samples were selected for determination of the liquid and plastic limits. The limit
tests were generally performed on materials that had not been permitted to become air-dried,
but a few were performed on oven-dried soil. The oven-drying did not change the results
significantly. :

The most significant index property, and one that is also directly useful in the stability
computation, is the unconfined compressive strength. Each 6-inch specimen was trimmed
to a length of 3-5 inches, and tested to failure in unconfined compression by means of a stress-
type platform-scale loading machine. The stress on the average cross-section at failure or,
if the sample bulged, at 20-per-cent vertical strain was taken as the unconfined compressive
strength. The material was then thoroughly remoulded at unaltered water-content and
formed into a specimen again 85 inches high by 1§ inch diameter, and subjected once more
to an unconfined compression test. Typical stress-strain curves for the materials in both
undisturbed and remoulded states are shown in Fig. 5.
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A summary of the descriptions and of the index properties is represented by Figs 3 and 4.
From ground level at about El 772 (feet) to EL 745 the soil is a tan and gray slickensided
clay with an average water-content of about 45 per cent, an average unconfined compressive
strength of 1-1 ton per square foot, and a sensitivity of about 2. The values of liquid and
plastic limit, respectively about 105 and 35 per cent, correspond to an inorganic clay of high
plasticity according to the Casagrande plasticity chart. The slickensides have a variable
spacing, usually about } inch.

Between El. 745, and El. 737 (B-1), or El. 730 (B-2), is a gray silty clay with an average
water-content of about 57 per cent, an unconfined compressive strength of about 0-85 ton
per square foot, and a sensitivity of about 2. The Atterberg limits are approximately ‘the
same as those of the overlying stratum.. - -

Below the gray silty clay is a tan silty gravel containing limestone chips and pockets of
clay. The bedrock is probably represented by refusal at EL 717 (B-2), whereas refusal in
B-1 at EL 733 more likely represents a large fragment of limestone. The bedrock was not
drilled. : .

Ground-water level was at El. 763 in B-1, 12 hours after the casing was removed.

Fig. 3
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SUPPLEMENTARY TESTS

Differential thermal analyses on two representative samples were performed to provide
* an indication of the clay minerals present. About two-thirds of the material were illite, and

one-third montmorillonite ; very little non-clay material was present. The specific gravity
of the solid matter was found to be 2-70. ‘

T e e
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Fig. 4
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A more precise investigation of the stress-strain characteristics in unconfined compression
was made by performing tests on representative undisturbed 2-inch samples in constant-
strain apparatus. The rate of strain was approximately 0-08 inch per minute. The corre-
sponding stress-strain curves, shown in Fig. 6, indicate that the clays are all fairly elastic.

Two samples were subjected to undrained triaxial tests at a lateral pressure of 2-9 tons
per square foot. The difference in principal stresses at failure is shown for these tests by
triangular symbols in Fig. 4. The confining pressure appears to have had no influence on
the compressive strength, whence it may be inferred that the soil would behave asif ¢ = 0,
and the cohesion or shear strength ¢ would be equal to one-half the compressive strength

To supplement the description of the soils, a consolidation test was performed o' a specimen
from the lower part of the tan and gray slickensided clay deposit. The effective over-burden
pressure at the level of the specimen was 0-93 ton per square foot. The e-log $ curve is shown
in Fig. 7 ; it indicates a slight degree of pre-loading, presumably as a result of desiccation.

LOAD AT FAILURE

The load on the base of the elevator at failure is known rather exactly. The elevator
contained 875,000 bushels of wheat with a total weight of about 26,000 short tons. The dead
load of the structure has been calculated * to be 20,000 tons. The sum of these loads dis-
tributed uniformly over the mat (77 feet by 195 feet) represents a unit load of 3-06 tons per
square foot. The bottom of the mat was originally established 12 feet below the ground
surface. On the a.ssumptlon that the unit weight of the upper 12 feet of soil was 120 pounds
per cubic foot, the reduction in load owing to excavation was 0-72 ton per square foot, There-
fore, the net unit-load applied 12 feet below the prairie level was 2-34 tons per square foot.

* Allaire, loc. cit. p. 813,
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CALCULATED BEARING CAPACITY

The net ultimate bearing capacity of a homogeneous clay soil with ¢ = 0 may be expressed

as (Terzaghi, 1943):

n = cN, =%guNc

wherein N, is a factor depending only on the length L and width B of the foundation, and on
the depth D of the foundation below ground level.

B D
N =5(1 +~sz)(1 + S—Bg)

In the case of the Transcona bin-house, B = 77 feet, L = 195 feet and D = 12 feet, whence

Nc - 5'56-

Recent studies (Skempton, 1951) indicate

D
that, where B is less than about 2-5, the value of N, is given with reasonable accuracy as:

T

e e




BEARING-CAPACITY FAILURE OF TRANSCONA ELEVATOR 207

Fig. 6
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The average value of g, for the slickensided tan and gray clay between the base of the
raft and El. 745 is 1-13 ton per square foot, that of the softer underlying gray clay is 0-65 ton
per square foot ; and the weighted average for the full thickness of about 35 feet is 0-93 ton
per square foot. The bearing capacity of a foundation above a fairly homogeneous clay
depends upon the strength of the soil within a depth equal to at least half the width of the

foundation, whence it may be inferred that the full thickness of 35 feet would be involved
in the fajlure, and that

gn = 0-5 X 093 x 5-56 = 2-57 tons per square foof,

a value that compares favourably, for practical purposes, with the actual value of 2-34 tons
per-square foot. However, this agreement may be somewhat fortuitous because of the
uncertainties associated with evaluating the influence of the slickensides in the upper deposit,
and the influence of progressive failure owing to the difference in strength and stiffness between
the upper and lower clay deposits. Both factors would tend to reduce the bearing capacity
below the theoretical value. It is unlikely, however, that the bearing capacity could be as
low as that based exclusively upon the strength of the lower layer, or

gn = 0:5 X 0-65 x 5-56 = 1-80 ton per square foot.
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A comparison of the preceding values suggests that the influence of progressive failure
was actually relatively small, and that the closely spaced slickensides did not introduce a
serious error in the estimate of the strength of the upper layer.
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"HE METHODS of soil mechanics
.development in the past twenty-
ive vears have made possible the de-
termination of the ultimate bearing

wecessary  for - sound  engineering
prictice precludes corrclation of the
wltimate bearing capacity with the
"aly’ucal determination of the bear-
g pressures for the impending fail-
e..  Thus only on rare occasions
hen-actual failure occurs is a cor-
lation possible. The foundation fail-
are in 1913 of a ‘million-bushel grain
elevator -at Transcona, a few miles
m Winnipeg, Manitoba, provides

of :this’ paper “to correlate theé data
‘the foundation failure of the

ntly completed ficld and labora-

& Jatest analytical methods. .

