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The results of pullout load capacity tests performed on numerous
small-scale model earth anchors are presented. The techniques
of dimensional analysis are used to developempirical relationships
among anchor size, depth of anchor embedment, and pullout capac-
ity for single anchors of circular cross-section buried in a dense
uniform sand. A distinction is made between shallow and deep
anchors. The range of the ratio of depth of embedment to anchor
diameter studied corresponds to the general range found in field
applications of earth anchors that are used to provide tieback re-
sistance for retaining structures and uplift resistance for trans-
mission towers, utility poles, moorings, etc. The results of two
full-scale field tests of Webb-Lipow type anchors are also reported.

eTHIS INVESTIGATION presents the results of pullout load capacity tests performed
on numerous small-scale model earth anchors. The range of the ratio of depth of em-
bedment to anchor diameter (h/d) studied corresponds to the general range found in
field applications of earth anchors.

The purpose of the investigation was to develop an empirical relationship among the
depth of anchor embedment, anchor width, and pullout capacity of earth anchors, and
to define the transition point from a shallow failure to a deep failure for increasing
depth of embedment. The study was limited to tests performed on single anchors of
circular cross-sectional shape buried in a dense uniform sand. The results of pull-
out load capacity tests performed on two full-scale field earth anchors of the Webb-
Lipow type are also reported.

Earth anchors are used to provide uplift resistance for transmission towers (1, 2),
utility poles, aircraft moorings, submerged pipelines (3) and tunnels (4), and to de-
velop the tieback forces required to eliminate external bracing from retaining struc-
tures and sheeting walls (§, 6, 7, 8). The use of earth anchors in specific projects
has been limited by a number of factors including the lack of economical methods of
in-place construction, the absence of a rational approach to the design of earth anchor
systems (9), and the general unfamiliarity of the industry with the possible uses of
earth anchors.

Although several types of prefabricated earth anchors are commercially available,
they cause serious disturbance to the surrounding soil during installation. The effect
of such soil disturbance may be a major reduction in the pullout capacity of the anchor.
To take full advantage of the natural strength of the soil, an anchor should be constructed
in place without disturbing the soil. Anchors can be constructed in place in the follow-
ing manner: first, a small-diameter shaft is drilled to the necessary depth; next, an
expandable reaming device is used to enlarge the bottom of the shaft hole to the desired
diameter; and finally, the enlarged hole is filled with concrete and reinforcing steel to
form the required anchorage (7).
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i Present methods for calculating the
e e . < pullout capacity of anchors in sand are
' based on an assumed shape for the failure
surface and, with the exception of Balla's
(10) method, give results contrary to
those observed.
; & The friction cylinder method (earth
=== pressure method, Swiss formula, Frohlich-
¥ Majer's procedure, 10) assumes that fail-
! { ure occurs along the surface of a cylinder
s e e M P of soil above the anchor. The cylinder
g has the same cross-section as the hori-
(b) N lw / zontal projection of the anchor (Fig. 1a).
™~ Y The pullout capacity is computed by con-
Sezzzederee” sidering the weight of the cylinder of soil
and the frictional resistance along its
surface.
! The weight-of-cone method (earth load
ol \,,.,-'hf//// method, Mohr's formula, 10) assumes
\ 7 that the failure surface takes the shape
3 i / of a truncated cone extending above the
‘\:m " anchor with an apex angle of 90 + ¢ (Fig.
rrrea 1b). The pullout capacity is given as the
weight of the soil within the truncated

(a) hb :i 4 It s

)

Figure 1. Methods for calculating pullout

cone.
load capacity for earth anchors: (a) fric- :
tionpcyligder mebedls {hd Soi;(L 2one The method presented by Balla (10) is
5 ; =
method, and (c) Ball's method. based on the shape of the failure surface

observed during small-scale model an-

chor tests (Fig. 1c) in sand. Applying

Kdtter's equation to this failure surface,
he computed the theoretical pullout capacity for circular anchors and showed it to be
proportional to the third power of the depth of embedment. Such a theoretical analysis
gives adequate correlation with Balla's small-scale model anchor tests, the model tests
conducted in this study for a h/d ratio less than 6, several field tests of shallow anchors
reported by Balla, and the shallow field test reported herein. According to the results
of the present study, however, when extended to a h/d ratio greater than 6, Balla's
method gives a pullout capacity greater than that actually developed. Thus, his method
should not be considered applicable to deep anchors.

DIMENSIONAT. ANAT VS

n

Dimensional analysis, formalized by Buckingham (11) in his well-known g-theorem,

has been used by numerous researchers to determine the functional relationships be-
tween the primary physical constants involved in physical phenomena. In this respect,
dimensional analysis is often helpful in providing a simple basis for the possible cor-
relation of the results of small-scale model tests with the behavior of full-scale
prototypes.

