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UPLIFT RESISTANCE OF INCLINED ANCHORS AND PILES

RESISTANCE A L’ARRACHEMENT DES ANCRAGES ET PIEUX INCLINES
COMPOTUBJEHUE BHAEPTUBAHWO HAKJOHHWX AHRKEPOB U CBAM

G.G. MEYERHOF, Head, Depariment of Civil Engineering, Nova Scotia Technical College, Halifax (Canada)

SYNOPSIS

The previous theory of vertical uplift capacity of foundations has been extended
ta inclined anchors and piles under axial loads.
of model and field tests on anchors and piles in sand and clay.

The analysis is compared with the results
The influence of load in-

clination on the uplift resistance is found to vary with the shape and average depth to
width ratio of the anchors and the shearing strength parameters of the soail.
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INTRODUCTION

In an earlier paper (Meyerhof and Adams,
1968) the uplift capacity of individual foun
dations and groups under vertical loads was
diseussed. Both theory and test results
showed that the ultimate load could be ex-
pressed in terms of uplift coefficients,
which increase with the Priction angle of
the soil and the foundation depth up to a
maximum value. Beyond this critical depth
the uplift resistance of anchors approacned
tite bearing capacity of footings, while the
behaviour of tension piles could be analysed
by the use of the limiting uplift coeffi-
cients. These methods will be extended be-
low to inclined anchors and piles under ax-
ial loads.

THEORY
Anchors

When an inclined anchor is loaded to failure
a soil mass of roughly truncated pyramidal
shape is lifted up. For shallow anchors the
failure surface reaches the ground level
(general shear failure), while for greater
depths local shear failure occurs near the
anchor (Fig. 1l). Since the ultimate load
acts normal to the anchor base, the differ-
ence between the corresponding passive and
active earth pressures, Py and P, above and
below the base, respectively, yield the
shearing resistance on a vertical surface
through the anchor perimeter. Thus, as for
vertical uplift, the ultimate load of shal-
low anchors may be expressed by

Q, <

2
(CKcDo/B + yDOKb/ZB)A + Wcos a (1)
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Fig, 1. Fadilure of Soil near Shallow Anchor
(Lert) and Deep Anchor (right).

wheré A is the area, B is the width and D
is the maximum depth, respectively, of the
anchor base, K, and K_ are uplift coeffic-
ients, W is the weight of the anchor and
soil mass vertically above the anchor base,
a is the load inclination from the vertical,
c is the unit cohesion and y is the unit
weight of the soil.

The uplift .coefficients K, and K, for shal-
low strip anchors can be determined from the
earth pressure coefficients for an inclined
wall (Caquot and Kerisel, 1949, Sokolovskii,
1965). The coefficients K, are shown in the
lower part of Fig. 2 for varigus friction
angles ¢ of the soil. For a given friction
angle the values of K increase with the
load inclination ¢ from a minimum for verti-
cal uplift to a maximum for horizontal pull
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Fig. 2. Theoretical Uplift Coefficients for

Anchors.

when the coefficients agree with the Rankine
values. The uplift coefficients K _ are not
plotted because in cohesive soils tension
cracks at the ultimate load invalidate the
analysis. Thus, for saturated clay (¢ = 0)
K, = 2, theoretically, for strip anchors and
0<ag90°, but in practice it is much smaller,
as shown below.

It was shown previously (Meyerhof and Adams,
1968) that local shear failure of circular
anchors under vertical uplift occurs if the
depth to width ratio of the anchor exceeds
about 4 for clay and loose sand and increases
with relative density to about 8 for dense
sand, while for strip anchors the critical
depth ratios are about 8 for clay and roughly
50 percent greater than the above limits in
sand. The present tests on inclined anchors
indicate that the critical depth in clay is
essentially independent of the load inclina-
tion, but in sands the critical depths de-
crease somewhat with load inclination.

If these critical depth ratios are substitu-
ted into eq. (1), the uplift coefficients
N, and N, for strip anchors at greater
depths mayube evaluated to estimate the an-
chor base resistance (ignoring anchor rod
friction)

Q

u (Ney

+ YDNqu)A + Wacosa (2)
where D is the average depth of the anchor
base, W, is the anchor weight, and other
symbols as before. The uplift coefficients
N are shown in Fig. 2 for various friction
angles ¢, and the corresponding uplift coef-
ficients N_, can readily be calculated from
the general relationship

N
cu

(N

qu 1) cot ¢

(3)

168

Comparison of egs. (1) and (2) indicates
that below the critical depths the coeffi-
cients Ny, and Ng,, would be expected to
decrease linearly as the depth to width
ratio of the anchor decreases.