.At-the Building Research Congress
eld..in . London, Exxglalld, in 1951,
notable paper on
apacxty of Clays” was presented by
A, W. Skempton* The Transcona
Gvator failure was used by this
tithor as one of his examples and is
icluded in his table of “Field Data
Ultimate Bearing - Capacity - of
lays”. The table, however, was in-
omplete as presented, with data on
ctual soil properties missing for two
mctures
ona ‘elevator.

m as_ Dr.
égget, »M.EeLC., Director
itional Rescarch Council, Ottawa.
“he was speaking about “Special
‘oundation Problems in Canada”, Mr.
sgget also used. the Transcona cle-
ator as an example! In- discussion,
e . desirability of completing the
Skempton’s. paper was
Mr Legget thereupon
romised at the meeting to expedite
e study of this foundation failure.
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pacity of soils. The safety factor .

h-an opportumty It is the purpose =

Transcona. grain elevator with a re-

ry. soil mechanics mveahg’zhon using-

“The Bearing

one of them the Trans-‘

‘Another speaker on the same pro- -
Skempton was R, F.

of the:
ivision of Buxldmg Research - of the --

is pqper prepared cooperatwely

he Foundatlon Fallure of

AL Bar‘aco‘s, MEILC.

Departmeht of Civil Engineering,

by the Division of Building Rescarch

and the University of Manitoba repre-
sents the fulfilment of that promise.

Owing to the necessity of com-
pleting : other outstanding soil and
foundation studies, it was not until
late in the summer of 1952 that the
work ' hetein -described could: be
started. Only then was it found that
some-time previously two: soil borings
had been put down at the site of the

elevator under the direction of Pro-

fessor R. ‘B. Peck, .of the University
of Tllinois. Unfortunately, it was then

" too late to- coirelate .the proposed

Canadian investigation with Dr.
Peck’s work . but it was decxded to

- praceed’. as. planned, -

Dr. ‘Peck has now pubhshed hlq
results2 accomnpanied by. ar eye-

Al(hough the fuundahon fmlun, of
the  Transcona .grain. elevator oc-
_ curred as long ago as. 1913, the. .
conditions ifivelved have since fre-
quently’ been discussed. in - con-
nection with soil mechanics: prob-
‘lems. The author describes a recent
_investigation made_jointly by the
Division -of Building Rescarch,
N.R.C.,, and the Umversnty of
Mamtoba

w1tn( ss account of the failure by Mr.
L. Scott White3. The investigation
now to be described was rather more

extensive . than: the American . study;’
the two being -generally complemen-

tary, agreement between thie various

- test “ results - being  reasonably" close;
‘even though cairied -out quite inde-
pendently except -for a check by, the'.

author on a few .of the soil samples
obtamed by. Dr. Peck.

- General Descnptlon of the Structure

Dcvelopment_ ‘of Canada’s  vast

wheat. lands in the early part of this:
. inch-thick Jayers of silt spaced be-
‘tween layers of clay X ioch or more

century resulted in' serious .congestion
of the Winnipeg railroad yards dur-
ing peak. periods of grain movement.

Construction ‘was therefore started in’
1911 on the Transcona elevator in-

v+ A. Baracos. The Engineering Journal, Engineering
- Institute of Canada, Vol. 40, pp. 973-977 and 990.

the Transcona Graln Elevatorv

University of Manitoba

con]unchon with one -of the world’s’
largest raxlroad vards to facilitate

‘rapid grain movement and to.give

relief to the Winnipeg railroad yards.
The plan of the elevator is shown
in Fig. 1. It consists of a dryer house
18 by 30 by 60 feet. high, work-
house- 70 by 98 by 180 feet high,
and the bin house 77 by 195 by 102
feet high, all ‘constructed mainly of
reinforced concrete, - The: foundation
failare .occutred under the bin house
which was designed for storing. one
million bushels of grain. It consists of
65 circular bins- arranged 13 in each
of 5 rows running north and south.
The 48 interstices between bins are
also- used for storing grain. A raft
foundation, of reinforced concrete 2
feet thick, supports the bins and the
conveyor t'uxmels under the bins. The

* depth to:the bottom - of the footings
~ was 12" feet below the ground . sur-

face. The design bearing pressure

“.was 6,600 Ib. per.square foot based
~on load bearma tests for which the

data . are ‘no longer available.” Dead

" weight' of the ‘bin house was very

nearly 20,000 tons. .

Genera} Descnpuon of Soils

Greater Winnipeg lics in the basin
of the glacial Lake Agassiz which ex-
isted’ during the recession of the Wis-
consin ice sheet. Generally, in this
area, the soils may be conveniently

- grouped- as’ follows. The top 10 feet
“or-Jess consist of relatively rceent: de-
- posits of organic soils, flood-deposited

silts' and silty clays and outwash from
higher grouud and. modified lacus-
trine déposits. Under these are found.
40 feét or less -of glacial Jake de-

. posits. forming’ two - distinct layers of |

appronmatcly equal thickness. The
top layer is a brown clay and is- dis-
tirictly varved with miany. fractional

thick. The bottom layer is a “grey-
coloured cliy, softer. than the over-
lying -material and"having -numerous

973"
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A. Baracos.  The Engineering Journal, Engineering Institute of Canada, Vol. 40, pp. 973-977 and 990.



calcareous silt pockets and containing

limestone gravel ‘and stones at the
greater depths. Beneath the clays are
found glacial deposits of rock flour,
silts, sands and gravel. The upper
portions were deposited as the gla-
cier receded and are underlain by
subglacial drift which has been acted
on by the full weight of the ice sheet.
The subglacial drift is highly consoli-
dated and supports many - of the
heavier structures in the Winnipeg
area. The total thickness of the drift
is about 10 feet but.varies consider-
ably from this value. The entire area
is underlain by Ordovician limestone.

Description of Failure

The storage of grain in the bin
house was begun in September, 1913,
with considerable care taken to dis-
tribute the grain uniformly. On Octo-

‘ber 18, when 875,000 bushels of

wheat were stored, a vertical - settle-
ment of a foot was noted within an
hour after movement had been de-
tected. The structure then began to
tiit to the west and within 24 hours
was resting at an angle of 26° 33
from the vertical and the west side
was 24 feet below its original posi-
tion. The east side had risen 5 -feet
above original elevation. Eye witness
accounts®* stated that the structure
acted monolithically with only a few
superficial cracks appearing. Its com-
ing to rest, approximately 24 hours
after the movement began, corres-
ponded with the cupola falling off
the top of the structure.

It was reported that during the
failure, the soil around the structure
rose to a height of 5 feet above the

“ground surface around ‘the entire bin

Abave: West side of elevator, showing tilt v. and. soil ‘upheaval.  Below: East side
following foundation failure; early stages of righting operations are shown under
way. (Photos: Foundation Company of Canada Limited.)
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houseé. - Photographs taken after the
failure . show that the greatest up-
heaval occurred on the west side and
was considerably more than 5 feet.

