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Horizontal Movements Associated With Vertical Settlements

Mouvements horizontaux associés aux tassements verticaux

by R. M. HARDY, R. M. Hardy and Associates, Edmonton, Alberta, Canada

and

C. F. RirLeY and K. L. LEg, Ripley and Associates, Vancouver, B.C., Canada

Summary

Significant horizontal movements have been observed over a
large industrial plant site at which consolidation is occuring in
deep-seated silt and clay layer overlaid by a thick layer of gravel.
The deformations involve shortening and stretching of the surface
with the resultant movement towards the zone of maximum ver-
tical settlement. Magnitudes of observed movements are given.
The observational data disclosed a simple geometrical relation-
ship between the vertical and corresponding horizontal mo-
vements.

Site Description

An aluminum smelter at Kitimat is located at tide water
at the head of one of the many fjord channels on the coastline
of British Columbia, Canada. At the smelter site, the channel
has been filled with sediments during glacial and interglacial
periods of the Pleistocene Age to a depth of several hundred
feet. The sediments include alluvial fan deposits of sand and
gravel, deltaic sands and silts, and marine clays. The geology
is therefore complex and the subsoil profile is variable in
soil type as well as in depth to bedrock. Because of the fjord
topography the development of a large plant site area required
that it be built up on these sedimentary deposits.

The first stage of the smelter site development involved
the placing of a compacted granular fill varying in thickness
from zero to 30 feet over an area 1 200 feet by 1 600 feet.
The original foundation investigation revealed the great
depth and complex nature of the subsoil, and indicated that a
considerable amount of settlement due to consolidation of
the subsoil was to be expected, due primarily to the applied
weight of the fill and, to a lesser extent, to the weight of the
buildings (HARDY and RIPLEY, 1954).

Vertical Settlements

The irregularity of the subsoil conditions did not permit
an accurate estimate of the settlement pattern to be computed.
It therefore was decided to place fifteen settlement gauges
in a regular pattern over the filled area with the base of the
gauges set at the bottom of the fill. These were supplemented
by settlement observations at some 190 additional gauge
points set in the building foundations as the footings were
poured. Frequent observations at the gauges provided a
continuous picture of the settlement pattern as it developed.
These were used as a basis for assessment of future differential
settlements, and adjustments were made during construction
of the buildings to compensate for the differential movements
which the observed settlement pattern showed were developing.

Fig. 1 shows a plan of the filled area, the outline of the
buildings and the location of the settlement gauge points.
It also shows typical cross-sections through the buildings,
fill and subsoil down to bedrock. The fill, which consisted

Sommaire

Des mouvements horizontaux significatifs ont été observés
dans le site d’une grande installation industrielle, ot la consolida-
tion a lieu dans des lits de silt et d’argile profondément situés,
recouverts d’un lit épais de gravier. Les déformations comprennent
un raccourcissement et un allongement de la surface, causant
un mouvement vers la zone de tassement vertical maximum. Les
grandeurs des mouvements observés sont données. Les données
des observations ont révélé une relation géométrique simple
entre les déplacements verticaux et les mouvements horizontaux
correspondants.

of heavily compacted sand and gravel, was placed during
1952. Construction of the buildings was started toward
the end of 1952 and was completed in 1953. The pattern
of total settlements which have occurred since the start of
erection of the buildings is shown on Fig. 1. These settle-
ments cover the period December 1952 to August 1959. It
will be noted that the maximum settlement to that date
amounted to 4-5 feet. This was considerably greater than
the originally estimated settlement. The greatest difference
in settlement across the building area was 3-4 feet in a length
of 850 feet with a maximum settlemznt gradient along the
axes of the buildings of 0-005.