The analysis for strip anchors can be ad-
apted for square anchor slabs by multiply-
ing the above uplift coefficients by shape
factors to give the corresponding coeffi-
cients for square anchors. The shape fac-
tors for vertical uplift increase roughly
linearly with the ratio of D/B up to the
above mentioned critical depths. A similar
relationship has been found in the analysis
of the ultimate resistance of horizontally
loaded rigid piles (Brinch Hansen, 1961)
from which shape factors for square anchor
slabs under horizontal pull can be derived.
The resulting uplift coefficients Nqu for
square anchors at greater depths are shown
in the upper part of Fig. 2 and they are not
sensitive to changes of a for moderate load
inclinations (a<45°). The corresponding
values of N, can be computed from eq. (3).
The uplift coefficients of rectangular an-
chor slaps can be interpolated between the
values for strips and squares in proportion
to the width/length ratio of the rectangle,
as shown for vertical uplift (Meyerhof and
Adams, 1968). Circulzar anchor slabs can be
analysed as square slabs of equal area.

Piles

At the ultimate load of an inclined pile
under axial pull the failed soil mass has a
roughly similar shape as for shallow anchor
slabs. The pull-out resistance of inclined
Piles can be expressed in terms of the up-
lift skin friction (ignoring pile weight)

Qu = (c, + pc',KutanG)As (4)

a
A_. is the embedded pile surface area,
the uplift coefficient, pj is the av-
erage effective overburden pressure, c, and
§ are the adhesion or skin friction para-
meters of the soil to the pile. The uplift
coefficient and skin friction parameters can
vary within wide limits and depend not only
on the soil properties, but also on the type
of pile and method of installation.

where
Ky is

For bored tension piles the values of K_ can
be estimated from the coefficients Ky (gq. 1)
namely,

Kb CcOos a
2 tan 6

for sheet piles (walls) and using shape fac-
tors for circular or square piles, as for

the anchor base resistance. The correspond-
ing coefficients K_ are shown in Fig. 3, and
for a given fricti8n angle ¢ the values of

K.. do not differ much for moderate pile in-
cEinations (a£45°), but decrease more rapidly
for greater inclinations.

= (5)

K
u
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Fig. 3. Theoretical Uplift Coefficients for

Bored Piles.

The values of K,; for driven tension piles
are greater than for bored piles and may be
estimated from in-situ friction jacket cone
tests (Begemann, 1965). The pull-out capac-
ity of anchor piles with a limited anchor
zone (screw, multi-helix, grouted and injec-
tion anchors, etc.) may be estimated from
the sum of end resistance (eq. 2) and skin
friction (eqg. 4), in which A_ is the surface
area of the anchor zone and S is the depth
of the top of that zone. For injection an-
chors the residual injection pressure is
used in place of the average overburden
pressure pé in the anchor zone (Littlejohn,
1970). At ratios of D/B greater than about
15 the unit skin friction of sand may reach
a limiting value (Vesic, 1967).

TESTS

Model uplift tests on inclined anchor plates
of various shapes and buried rough piles
were carried out in sand and clay at the
Nova Scotia Technical College (Bhalla, 1970,
Valliappan, 1970a). Typical test results
are plotted in polar diagrams to show the
ultimate loads for various inclinations of
the anchors and piles (Figs. 4 and 5). It
is of interest to compare the present ulti-
mate loads with those of a similar series of
tests in which horizontal anchor plates and
vertical rigid piles were under an irnclined
pull (Hope, 1969, Valliappan, 1970b), also
shown in Figs. 4 and 5. For the same foun-
dation, depth of embedment and soil condition
and a given inclination of the pull, the up-
lift capacity of axially loaded inclined an-
chors and piles exceeds that of horizontal
plates and vertical piles; further, corres-
ponding movements of the former anchors were
smaller. Moreover, while the uplift capac-
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ity of such axially loaded inclined anchors
and piles generally increases as their in-
clination increases, the corresponding up-
lift capacity of horizontal anchor plates
and short vertical piles decreases as the
inclination of the pull from the vertical
increases.
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Sands

In order to compare the results of the pres-
ent model tests and some earlier laboratory
and field data on axially loaded anchors in
sand with the proposed theory of uplift re-
sistance, the experimental data have been
analysed to determine the uplift coefficients
in eq. (2) for circular and strip anchors
ag different depths and inclinations of the
load. The test results (Fig. 6) are found to

be in fair agreement with the proposed theory.
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Fig. 6. Comparison of Theory and Tests for

Anchors in Sand.

Since the experimental relationships of the
ultimate loads for different anchors vary
with the inclination o in roughly the same
way, it is convenient to introduce an incli-
nation factor 1 by which the uplift capaci-
ty Qy of an 1nc11ned anchor can be estimated
from the resistance Q" of an anchor under
vertical uplift, namel

Qu . luQuo (6)
The experimental factors i, decrease with the
ratio of D/B (Fig. 7). For shallow anchors
(above the critical depth) the factors com-
pare reasonably well with the theoretical ra-
tios for strip anchors and may roughly be
represented by
i, = 1+ (a/90°)2 (7
For deep anchors the factor i,; is approxima-
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Fig. 7. Inclination Factors for Anchors in

Sand.

tely unity for moderate inclinations (a<45°)
while the limited data for a<45° indicate
some increase as the anchor pull approaches
the horizontal direction.