Calculations based on. the dead
weight of the bin house, 20,000 tons,
and 875,000 bushels of wheat at 60
Ib. per bushel, give a unit uniformly
distributed pressure of 6,200 lb. per
squaré foot on the clay when failure
took place.

The operations to right the struc-
ture have been reported in detail by
Allaire3. The structure has been in
successful use since its position was
restored.

Field and Laboratory Investigation
Figure 1 shows the location of
seven test holes used to obtain sam-
ples for the laboratory tests. Holes 4
and 7 were sufficiently removed
from the . structure to avoid distur-
bances caused by the failure and the

righting -operations.

The remaining holes were located
nearer the structure, some 60 feet
from the bin house, in an effort to
ascertain the effects of failure. It was
realized, however, that these holes
would show the effects of almost 40
years of continued pumping that has
taken place since the bin house was
righted. Pumping has been necessary
to keep the bottom of the bin house
dry. After righting, the bin house
was approximately 34 feet below the
prairie grade. It was not considered

* practical to place the test holes any

closer to the structure as the entire
area. nearer the building was dis-
turbed by . tunnelling, excavation.
ete., during the righting operations.

‘To keep- the bins dry, a 12-foot-deep
‘trench "had, ‘in addition, been ex-

cavated around the bin house on all
but the south. side, further discour-
aging test holes any closer to the.
structure than those indicated.

The holes were bored to refusal
at a depth between 40 to 50 feet
where the dense and coarse glacial
deposits ‘were - encountered. A dia-
mond  drill adapted for taking thin
wall Shelby tubes 2 inches in diam-
eter was used for boring and sam-

-pling. Samples approximately 2% feet

long were taken at 5-foot intervals
or less where changes in soil were
evident.

All samples were examined in the
laboratory and notes made on colour,
stratification, etc. On each sample,
moisture contents, density,  degree of
saturation, and unconfined compres-
sion strengths were determined. On
represeritative  samples, grain size,
Atterberg limits, undrained quick tri-
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. was

“axials- under *constant . Joad
7 dation tests were performed. The un-
- confined compression and the un-
-+ drained triaxial tests were performed
on. undisturbed samples trimmed to .
1.5 inches diameter and approximate-

‘. ly 3.0 inches long. Both the field

“and - laboratory testing were con-
“ducted ‘during the autumn of 1952
and winter of 1952-1953.

;Test Results
" Typical results of the. tests are
o -shown in the Log of test hole 4,
"Fig. 3. No tests were performed on
- the material above 10 feet in holes 1,

772, 3, 5, 6, and 7 where fill placed

~during the righting of - the elevator
was encountered. Hole 4 showed the
“silts and silty clays as they probably

. -were over the entire area prior tu

the excavation for the foundations.

+ .. Below the 10-foot level to a depth
-of 20.5 fect in hole 4, and from 25

“to 26 feet in the other holes, a brown

highly stratified or varved -silty clay
found. The stratification -or
“ varves were more or Jess horizontal

“and consisted of layers of silt of frac-
- tional inch in thickness between
. closely spaced layers of clay approxi- -
mately % inch thick. Average test re-
sults for this material were as. follows
Uncénfined compressive

strength (Ib./sqft.) .. ..., 2160
o Liquid limit-. .00 85.3
Plastic limit . ... . ... ... . 29.3
#:7 Moisture -content (%) ... .. 524
ML LT. grain size grouping (%) )
Celay 494 sxlt 42.8;
. sand  74: gravel 04 -
Unit weight of soil (Ib./cu. ft.) 107 -

Under the' brown silty clay to-a

incre- -
- ments, specific gravity, and- consoli-

. >, ! .
. HEES g — =77 A wocr s
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LOCRTION OF .TE‘ST HOLES

Fxg L Plan of the Transcona elevntor

depth of 40 to 45 feet from the sur-
fuce, a highly plastic grey silty clay

was. found with numerous tan-col- -

‘oured calcareous silt pockets  and
limestone pebbles. This material had
about the same moisture content as
the overlying brown silty. clay and
a lower .unconfined compressive

strength: In holes 1, 3, and 7 the-

bottom few feet of the grey silty clay
were found to be very moist and: soft.
Holes 1 and 7 showed no distinct

boundary between the grey silt and

“the underlying -glacial drift.- About 3

feet of a mixture of both materials-
Average -

formed a transition layer.
test results for the grey silty clay
excluding the very moist material en-
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“transition layer,
are given.

- creased
_ determined by permitting undis:

?countered in hales 1, 3, and 7 .and *:

the transition layer were as follows:

Unconfined com pressive .
1641

~ strength (Ib./sq.ft.) .

“Liquid Hmit .. 75.9
Plastic limit ........ ... ...: 22.8
Moisture content (%) ..... ... 49.9
M.LT. grain size grouping (%) e

clay - 38.7; silt 44.5;
“sand © 13.0; gravel 3.8
Unit weight of soil (Ib./cu. ft.) 110

Because of the wide variation in.-
the bottom - grey silty clay-and-the -
‘no average  values -

All the sumples below the 10-foot .
depth showed: complete or near coms
plete saturation. -Twelve undrained
triaxial tests on samples from hole 2
confirmed. a - negligible angle of in-

-ternal friction for this type of load-

ing. The consolidation test results (for '~

samples from hol¢ 4) indicate a de- -

in compressibility with _in-
‘depth. -Swelling  pressures -

crease .

turbed " samples “to swell under .a
small load and determining the pres-

-sure required to return the sample

to its original volume, range from 560

_to 2050 “1b. per: square foot and are
" typical
‘clays which contain: about. 30  per-;
'cen_t_of tlie more. active clay minerals -

-of ‘the - 'Greater Winnipeg

(montmorillonite).  Preconsolidation

" pressures ‘are - not accurately deter-

mined on- these clays but .indicate
that they are somewhat in excess of -
overburden pressures probably due .-
to desiccation. The void ratio pres-.:

sure curves are shown in Fig. 5.

975



+The: ‘glacial
at a“depth of 40 to 45 feet. The

Irift was ‘encountered. :

“where g, *

change from material deposited dur-

ing the recession of the ice sheet to
the “subglacial . drift  appeared” to be
indicated. by a decrease in moisture

content approaching .or below the -

plastic limit. Up to 4 feét of the less
~dense drift- were found. Boring  re-
“fusal was “encountered - in the sub-

glacial  drift corresponding. to the |

- depth to which the north end of the

wure.. Numerous stones

“ strength and consolidation tests fromi

i+ being performed on the glacial’ drift.