The settlement pattern reflects the intensity of the fill
loading, and also variations in thickness and compressibility
of the deep seated silt and clay layers beneath the site. These
factors have resulted in the development of a trough in
the settlement pattern extending from the southwest corner
diagonally into the centre of the plantsite, with the maximum
settlement bzing close to the southwest corner. Vertical settle-
ments as of August 1959 are estimated to represent approxima-
tely 70 per cent of the total primary consolidation to be expec-
ted in the silt and clay layer. The observations have shown that
settlements in the gravel, both natural and fill gravel, were
relatively small and that they were complete before the buil-
dings were erected. While not an important contributor to the
total settlement, the gravel layer acts as a stiff mat which
affects the distribution of stress in the underlying silt and
clay. As discussed later the gravel layer does appear to be
an important factor with respect to the horizontal movements.

Horizontal Movements

In 1957, incidental to the review of the settlement obser-
vations and the effects of settlements on the buildings, it
was noticed that building distortions, which had been attribu-
ted solely to vertical settlements prior to 1957, were developing
in such a manner that they could no longer be reconciled on
this basis alone. The pattern of distortions suggested that
horizontal movements of the foundation elements were
developing.
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Fig. 1 Site plan, subsoil profiles,

and building settlement

(in feet) isochrones.

Plan du site, coupes du sous-sol, et isochrones des tassements des constructions

Precise measurements taken at the ground surface esta-
blished an overall shortening of about 6 inches in the 1 200 foot
length of buildings, and confirmed that horizontal movements
had occurred. The absolute horizontal movement of any
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single point could not be determined due to the absence

of a previous precise survey tying the buildings to areas
outside the zone of subsidence. However the measurements

did show that the change in total length was the net result



of shortening over certain portions and stretching over others.
This indicated that the plane on which the foundations rested
was being warped with some areas being deformed in tension
and others in compression.

The available data suggested that the horizontal movements
were in some way related to the vertical settlements. Because
future vertical settlements of appreciable magnitude were
expected to continue for several years, it was important to
obtain a better understanding of the relationship between
horizontal movements, vertical settlements, and building
distortions, The fact that the structural deformations from
the horizontal movements appeared to be as severe as those
from the differential vertical settlements made this particu-
larly so.

Analysis of Horizontal Movements

An estimate of the lateral consolidation to be expected due
to horizontal components of the major principal stresses had
revealed that such movements would be small in magnitude
compared to the measured horizontal shortening and that
they would occur in an outward direction away from the
centre of the loaded area. Thus the observed shortening
could not be accounted for directly on this basis. Other
factors therefore appsared to be governing the observed
horizontal movements.

Horizontal movements associated with subsidence due to
mining and to oil and water pumping operations, including
both stretching and shortening, have been reported in several
instances. These have the common characteristic that the
seat of important settlement was located below the base of
relatively incompressible strata. (Hurst 1948, KiNG and
SmiTH 1954, LockwooD 1954, SHOEMAKER and THORLEY 1955,
Henry 1956, GissonN 1957, PErz 1957, RELLENSMANN 1957,
BerBOWER 1959). They are caused by the fact that the strata
resting on the seat of settlement perform in a general way
like a stiff elastic plate resting on yielding substrata. The
stiff upper layers deform in such a way that the horizontal
movement is directed toward the point of maximum settl-
ement which is a point of zero horizontal movement. The
similarity in conditions and observed movements at Kitimat
suggested that the same process was occurring there. When
the measured horizontal and vertical movements of any
east-west column line in the plant were examined, assuming
zero horizontal movement at the point of maximum settle-
ment, a relationship became apparent which was characteristic
of that observed with other reported cases of horizontal
movement due to subsidence.

Determination of the horizontal surface movements caused
by subsidence does not lend itself to rigorous mathematical
analysis because this involves the use of physical properties
of the rock and soil for which there is inadequate knowledge.
In the problem at Kitimat there is the further difficulty that
the thickness of the stiff top stratum is variable. However, a
simple expression giving approximate values for the hori-
zontal movements at the Kitimat site has been obtained
based on the following simplifying assumptions :

(a) the contact surface between the upper gravel layer
and the underlying compressible materials is well defined at a
depth H below the surface, H being equal to the combined
thickness of fill and natural gravel at any point;

(b) the horizontal displacements at all points along the
base of the stiff gravel layer are zero;

(c) the subsidence curve at depth H is parallel to that at
the surface ;

(d) the layer of fill and natural gravel deforms to match
the settlement pattern due to consolidation in the underlying
compressible soils in such a way that no cracks occur within
the soil mass which do not originate at the surface ;

(e) plane sections at right angles to the ground surface
before consolidation remain plane during the settlement.
As illustrated in Fig. 2, it follows from these assumptions
that
p = Hua (D
where
@ = the horizontal movement at any point at the
ground surface,
H = the thickness of the layer of fill and natural gravel,
oo = settlement gradient of the ground surface at that
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Fig. 2 Bending of gravel beam.
Courbure de la poutre de gravier.