The results of the present tests on model
piles and other data on laboratory and field
tests with grouted anchors and axially load-
ed tension piles in sand have been analysed
on the basis of eqg. (4) to deduce the uplift
coefficients K_ for different load inclina-
tions. The reBults (Fig. 8) indicate a rat-
hexr wide scatter of points due to the dif-
ferent types and methods of installation of
the anchors and piles used. The field data
genevally give values of K,, between about 2
and 3 for vertical uplift decrea51ng with
inclination of the load to about 1 to 2 for
@ of roughly 45°. The buried model piles
indicate no significant change of K_ for
0545°, as would be expected theoretfeally,
and within this limit the pull-out resist-
ance df & pile of given depth varies roughly
with 1/cos a (Pran-Vo-Nhiem, 1971).

Clays_

The experimental uplift coefficients N, in
eg. (2) have been evaluated for the .present
and earlier model and field tests on incli-
ned circular and strip anchors at various
depths in clay, and the results are shown in
Fig. 9. As in the case of vertical uplift,
tension cracks were found near the anchors
in clay and negative pore pressures have
been recorded in the soil near model anchors
(Meyerhof & Adams, 1968). Thus, premature
tensile failure of the clay reduced the up-
lift capacity of shallow anchors under verti-
cal load to less than one-half of the esti-
mated values. A smaller reduction was ob-
served for shallow anchors under horizontal
load (Mackenzie, 1955) when compressive
stresses on the potential failure surface
decrease the tendency to cracking of the
clay. At greater depths tension cracks are
less prevalent, and the uplift coefficients
of anchors are the same as the bearing cap-
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Grouted Anchors and Piles in Sand.

acity coefficients of deep foundations and
independent of the load inclination, as
would be expected theoretically.

The observed uplift coefficients may conser-
vatively be expressed as follows:

0.6D/B for wx45°,
1.0D/B for a=90°,
8 at great depths.

For strip anchors Ney
increasing to Nay
with a maximum of Nc

(8)

u

anchor slabs
1.2D/B for 0<0<90°(9)
9 at great depths.

For circular and sgquare

with a maximum of NC2 =

cu
The uplift coefficients for inclined rectan-
gular anchors can be interpolated between thd
above values in proportion to the width/
length ratio of the anchor base. Becayse the
ratio of the tensile to compressive strength
of clays varies with the type of clay, gen-
erally applicable inclination factors ic
cannot be derived from the present data, and
for most practical cases (0<45°) the value of
ic may be taken as unity, which is on the
safe side.

Analysis of pulling tests on grouted anchors
and piles in clay (Littlejohn 1970, Adams
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and Klym 1972) and the present model tests
indicate that short-term ultimate loads can
be calculated from the unit adhesion cy on
the shaft as for compression piles. The
long-term uplift capacity can be estimated
from the drained shearing strength parameters
of the clay. Due to dissipation of negative
pore pressures and effects of creep, sustain-
ed loadinag may reduce the long-term pull-out
resistance considerably below the short-term
capacity, especially in heavily overconsoli-
dated and highly plastic clays (Meyerhof and
Adams, 1968). The uplift capacity of anchors
may also be reduced significantly by variable
loading (Trofimenkov and Mariupolskii, 1965).

Anchor Groups

The ultimate uplift load of an anchor group
is the smaller value of either the sum of
the uplift loads of the individual anchors or
the uplift load of an equivalent anchor
"block" consisting of the anchors and enclo-
sed soil mass. The latter resistance can be
estimated by the method suggested above for
rectangular anchors. Vertical uplift tests
on model anchor groups in sand and clay
(Meyerhof and Adams, 1968) showed that the
group efficiency decreases not only with
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closer spacing of the anchors, but also as
the embedment depth increases, especially in
sand, Similar results have been obtained
fram tests on groups of model anchor plates
under horizontal pull in sand (Hueckel, 1957
Ovesen, 1964)

CONCLUSIONS

The uplift resistance of inclined anchors

and piles under axial loads can be expressed
in terms of uplift coefficients, which have
been evaluated by extending the previous
theory for vertical uplift of foundations.
Theory and test results indicate that the
uplift coefficients of anchors in sand and
clay generally increase with the inclination
of the load from a minimum for vertical up-
lift to a maximum for horizontal pull. The
influence of load inclination on the uplift
capacity decreases as the depth of the an-
chor increases. Accordingly, for tension
piles of a given depth of embedment and
method of installation the unit skin friction
in uniform sand and clay does not vary sig-
nificantly for pile inclinations of less than
about 45°, while for anchors with a limited
anchor zone the influence of load inclination
on the pulling resistance depends to some
extent on the average depth to width ratio of
the anchor zone.
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