According to the 7-theorem, a physical phenomenon which is a function of n physical
quantities involving m fundamental units can be described in ihe following functional
form:

F(m, o ): 0 (1)
n-m

where the 7-terms are the (n - m) independent dimensionless products of the n physical
quantities (6).

The primary physical quantities for the pullout capacity of a flat anchor buried in
sand are listed in Table 1 using the force, length, and time system of fundamental units.



3

TABLE: 1 By appropriate manipulations, the eleven
2 s
PRWXA;?%NT]?SI%%FQXA?&?%?R%S&& g«Allqué\dggR— physical quantities yield the following
SION. ; i’ A _33
SBEOTED T S elgPt %termf.. 1r1/~. F/ha-f, grz— h/_A,
s = ¢/b, ma = yhA/rt, M = C°A, ma = @,
Physical Quantity sympol  Fundamental - qq = Dy, and ms = e. For this set of 7-
terms, Eq. 1 implies the functional
Pullout load capacity F F relation:
Cross-sectional area of anchor A o
Perimeter of anchor c L
Thickness of anchor b L . 2
Depth of embedment h 7 F/hay = f1<h /A, c/b, yhA/rt,
Unit weight of soil y FL™? )
Angle of internal friction [ LT c*/A D e 9
Relative density Dq Fo Lo T° / » ¢ Dd, ( )
Void ratio e FeL°T®
Time of loadin, t T sis 2 i
Rate of loadingg r FT™! By additional algebraic transformations,
an alternate set of independent 7-terms
can be obtained which yields the functional
relation:
3 2
F/c’y = fz(h/c, c/b, yhA/rt, /A, ¢, Dy, e) (3)

For anchors of circular cross-section, with diameter d, the following simplifica-
tizc/)n of m-terms is possible: F/hAy - F/hd’y, F/c’y - F/d’y, yhA/rt - yhd®/rt,
c/A - 4n.

By varying the rate of loading, the dimensionless parameter yhd” rt can be kept rela-
tively constant and, hence, its effects can be minimized. The flow characteristics or
viscosity of the sand is assumed to be a function of the soil properties y, ¢, Dq, and e
and, therefore, is not considered an independent variable.

If all tests are conducted in the same sand at a constant density, the parameters
#, Dd, and e can be considered constants. Subject to the preceding restrictions, Eqgs.

2 and 3 reduce to:

F/hd®y = g (/&, d/b) (4)
and
F/d% = g»(h/d, d/b) (5)

respectively. The explicit forms of Eqs. 4 and 5 must be determined by experiment.

EXPERIMENTAL PROCEDURE

The model anchors for this study were flat circular Y4-in. thick steel plates with
diameters of 1.00, 1.50, 2.00, and 3.00 in. An 0,078-in. diameter straight piano wire
was inserted in the center of each anchor to serve as a tie rod. The model tests were
conducted at depths of embedment of 3.0, 6.0, 9.0, 12.0, 15.0, 18.0, and 21.0 in.

A schematic drawing of the loading system is shown in Figure 2. Vertical load was
applied to the anchor in increments through a cable and pulley system with a swivel
joint inserted between the tie rod connection and the cable to allow the cable to twist.
Movement of the anchor was measured by a reverse-reading deflection dial mounted
on a reference beam.

The model anchor tests were conducted in an air-dry uniform silica sand (ASTM
20-30 Ottawa sand) with the following properties: specific gravity, G = 2. 66; angle of
internal friction, ¢ = 42 deg; average unit weight, Yavg. = 112.1 pcf. The unit weight
ranged from 111. 8 to 112. 5 pcf for all tests.

The sand was placed in a metal tank through a No. 12 U. S. standard sieve held 20
to 30 in. above the surface of the sand. The sieve was moved slowly back and forth
across the tank in a rectangular grid pattern. When the sand was at the desired depth
below the top of the tank, the anchor was carefully set in place, and the sieving opera-
tion continued to the top of the tank. The sand was weighed after the testto compute the
average unit weight.