-2 The following data, however, were
" obtdined:

‘-2~ Natural moisture N
10.0--13.4

‘content range (%) .
Moist density (lb./cu.ft, ) 157, —143
C‘Liquid limit, average ... 21.0-
- Plastic llmlt, average . ... . -11.9

~M.IT. grain size grouping (%

‘clay, (rockflour) 8.0; silt 33. G

sand 32.3; gravel 28.1

The test holes. were not extended

~‘test” holes bored by the owners of
the ‘building have shown, however,
that’ the limestone bedrock was at a
.depth of approximately 50 feet,

;.Theoreucal Bearing Capacity -
The relatively rapid loading of the
“elevator on  saturated clay. corres-

"':'ponds to the laboratory undrained -

. quick triaxial test for which the un-
..confined: compression test is a special
.‘case.. For such conditions it is recog-

jon ‘is equal to half the uriconfined
“‘compressive strength.

" In ‘general the ultimate unit bear-
.dng capacity of a sml may be ex-
pressed by:. .. :

Bv.'

bin house settled following' the fail-
preventel

to" the underlying limestone. " Eight-

Unized that the angle of internal fric- -
-tion -is negligible and thus the cohe-

For

capacxty
= cohesion’
= unit weight of soil .
= width of footing

"= depth of cover on

footing

long continuous footings, the
quantities N, N, and N, are pure
numbers: depending on the angle of
internal friction, ¢, Their values are
given in most modern soil mechamcs
or foundation’ texts.

For the special case of ¢ = 0, N,
becomes unity and N, = 0. The equa—
tion thus becomes:

Qe = 'Ncc + yd (2)

‘Prandt], in an early form of equa-
tion. (2) evaluated Nc¢ as 5.14 and
Terzaghi® gives 5.7 for general shear

Ae o o
!

" failure ~and. 3:8 arbitrarily for local:
shear failure.: The general shear fail- .

ure applies when the stress-strain

cirve {from laboratmy tests) is of .

the type shown' in Fig. 4a or is
approached when ‘negligible variation
exists in both loading and soil con-
dltlons

For .rectangular footmgs the value
of Ne has been shown by analytical
methods, model studies and a study

of actual failures to be: a function .of:

L d L .
~ and —, where" I, = length of
B B

footing. Recently, - Skempton' has

given the following formula: .
N,=5(1 + B/SL). (1 + d/5B) . (3)
“The.” theory for . equation (1) as-

sumes that the soil fails along a com-.

posite curve .as shown' in Fig. 4B
Although the theory is beyond the

~‘scope ‘of this report, it may be noted
" that when ¢ =0, the composite curve
extends to a depth below the bottom -

ultimate | anit.; bearmg ‘
: " on both sxdes of..the footmg attri-

= NL;c + Nyyd + Ny -—. ... (1) - of the footing equal to approximate-
: 2 lv one-half the foot'mg wxdth As fzul-
[ MOISTURE CONTRNT PARTICLE 8126 " UNCONFINED
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 Fig. 3: Typieal test Hole log. (Test hole'4.)

une comm ces “there is a rise- of 8011

buted “to “edge action”. Complete
failure - is associated with a further
large upheaval on the side to which
the building - tilts.
Stabxhty Analysxs

A general examination of the actual

* failure’ and test’ data shows that the

failure was consistent with the bear-
ing capacity theory. ‘The undrained
quick - triaxial test confirmed a negli-
gible angle of internal friction. The
composite curve -along which the soil
failed - would have theoretically- ex-
fended  to a depth equal to about
one-half the foundation width or 38%

“fect below the bottom of the foun-

dation. - Since the' dense glacial till

"occwired: at approximately the same

depth, it did not prevent t_he full de-

.velopment of this curve.

Tt ‘may-alsé be noted that the soxl

" upheaval - all ‘around the ‘foundations

due to “edge effect” at the start of
failure actually occurred. Allaires, re--
ports. an upheaval of 5 feet. Photo-
graphs coiifirm that further Jarge up--
heaval consistent with “theory oc-
curred on the side to which the struc- .
ture - tilted. 'The actual "direction of :
tilting - is not important’ as’ even a
very minor eccentricity in loading
or variation in soil condition could -

cause a failure. to  either side,

The ncarest test hioles to the struc-
ture on the-side of tilting were 63
feet distant and from the examina-
tion and testing of undisturbed sam-
ples, the  soil appeared to be un-

> affected by -the failure. Although the

failure occuired nearly 40 years ago,
it -is not, believed that -the loss in
strength of ‘the soil resulting from

the failure has been regained. Tests

on similar Lake Agassiz deposits? do
not-indicate any cxtensive thixotropic.
strength regain for this material. A}~
though no remoulded strength tests
were performed, it has been. general-
ly found that remoulding results in a
loss of  one-half of the strength of
the Winnipeg clays.

1t is also reasonable to assume that

" because of: the nature of the labora-

tory stress-strain -curves -and the pre-
cautions taken to assurc uniform load-

- ing of the elevator, that the Terzaghi

general shear conditions swere satis-.
fied. “It is ' questionable, however,
whether the assumption of local shear
value (N,
applicable - had

the stress-strain

curves  been different.

 The undrained quick triaxial test -
confirmed that the angle of internal

- friction was negh’gible and that equa-
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= .3.8) would have. been.



“‘moisture content wmentioned,

" The correlation. is even better

. tion (2) was. valid. Substltuhon An’

- ‘equation’ {3) with:
B=77,L =195 and d = 12(allm
feet) gives N, =.5.56. The ultimate
bearing capacity is thus given by:

= 5.56¢c + 12y ... .. (3

It was difficult, however, to ascer-
tain- what' value  of the cohesion
should be used in
for the -brown silty clay or the grey
silty clay alone would be unjustifiable
high and low respectively 'since the
failure plane passed through both
. materials. Use of the average un-
. confined compressive strength value
of 1850 1b. per square foot for-both
the brown and grey. silty . clays from

holes 4 and 7 appears the most mshfx- ’

able. The same value for the rémain-
ing test holes 1, 2, 3, 5, and '8, nearer

to the building, was- 1933 lb. per .

squarc foot and probably reflects the
effects of consolidation caused by the
continuous pumping from under the

bin house for a period of- almost 40 .

vears. Moisture contents and dens-

ities for the grey silty clay when |

compared for holes 4 and 7 with
those of 1, 2, 3. 5, and 6, also indicate
the effects of consolidation

Holes  Holes

4,7 1, 28,
5 6

Average moisture E o
content (%) ..... . 51.9 48.9-
Average moist density .
(Ib./cuft.) ... ... 107.8° 112.2 .

The average unconfined compres-
sive strength values of 1933 lb. per
square foot for holes 1, 2, 3,.5, and

: 6, and 1850 Ib. per. square foot . for .

= holes 4 and- 7, do not. inclnde the

“low values from the 35- to 40-foot
depth from holes 1 and 3, and hole
7 respectively. The différence in the
“values " of cohesion, density, and

ever, are small and could simply re-

" flect statistical accuracy.