Figure 3 shows the curve of horizontal movement along a
typical east-west column line computed by equation (1)
together with profiles of the vertical settlement and the
thickness of the gravel layer. For comparison purposes the
curve of horizontal movements obtained by actual measur-
ements along this column line is also shown.

The accuracy with which the measured and the computed
horizontal movement curves have been determined has been
limited by the following factors :

(/) the thickness of the gravel has been estimated by
interpolation between test holes at about 600 ft.
spacing ;

(ii) the measured movements were obtained by a survey
of the distances between building elements and do
not account for any shearing strain which may have
occurred between the building foundations and the
underlying soil. Actual movements of the ground
surface, unrestrained by the inherent rigidity of the
buildings, could be greater but not less than the
measured movements shown ;

(iii) the curve of measured horizontal movements has
been plotted on the basis that the point of maximum
settlement was a point of zero horizontal movement.
Unfortunately it has not been possible to verify
this assumption by survey, because there is no fixed
baseline from which to establish the original position
of the buildings.

Discussion

A comparison of the curves of measured and computed
horizontal movement shows a similarity in shape as illus-
trated by the typical curves shown in Fig. 3. Although there
are individual areas of inconsistency, the average overall
agreement is reasonably close.

It will be noted that while equation (1) is derived on the
assumption that plane sections at right angles to the ground
surface before consolidation remain plane during the settl-
ment it is not assumed that the soil follows Hooke’s law,
nor that it is homogeneous and isotropic. The equation
expresses a purely geometric relationship. The complexity

667



Direction

of horizomla/ miove rrernr.

4 -
F 7
Z ——————————— Shorfemng S trefching — S ——
0 S — L il <
Nguw[— 77 | Compured(p=Hoc ) - = S Measured =
o> [ i R e
23 i i MOVEMENT ——————
— 00 L "
= bt = ¥ .
) Z | |
;.' lA’A |
J E = |
L “wr— .Q s —
oou
g{:lL
Lu\J
N L— a0 -
— 5 —
]
1L
Wk
ZWi— 100 —
Y u
Jh
E‘J I 1200 FEET
F — 200 —
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Epaisseur du gravier, coupe du tassement, mouvements horizontaux sur une ligne de colonnes Est-Ouest, calculés et mesurés.

of factors involved and the accuracy with which the known
factors can be defined do not warrant a more refined analysis.
A similar relationship can be obtained by considering the
behavior of the gravel to be analogous to that of a bending
beam. It was in fact this concept which first lead the authors
to the development of the relationship for the horizontal
movements. Trials were made to correlate the measured
displacements with horizontal movements computed on this
basis, for cases of the neutral surface being located at various
positions above the base of the gravel layer by using the

expression :
p=zo (2

where z is some constant fraction of H. The best correlation was
obtained for the case of z = H, i.e., for conditions as expressed
by equation (1).

It is not unreasonable however, to expect the neutral
surface to be located near the bottom of the gravel, if one
considers that the modulus of deformation for granular
materials increases approximately in direct proportion to
the depth.

While it is recognized that this simple gecmetrical expression
represents only an approximation of the actual movements,
and that the degree of agreement with the actual movements
may be less in the ultimate picture than at present, neverthe-
less equation (1) has been used at this site as a basis for estima-
ting the nature of future horizontal movements which are
likely to develop as the vertical settlement continues. It is
anticipated that the future movements which develop will
provide additional information on the relationship between
vertical and corresponding horizontal movements.
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