To study the shape of the failure sur-
face developed for shallow and deep an-

— CABLE
chors, supplemental anchor tests were
SUAVEL conneCTION co'nc.lucted in a clear plexiglass tank con-
taining colored sand strata. The tank
— was made of /z-in. plexiglass screwed

and glued together to form an open-top
box 35 by T in. in play and 22 by 35 in.
in profile. The anchors used were flat
| Movee ancron |- wemaL Tan steel plates measuring 7.0 by 1.0, 2.0,

|-~ TIE ROD

‘ ik and 3.0 in., respectively.
( The colored sand layers for the tests
'\ aim-omiz sang, § = 2 PCF ): were made by placing a thin layer of

black (dyed) ASTM 20-30 Ottawa sand
against the front wall of the tank at
1-in. vertical intervals. Loads were
applied until a failure surface developed
or until the anchor was pulled out the tank,

Tigure 2. Test setup and loading appara-
tus for model anchor tests.

EXPERIMENTAL RESULTS

The experimental data for the model anchor tests conducted in this study are given
in Table 2. The average value of pullout capacity vs depth is plotted for each anchor
diameter in Figure 3.

The pullout capacity was defined as the smallest load causing a disproportionate
movement of the anchor. For the majority of tests, the pullout capacity was the maxi-
mum load resistance attained by the anchor. However, for a few tests the first large

movement of the anchor was followed

T by a small increase in load resistance.
EXPERIMENTAL DATA—MODEL TESTS For the few cases having this type of
- lnad-deflection response, the h/d's
i Pulle
Test Depth, b Diamster, d Cupaciy,  FRUTe i were all equal to or greater than 6.
' ' ' F{Io) in.) (pet) A typical example of this type of load-
1 3 1.0 2.2 2.15 = deflection response is shown in Fig-
2 3 1.0 2.2 2.30 112.09
3 6 1.0 12.6 - e ure 4‘ .
. ¢ Lo 1L.0 = 111.9 For shallow anchors (h/d < 6), a
6 12 1.0 52.9 - — definite failure circle was observed to
7 12 1.0 55.6 - 112,30
8 15 1.0 8.6 = 112, 44 develop on the surface of the sand as
9 18 1.0 110.2 - 111.93 3 3
S B Lo ot = e the anchor system failed (Fig. 5a).
u Lo 1.1 5 111.79 For deep anchors (h/d = 6), however,
13 12 15 66.1 - 112,21 only a sight rise in the surface of the
14 2 1.5 2.8 - — M T -
15 15 15 105.8 < 111,93 sand occurred in the vicinity of the tie
16 18 1.5 141,1 -_ 112,33 3
1 . a2 roH e aif rod at fa111:1re. ‘
- 8 40 ot 119 - The 3-in. wide anchor tested at a
20 y 2.0 39.7 - 112,04 depth of 14-in. in the plexiglass tanlk
2 20 B - i1 62 developed a definite failure surface
23 15 2.0 138.9 -_ 112,19 3 3 3 5 _
a2 B a2 198.9 = 2 (Fig. 5b) similar in shape to that pro
2 2 al o = 111.99 posed by Balla (10). The 1- and 2-in.
27 3 3.0 5.5 4.35 - wide anchors tested at the same depth
B o b5 e e oo in the plexiglass tank did not produce
30 9 3.0 49.0 6.60 = =81 i 0 o 1 i -
9 o s G55 500 Hives a visible failure surface u.ntl_l the an
32 15 3.0 167.6 = 111.82 chor had been pulled to within a few
33 18 3.0 273.4 -— 111. 88 N R
34 18 3.0 264.6 - 112,19 inches of the surface and was acting
35 21 3.0 388.1 -_— 111.79

as a "'shallow'" anchor.
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Figure 3. Plot of anchor pullout capacity vs depth of anchor embedment.
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DISCUSSION OF RESULTS

The appearance of a failure circle on the sand surface only for shallow anchors
(h/d < 6) indicates a difference in the mode of failure between deep and shallow anchors.
This difference would logically be represented by two distinct functional equations re-
lating the primary quantities.

The test results shown in Figure 3 are plotted in Figure 6 in terms of the dimen-
sionless parameters F/hd®y and h®/d*. For the range h/d < 6, the curve in Figure 6
appears to be insensitive to changes in the parameter d/b. This portion of Figure 6
is plotted in Figure 7 and can be approximated by a straight line. Thus Eq. 4 has the
form, for h/d < 6:
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F/hd®y = C, + Ch¥/d? (6)

where C, is the intercept and C; is the slope of the straight-line portion of the curve
in Figure 7. Solving for the pullout capacity yields, for h/d < 6:

F = Cihd®y + Cph’y (M

where C; = 3.0 and C; = 0. 67 for the particular values of ¢, Dy, and e used. The con-
stants C, and C; are presumably functions of ¢ and Dy. Such an assumption allows
Eq. 7 to be written in the form
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F = hsyl:Hx(di, Dd) " H2(¢, Dd) (dz/hz)] (8)

for h/d < 6. Eq. 8 is similar in form to Balla's equation for circular anchors in cohe-
sionless soil (10) which can be written:

F = hSy[H1<¢, h/d) + Hp @ h/d)] (9)

Balla's results have been plotted in Figure 7 in dimensionless form. Use of Egs. & or
9 gives pullout capacities larger than those actually observed in the model tests for
h/d > 6, as shown in Figure 6.