Results of substitution in equatlon
(5) are shown in Table I. The unit
weight, Y, of the soil covering. the
footings was taken as 107:1b. per

cubic foot and the cohesion as half’
"+~ the unconfined compressive strength.

Discussion .

" The ultimate theoretical bearing
capacity of 8420 1b. per square:foot
using-the most justifiable value of un-

confined compressive - strength, 1850

Ib. per square foot is remarkably

“ close to the actual bezumz, CdpaCltY'

- at failure of 6200 Ib. per squafe foot.

. statistical considerations of the - data
(continued on page 990)
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Table I

Avérage uncon-

. - fined compressive

strerigth .
(b sgt ft.)
Brown silty clay — all holes . .... ... 2160 - - :
Crey silty clay — allholes ......... 1641
. Brown and grey silty clay ........... .
all holes ................... . 1933
holes' 1, 2, 3,5, 6. ............ 1960
holes 4, 7 .. .. 1850

6200 b/sq. ft.

q!l . K
vltimate -
bearing
capacil
(lb/aq )

7280

-5840 ‘ '

. 66680
. 6730
6420

977..



The Transc_ona Grain Elevator

.can substantiate. Reasonable correla-
tion, however, is gained using the
other average cohesion values ‘as
shown in Table I. This is in spite
of such factors as pumping that may
have caused soil changes since the
failure.

Difficult to explain is the length
of time, 24 hours, which elapsed
from the time motion began until the
building came to rest.” The plastic
nature of the soils and the. gradual
transfer of load from the. upper stiffer
clays to the softer underlying material
may be responsible. The slow fail-
ure. and the varves in the. brown
‘clay do not appear to have invali-
dated the theoretical formula.

To the engineer, it is most reassur-
ing ‘that the study of the Transcana
elevator failure and similar studies
reported for the foundation failures
on clays in widely separated areas,
verify the present theories. The ad-
vantages of being able to predict the
ultimate bearing -capacity from a soil
study are obvious. With the informa-
tion now available and the additional
studies being made on settleménts,
foundations on clay may be designed
with reasonable knowledge of the
safety factors involved and the fu-
ture behavionr of the structure.
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THE TRANSCONA GRAIN ELEVATOR FAILURE:
A MODERN PERSPECTIVE 90 YEARS LATER

James Blatz, Department of Civil Engineering, University of Manitoba, Winnipeg, MB, CANADA
Ken Skaftfeld, Earth Science Department, UMA Engineering, Winnipeg, MB, CANADA

ABSTRACT

The foundation failure and righting of the Transcona Grain Elevator in 1913 is recognized as a truly remarkable case
history made famous by its collapse during loading after bearing pressures exceeded the limiting shear resistance of the
underlying clay foundation soil. This paper takes you on a journey lasting 90 years beginning with the construction,
failure and righting of the structure. The landmark work carried out in the 1950’s comparing the load at failure with that
predicted by classical bearing capacity formulae is examined with a modern perspective made possible by finite element
modeling techniques using nonlinear effective stress analysis. The results from the effective stress analysis were
imported into a limit equilibrium analysis to determine the minimum factor of safety against bearing capacity failure at the
failure load with the associated critical slip surface. The vertical settlement and tilting of the structure predicted by the
model closely matches the events described by eye witnesses. The time dependency of the porewater pressure
generation has been evaluated to explore the possibility that the catastrophic failure could have been avoided using
staged loading.

RESUME

The foundation failure and righting of the Transcona Grain Elevator in 1913 is recognized as a truly remarkable case
history made famous by its collapse during loading after bearing pressures exceeded the limiting shear resistance of the
underlying clay foundation soil. This paper takes you on a journey lasting 90 years beginning with the construction,
failure and righting of the structure. The landmark work carried out in the 1950’s comparing the load at failure with that
predicted by classical bearing capacity formulae is examined with a modern perspective made possible by finite element
modeling techniques using nonlinear effective stress analysis. The results from the effective stress analysis were
imported into a limit equilibrium analysis to determine the minimum factor of safety against bearing capacity failure at the
failure load with the associated critical slip surface. The vertical settlement and tilting of the structure predicted by the
model closely matches the events described by eye witnesses. The time dependency of the porewater pressure
generation has been evaluated to explore the possibility that the catastrophic failure could have been avoided using

staged loading.

1. INTRODUCTION

Bearing capacity theory is relatively well understood by
today’s geotechnical engineers. While many foundations
on cohesive soils are still designed using classical total
stress bearing capacity theory first proposed by Terzaghi
(1943), designers now have more sophisticated analysis
tools at their disposal allowing them to carry out advanced
effective stress analysis. However, at the turn of the 20th
century no such formulations or tools existed and by
necessity, local experience was relied upon to design
foundations. Such was the case of the Transcona Grain
Elevator in Winnipeg, a structure made famous by its
collapse during loading after bearing pressures exceeded
the limiting shear resistance of the underlying clay
foundation soil. Since settlement is often the controlling
factor in design, cases of ultimate shear failure are
uncommon today, in particular for large structures. While
it is almost certain that the mat foundation for the
Transcona Grain Elevator was designed to tolerate large
settlements, its susceptibility to a deep-seated base shear
failure was neither understood nor expected.

The significance of the failure did not escape early
Foundation Engineers who recognized this unique
opportunity to compare the loading at failure with that

predicted by classical bearing capacity formulae. Results
presented by Skempton (1951) included the Transcona
Grain Elevator as one of the examples outlining a
comparison of calculated bearing capacity factors with
cases where failure was observed and therefore the factor
of safety was known to be unity. The first geotechnical
evaluation of the Transcona Grain Elevator failure was
reported in Peck and Byrant (1953) where a limited site
investigation was undertaken. R.F. Legget presented the
results as Director of Building Research of the National
Research Council during a presentation on “Special
Foundation Problems in Canada” and during subsequent
discussions, promised to study the foundation failure in
more detail (Baracos 1955). In fulfillment of that promise,
a joint study including detailed test holes and laboratory
testing was undertaken by Baracos (1957). The
conclusions from this study compared well with results
presented in Peck and Byrant (1953) where the ultimate
theoretical bearing capacity of 6,420 psf was remarkably
close to the actual observed bearing capacity at failure of
6,200 psf.

Fast forward to the 21st century and the opportunity to
evaluate this failure using effective stress analysis that for
the first time examines the time dependency of porewater
pressure generation and explores the possibility that the
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catastrophic failure could have been avoided using staged
loading. This paper takes you on a journey lasting 90
years beginning with the construction, failure and righting
of the structure, a story that in itself illustrates the
ingenuity of Patrick Burke-Gaffney, an engineer trained in
Ireland, whose first assignment in Canada was that of
Instrumentman, in charge of raising the Transcona Grain
Elevator.  The historical perspective based on the
landmark work carried out in the 1950’s is described and
compared with the modern perspective made possible
using finite element analysis techniques. The results of
modern day analysis and the general lessons learned
from this paper however, cannot overshadow those taught
to us through the resourcefulness and determination of
the men who righted the structure using nothing more
than fish scales to model the loading along rows of piers
and picks and shovels to excavate soil from beneath the
tilted structure.

2. HISTORIC PERSPECTIVE

The Transcona Grain Elevator consists of a sixteen story
workhouse and a ten story binhouse connected by two
conveyer tunnels as illustrated in Figure 1. On October 18
1913, grain transfer into the newly constructed 1,000,000
bushel Transcona Grain Elevator was well underway when
the binhouse began to settle and tilt to the west.

A

BINHOUSE

DHVEVOR TUNNELS |

Figure 1. Profile of the workhouse and binhouse.

Within 24 hours, the structure came to rest at an angle of
27 degrees from vertical as shown in Figure 2. In its final
position, the west edge of the mat foundation was 24 feet
below its original elevation and the east edge had risen
about 5 feet. Earth mounds as high as 15 feet surrounded
the structure, having been thrust up as the settlement
occurred. Almost unbelievably, the monolithic concrete
structure, with the exception of the concrete cupola was
intact and the first order of business was to tap each of
the 65 bins to salvage their valuable contents.
Fortunately, the workhouse on the south side of the bins
was only slightly cracked as the bins settled and did not
itself experience any subsidence. The replacement cost
of the binhouse was estimated between $140,000 and
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$150,000 and according to Mr. J.G. Sullivan, then Chief
District Engineer for CP Rail, “it was doubtful if any effort
would be made to restore the elevator”.

SECTION THROUGH NORTH END OF BINHOUSE
BEFORE AND AFTER FAILURE

Figure 2. Cross-section of failed binhouse.

Figure 3 shows the final configuration of the structure
following failure.

Figure 3. Binhouse after failure.

In December 1913, the Foundation Company of Montreal
and Vancouver submitted a plan to Canadian Pacific Rail
to underpin the workhouse as it was feared its foundation
might also fail. The plan was accepted and work began
almost immediately to underpin the structure by sinking a
pier under each building column. Because of the heavy
loads and height of the structure, it was first necessary to
install an elaborate system of internal and external timber
shoring.  Despite significant groundwater intrusion into
the 5 foot diameter piers (Chicago Wells) that were all
excavated by hand, the workhouse operations were
completed by the beginning of June 1914.

During the workhouse underpinning, the Foundation
Company convinced CP Rail that it was possible to
salvage the binhouse by righting it and underpinning the
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structure once the vertical position had been reached.
The structure was to be righted by excavating under the
high (east) side and gradually lowering the mat foundation
to the elevation of the low (west) side. Initially, a trench
was excavated along the entire east side of the binhouse
to the underside of the mat foundation as shown in Figure

Figure 4 Excavation of the east side of the binhouse.

Drifts were then excavated beneath the mat foundation
and a row of 14 piers was sunk to bedrock along the west
edge of the mat. The intent was to support the structure
with these piers acting as a fulcrum, about which the
structure would be rotated as the soil was removed from
under the high side. As construction proceeded, the

original plan was modified as shown in Figure 5.

........ . EXCAVATION

Y TmBER BRACING

TIMBER CRIBEING

CHICAGD WELL —

\‘— SHORING SCREWS

Figure 5. Original plan for righting binhouse.

The structure was raised on the west side using shoring
screws and timber rockers installed on the tops of
successive rows of piers (Figure 6). To assist in the
righting, twelve timber pushers were placed against the
west side of the bins. On October 17, 1914, two days
behind schedule, the binhouse was back in its vertical
position having been raised about 12 feet in the process.
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Figure 7 shows the structure after the completion of the
righting and underpinning operations. The structure has
been successfully used since this time and is now owned
and operated by Parrish and Heimbecker Limited.

Figure 6. Shoring screws used to lift binhouse.

Figure 7. Binhouse after righting.

3. SOIL PROFILE AND INDEX PROPERTIES

Two soil borings were put down at the site in 1951 (Peck
and Byrant 1953). In 1952, six additional borings were
made by Baracos (1955). The soil profile around the
elevator interpreted from these borehole logs consists of
clay fill to a depth of about 10 feet, stiff brown clay to a
depth of about 25 feet and highly plastic grey clay to a
depth of 40 to 45 feet from ground surface. The clay
deposits are lacustrine material deposited by glacial Lake
Agassiz in the immediate post-glacial period when the
Wisconsin Ice sheet blocked the region’s northern outlet.
The clay is underlain by 10 to 15 feet of glacial silt till that
becomes increasingly dense with depth (hardpan).
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Table 1. Soil Index Properties
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Soil Property Lacustrine Clay Glacial Silt Till
Upper Brown Lower Grey

% Clay 49.4 38.7 6.0 (rockflour)

% Silt 42.8 44.5 33.6

% Sand 7.4 13.0 32.3

% Gravel 0.4 3.8 28.1

Field Moisture Content (%) 52.4 49.9 Range: 10 -13.4

Liquid Limit (%) 85.3 75.9 21.0

Plastic Limit (%) 29.0 22.8 11.9

Bulk Unit Weight (pcf) 107 110 Range: 143 — 157

Unconfined Compressive 2160 1641 Not Measured

Strength (psf)

Limestone bedrock is encountered at a depth of
approximately 45 to 50 feet. The upper limestone is
heavily fractured and water bearing. The Index properties
of the clay foundation soils, averaged from laboratory test
results carried out on samples from the 1952 investigation
are summarized in Table 1. The clay was saturated below
a depth of 10 feet. Compression indices range from 0.45
to 0.75 as reported by Baracos (1955). Overconsolidation
ratios generally decrease with increasing depth, ranging
from as high as 8 in the brown clay to 1.5 in the underlying
grey clay. These observations of overconsolidation are
consistent with local experience and are believed to be
primarily a result of desiccation. Within the grey clay, it is
almost certain that the preconsolidation pressures were
exceeded by the foundation load, a stress level at which
large consolidation settlements of the structure would be
expected.

4. MODERN PERSPECTIVE

Finite element software for routine geotechnical
engineering analysis has been available since the early
1990’s. With the rapid development of the personal
computer, the use of software in engineering practice has
quickly grown to its current state. Since these tools are
relatively new, there are many foundation failure case
histories that have never been analyzed using these
modern day tools. The foundation failure of the
Transcona Grain Elevator is an excellent example of a
case history widely recognized as having being used to
validate the total stress bearing capacity solution. This
paper details a first attempt (to the authors’ knowledge) to
model the foundation failure using a fully coupled finite
element effective stress consolidation analysis. The
failure is then analyzed using stress and porewater
pressure conditions from the effective stress analysis
imported into a limit equilibrium application to examine the
factor of safety at the failure load conditions. The model is
not rigorous in its development but is intended to allow
global exploration of the failure mechanism and the
effective stress conditions that existed during loading and
failure.