Because the thickness, b, of the anchor does not appear in either Eq. 7 or Balla's
equation, these equations do not apply to anchors with small values of d/b (e.g., d/d<1)
since such anchors act primarily as friction piles.

The test results are plotted in terms of the alternate dimensionless parameters
F/d% and h/d in Figure 8. The parameter F/d% is a function of d/b for h/d > 6 and
converges to F/d% = 170 for h/d = 6.

If the origin in Figure 8 is moved upwards to F/d’y = 170 and the ordinate is then
multiplied by d/b, the several curves shown for h/d > 6 in Figure 8 reduce to the single
curve shown in Figure 9. For the range h/d = 6, the curve in Figure 9 can be approxi-
mated by a straight line. Thus, Eq. 5 has the modified form, for h/d = 6:

(F/d”y - 170)d/b = Cs + Csn/d (10)

where Cs is the intercept and C, is the slope of the curve in Figure 9. Solving Eq. 10
for the pullout capacity yields, for h/d = 6:

F = 170d’ + Cad’by + Cahdby (11)

where Cs = 2, 800 and C4 = 470 [ur the particular values of ¢, Dy, and e used.

Because of the limited range of d/b values included in this study, it was not possible
to determine whether Eq. 11 is applicable to anchors with values of d/b < 4.

The equations presented herein for the pullout capacity of a circular anchor buried
in sand are based entirely on the results of small-scale model tests conducted in a
specific sand having particular properties. For Egs. 7 and 11 to be useful in actual
design, empirical values for C;, Cz, C3, and C4 must be determined for various values
of ¢ and Dy, and must also be correlated with the results of full-scale field tests. The
correlation between model and field tests is especially important since the size of the
sand grains used in the laboratory cannot be reduced to the same scale as the model
anchor. Such a contradiction in the geometrical similitude between the model and the
prototype may produce unexpected.effects.

FIELD TESTS

Pullout load capacity tests were performed on two full-scale field earth anchors of
the Webb-Lipow type buried in a relatively uniform fine sand (dune deposits) at the site
of the Redondo Steam Station of the Southern California Edison Co., Los Angeles,
Calif. Average soil properties were as follows (13): angle of internal friction, ¢ = 37
deg; dry unit weight, Ydry = 105 pcf and in-place unit weight, y4 = 112 pef. Ground-

water was encountered at a depth of about 18 ft below the surface.

The anchors were installed and tested by Webb and Lipow, General Engineering
Contractors, Los Angeles, Calif. A 5-in. diameter shaft was first drilled and cased
to about the desired anchor depth. AM-9 chemical grout was then placed at the bottom
of the shaft to stabilize the sand during the subsequent reaming operation. A relatively
weak grout was used so that the strength characteristics of the sand would not be sig-
nificantly changed. Next, an expandable reaming tool fitted to a rotary vacuum drill
rig was used to produce a cone-shaped void at the bottom of the shaft. The anchor was
formed by filling the void with concrete after a 7/g-in. diameter high-strength steel tie
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Figure 10. Plot of load vs deflection for field tests.

rod had been inserted in the shaft, A
special reinforcing device was used at the
end of the tie rod to develop bond between
the rod and the concrete.

Load was applied to the earth anchors
in increments with a calibrated center-
hole hydraulic jack supported by two steel
reaction beams. Movement of the anchor
was measured by a tensioned reference
wire read against a scale fastened to the
tie rod. Results of the two field tests
and the dimensions of the anchors are
" - i shown in Figure 10. Figure 11 shows

st Fliigtii?or Hon @ et anchor No. 2 after having been pulled

out of the ground.
Field test results are plotted in dimen-
sionless form in Figures 6 and 7. The
pullout load capacity for the shallow anchor was higher than the values predicted by
Eq. 7 and Balla's equation. Since the thickness, b, of the field anchor is indetermi-

nate, a direct comparison between the capacity of the deep anchor and that predicted
by Eq. 11 is not justified.

CONC LUSIONS

1. The modes of failure for shallow (h/d < 6) and deep (h/d > 6) anchors in dense
sand are distinct and require separate analyses.

2. The pullout capacity for shallow and deep anchors in a dense sand can be repre-
sented by Eqs. 7 and 11, respectively.
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