41 Loading Conditions

Knowing the dead weight of the structure (20,000 tons)
and the weight of the grain in the bins permits the
foundation pressure at the time of failure to be
determined. Based on a unit weight of grain of 60 pounds
per bushel, the foundation pressure when excessive
settlement was first observed is estimated to be 6,200 psf.
Although it was reported that the bins were uniformly filled,
the possibility of eccentric loading cannot be overlooked.
Even a small eccentric load (say in the order of 3 feet
differential grain level in the bins) could have significantly
affected contact pressures beneath the mat in particular if
the structure is considered to be rigid (Nordlund and
Deere 1970). For simplification, previous total stress
analyses were carried out assuming uniform contact
pressures. The analysis presented in this paper the mat
was modeled using structural elements to incorporate the
rigidity of the mat and as a result the non-uniform contact
pressure distributions.

4.2 Model Definition

The first step in the modeling process was to gather
historic information on the soil and groundwater properties
at the site. Excellent data was available from reports and
papers presented by Baracos (1976), Mishtak (1964), and
Allaire (1916). The geometry and stratigraphy for the
Transcona Elevator is relatively simple in form. The
foundation geometry is well defined and the soil borings
undertaken at the site show that the depth to the till is
relatively consistent over the area affected by the loading.
The model was developed using Seep/W1 coupled with
Sigma/W1 to analyze the time-dependent porewater
pressure response due to the appied total stress at the
surface. The factor of safety at selected times was then
analyzed using the limit equilibrium package SIope/W1.

The original grain elevator foundation level was 5.2 m
below ground surface leaving 10.1 m of clay between the
foundation and the underlying glacial till.

: Geoslope International, Calgary, Alberta, Canada
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Table 2: Constitutive Model Parameters
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Layer (Depth) Layerl (0 — 1.8 m) Layer2 (1.8 —4.1 m) Layer 3 (4.1 -6.9m) | Layer4 (6.9—-10m)
Constitutive Model Linear Elastic Modified Modified Modified
Cam-clay Cam-clay Cam-clay
E (kPa) 20,000 - - -

v 0.4 0.4 0.4 0.4

OCR - 7 3 1.1

A - 0.5 0.4 0.3

K - 0.01 0.01 0.01

r - 3.75 3.75 3.75

M - 0.58 0.58 0.58

To simplify the finite element model, the model surface
was set to be coincident with the original design elevation
for the base of the mat foundation. The initial condition
(prior to construction) was defined using constant head
boundary conditions of 2 m below prairie level. The
hydraulic conductivity of the clay was defined using typical
values for Winnipeg clay and results provided by Baracos
(1976). Although Baracos (1976) showed slight
anisotropy in the hydraulic conductivity values (horizontal
and vertical), for S|mpI|C|ty an isotropic hydraulic
conductivity value of 1x10® m/s was assumed. The same
hydraulic boundary conditions were maintained for the
loading phase of the model.

For the stress deformation component of the model,
stress-strain properties were taken from laboratory
measurements provided by Allaire (1916) and Baracos
(1955) in addition to local experience. The east and west
boundaries were set far enough from the edge of the
footing to ensure that they would not influence the stress
or strain fields resulting from the applied loading.
Figure 8 shows the Sigma/W domain with the four soil
units, applied vertical stress loading and the structural
elements used to define the properties of the rigid
concrete mat. The east and west boundaries were set as
zero displacement in the horizontal direction and the base
horizontal boundary was specified as zero vertical
displacement. Unit weights were applied to establish the
in-situ stresses and a surcharge load was applied to
represent the overburden soil above the foundation level
that was excluded from the finite element mesh. This
simplificaton ignores the shear strength of the soil above
the foundation elevation. Although the strength of the
brown clay within this upper horizon is significantly greater
than the soil underlying the foundation, it can be argued
that because of desiccation, only very small shear
resistance could have been developed in this layer and
therefore, its omission would have little affect on the
results.

As expected, the veritical and horizontal stress
distirbutions are hydrostatic as a function of the unit
weight of the soil materials. For the transient model, the
boundary conditions remained the same and the load was
applied as a constant increase from day zero to time 30
days at the maximum load of 300 kPa. The footing was

represented using structural elements with very high
values of moment of inertia and stiffness to ensure rigid
response under applied loading. The upper 1.8 m was
defined as a linear elastic material to avoid numerical
instabilty at the corners of the rigid footing (excessive
shear and tension stresses) followed by three layers of
modified Cam-clay material. Table 2 outlines the model
stratigraphy including the final soil properties used in the
model. Once the time dependent consolidation model had
been run, the stress and porewater pressure distribution
was imported into Slope/W to examine the factor of safety
against bearing capacity at a specific time. The strength
parameters were the same as those used in the modified
Cam-clay model and the minimum failure surface was
searched for using a grid of radius points.
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Figure 8. Finite element model domain.

5. MODEL RESULTS

The model was first calibrated using the behaviour of the
failed structure. Soil properties were modified during the
initial runs to calibrate both the factor of safety at the
failure load (300 kPa) and the vertical displacements at
the point of incipient collapse. Figure 9 shows the
porewater pressure profile versus depth under the center
of the mat at increasing time intervals. Constant values of
porewater pressure at the surface and underlying till are
representative of the boundary conditions applied in the
Seep/W model. As the total stress increases with time, so
does the porewater pressures under the mat, reaching a
maximum value at approximately 8 m corresponding to
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the softest clay unit (OCR of 1.1) just above the clay till
interface.  Figure 10 shows the porewater pressure
distribution below the mat at failure corresponding to a
surface load of 300 kPa. The 300 kPa contour represents
the zone of maximum porewater pressure (308 kPa) with
values decreasing to approximately hydrostatic at the
edge of the zone of influence from the loading.
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Figure 9. Porewater pressure distribution below mat.
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Figure 10. Porewater pressure distribution at failure.

Figure 11 shows the vertical surface settlement profile for
different time steps. It is interesting to note that the
vertical setttlements are relatively uniform  until
approximately 18 days after the initiation of loading at
which time rotation of the footing initiates. The maximum
unform settlements in the model match well with the 0.3 m
observed settlements (White 1953) providing confidence
that the model is representing the observed behaviour.
The transition from uniform vertical displacements to a
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rotational displacement pattern suggests a progression
from consolidation settlements to a bearing capacity
failure. The model became unstable after the 29th day
time step. Although this is not a clear indicator of
instability (due to catastrophic shear failure) it can be
interpreted as the development of an unstable loading
condition.

Figure 12 shows the failure surface associated with the
minimum factor of safety (FS) corresponding to the stress
and porewater pressure conditions at the maximum load
conditions (300 kPa). The factor of safety contours show
that good convergance to the minimum factor of safety
has been achieved. The foundation was noted to settle
vertically at the west side and rise on the east side
confirming that rotation about a point inside the edge of
the footing occurred. The failure surface in the model was
also noted to extend to the softer clay at the clay till
interface. The observation that the majority of the sliding
surface occurs under the foundation is consistent with
porewater pressures increasing beneath the foundation.
This also corresponds to the region where the lowest
effective stresses would exist.
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Figure 11. Surface profile of mat during loading and at
incipient failure.
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Figure 12. Critical failure surface.
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6. LESSONS LEARNED

It came as a surprise to the engineers at the time that the
Transcona Elevator failed considering that it had been
designed with bearing pressures consistent with those
used for similarly loaded shallow foundations for major
structures in the City of Winnipeg. Plate bearing tests
carried out at the base of the excavation (12 x 12 inch
plate) demonstrated that bearing pressures as high as
8,000 to 10,000 psf could be safely applied (Morley 1996).
Similar results were achieved from tests conducted during
construction of the Shoal Lake Aqueduct in 1916 (City of
Winnipeg Historic Drawing A356). These results
confirmed engineers’ beliefs that satisfactory performance
could be expected at bearing pressures that are now

recognized to be well in excess of those required to
ensure serviceability.

The major difference between the Transcona Grain
Elevator and many other shallow foundations is the
foundation breadth. Since the breadth of the Transcona
Grain Elevator mat is very large in comparison to
conventional spread footings (and the plate loading tests),
the depth of influence for the Transcona Grain Elevator
was much larger. Penetration of the zone of influence to
the softer clay above the glacial till interface provided a
preferential zone of weakness for shear failure and also a
more compressible zone for vertical settlements.
Conceptually, this observation might support the
development of progressive failure in which the maximum
shear stresses are not mobilized simultaneously. Figure
13 shows the vertical strain distribution below the
foundation at the failure load. The maximum strains (and
therefore compression) occur in the soft clay directly
above the till interface. This is also the zone where the
maximum porewater pressure increase occurred due to
the compressibility of the soil.
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Figure 13. Strain profile below center of mat at maximum
pressure.

Beyond simply understanding why the failure occurred,
the fully coupled consolidation model provides the
opportunity to ask the question, ‘could the elevator have
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been filled successfully by staging the loading to ensure
that the stress paths below the foundation did not reach
the shear failure condition?’. To answer this question,
staged loading was modeled by determining the time of
loading where the stress and porewater pressure
conditions corresponded to a factor of safety of 1.2 in the
limit equilibrium model. The loading at that point was then
held constant for a period of one month to allow for
porewater pressure dissipation (and corresponding
consolidation) and then loading was recommenced to the
final design value (380 kPa). Figure 14 shows the
porewater pressure at depths of 4.1 m and 8.2 m below
the center of the mat for the original calibration model (to
failure) and the staged model designed to examine an
alternative loading function. As shown in the figure,
porewater pressures in the original model (solid symbols)
increase at both depths with increasing load up to a time
of 28 days when failure occurred.
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Figure 14. Porewater pressure at two points under the
center of the mat.

The initial porewater pressure response matches the
staged model up until approximately 20 days when the
loading was stopped to allow for porewater pressure
dissipation. Following the end of loading, the staged
model shows decreasing porewater pressure due to
dissipation until approximately three months when the
loading is again initiated. The porewater pressures then
increase until the maximum stress is reached (380 kPa)
however, the porewater pressures never exceed those
reached in the first stage of loading indicating the factor of
safety was greater than 1.2 for all time steps in the second
loading stage. The final time of six months shows nearly
complete dissipation of excess porewater pressures
corresponding to a stable condition.

7. CONCLUSIONS

Foundation failures can be summarized as an
unacceptable difference between expected and observed
performance (Morley 1996). In the case of the Transcona
Grain Elevator, the observed performance was seen not
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only as an unacceptable event but also as an
unexplainable event. While today’s standard of practice
would have easily predicted the outcome, such was not
the case in the early 1900’s when an observational
approach was in many cases, the best available analytical
tool. It was a time when a lack of understanding of soil
behaviour could be offset by reacting to problems with
ingenuity and determination. It was in many respects a
unique classroom that provided an opportunity to observe
such failures rather than trying to visualize them. The
engineers of the day truly believed that every precaution
had been taken to prevent such an event from occurring.
Prior to any investigations on the property, J.G. Sullivan,
Chief Engineer for CP Rail reported that it was believed
that the ‘earth was solid’ and therefore, the presence of
unsuspected soft soil was the reason for the failure
(Winnipeg Free Press 1913). He reiterated the fact that
the foundation soil had been tested at twice the weight
under which the elevator collapsed. By the 1950’s the
mechanics of the failure were understood and the lessons
learned from the event provided validation of classical
bearing capacity formulae. It is also now understood that
the interpretation of the results from small scale plate
bearing tests mislead the designers as it does not mimic
the zone of stress influence that the mat foundation
imposed on the clay underlying the horizon where the
tests were carried out.

This paper has attempted to take the forensic
investigation of the failure to a new level of understanding.
While the modeling did not reveal any unexpected results,
it provides an example of the ability to analyze foundation
performance using the integration of a number of
commonly used modern day tools. The coupled
groundwater flow and deformation model allowed the
failure to be analyzed using non-linear effective stresses.
It reliably modeled the porewater pressure generation and
dissipation in the foundation soil in response to the
external load from filling the grain bins. The results reflect
the engineering properties of the soil, in particular the
presence of the soft clay underlying a heavily
overconsolidated upper clay horizon. The maximum
porewater pressure increases and vertical strains
occurred in this layer due to its compressible nature. The
vertical settlement profile predicted by the model closely
matches the events described by eye witnesses (White
1953). The transition from uniform settlements to a
rotational displacement suggests a progression from
consolidation to a bearing capacity failure.

If one assumes that serviceability of the elevator could
have been maintained even with unavoidable vertical
settlements from the loading, the model demonstrates that
staged loading could have been employed to reduce the
likelihood of catastrophic bearing capacity failure which
occurred. Using a design factor of safety of 1.2, the bins
could have been safely loaded to about 60 percent of their
capacity over a one month period before allowing
approximately one month for dissipation of excess pore
water pressures. The bins could then have been loaded
to their maximum capacity over the third month and if left
loaded, excess pore water pressures would have been
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completely dissipated three months hence. Given the
rigidity of the foundation, this postulation relies on
perfectly concentric loading and uniform soil conditions,
conditions which arguably may not have been possible or
may not exist. It does however suggest that it may have
been possible to avoid what at the time was explained as
an act of God. Although more than a foot of settlement
may have occurred at that point, the ingenuity displayed in
righting the structure leaves no doubt CP Rail would have
modified the operation of the elevator accordingly.
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