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Abstract This paper presents analytical models to

predict the pullout capacity and the load–displace-

ment relationship for shallow single vertical helical

and plate anchors in sand. The models were devel-

oped based on the failure mechanism deduced from

laboratory testing and utilize the limit equilibrium

technique. Expression was given to estimate the

critical depth for a given anchor/soil conditions,

which separates deep from shallow anchors. Further-

more, the radius of influence of a individual anchor

on the ground surface is established, and accordingly,

the spacing between anchors can be determined to

avoid anchors interactions between anchors. The

proposed theory compared well with the theories and

the experimental data available in the literature.

Résumé Cet article présente un model analytique

pour prédire la résistance à l’arrachement et la

relation charge-diplacement pour les ancrages à vis et

plats verticaux superficiels ancrés dans le sable. Le

model est basé sur le mécanisme de rupture déduit

des essais de laboratoire et utilise la méthode

d’analyse à l’équilibre limite. En outre, une expres-

sion a été proposé pour éstimer la profondeur critique

pour un ancrage donné permettant d’identifier l’anc-

rage comme superficiel ou profond. Le rayon d’influ-

ence d’un ancrage à la surface du sable autour de

l’ancrage a été établi, et par conséquent, l’espace-

ment entre ancrages peut être déterminer pour éviter

toute interaction. La théorie proposée montre une

bonne concordance avec des résultats theoriques et

expérimentaux rapports dans la literature.

Keywords Pullout capacity � Single helical and

plate anchors � Failure mechanism � Limit

equilibrium � Load–displacement � Critical depth �
Radius of influence � Group anchors � Sand �
Geotechnical engineering

Notation

a is a constant parameter

a1 slope of the linear representation of load–

displacement of anchors

b constant

b1 intercept of the straight lines with ordinate axis

B diameter of screw anchor

dA area of an element of the failure surface

Ei initial tangent modulus

H embedment depth of anchor
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K a parametric constant

Kp
0 modified coefficient of passive earth pressure

m the exponent determining the rate of variation

of Ei with the ratio H/B

Q pullout load on anchor

Qu ultimate pullout load

r polar coordinate of a given point on the failure

surface

R radius of influence failure circle on the sand

surface

T resultant shear force acting on the failure

surface

Tv vertical component of the resultant shearing

resistance acting on the sliding surface

W weight of sand wedge within the failure

Z vertical coordinate of a given point on the

failure surface

a angle of inclination of the tangent, of a point on

the failure surface, with the horizontal

a0 the angle made by the curve with the horizontal

at Z = 0

aH the angle made by the curve with the horizontal

at Z = H

D displacement of anchor

u angle of shearing resistance of sand

c unit weight of the sand

h angle of rotation of the radius of revolution in a

horizontal plane

s mobilized shear stress along the failure surface

1 Introduction

Foundations subjected to pullout loadings rely heav-

ily on the passive resistance developed on their

elements. Anchors are known to be the best founda-

tion elements to provide such resistance. In develop-

ing analytical models for these types of foundations

depend on identifying a representative failure mech-

anism of the surrounding soil constitutes one of the

major difficulties.

In the literature, empirical relationships were

suggested to correlate the pullout capacity of a single

anchor to its geometrical properties and the charac-

teristics of the surrounding soil (Udwari et al. 1979;

Mitsch and Clemence 1985; Hoyt and Clemence

1989). Furthermore, analytical models were devel-

oped to predict the pullout capacity of single anchors

in sand based on a assumed failure mechanism; made

of a set of planes (Murray and Geddes 1987; Ghaly

et al. 1991; Ilamparuthi and Muthukrishnaiah 1999),

circular arc surface (Balla 1961; Baker and Kondner

1966; Vesic 1971) and cylindrical surface (Meyerhof

and Adams 1968; El Hansy 1980; Mitsch and

Clemence 1985). Wang and Wu (1980) developed

an upper bound solution based on a failure mecha-

nism consisted of a straight line and a log-spiral.

Ghaly and Hanna (1994b) developed theoretical

models to predict the pullout capacity of single

vertical anchors installed into shallow, transition, and

deep depths using the limit equilibrium technique

together with Kotter’s differential equation to calcu-

late the shear stresses acting on the log-spiral surface.

Recently, Dickin and Leung (1990) and Ilamparuthi

et al. (2002) have presented a thorough review of the

design theories for anchors available in the literature.

Trofimenkov and Mariupolskii (1965) and Healy

(1971) proposed a critical depth/diameter ratio of

approximately 6 to identify shallow anchors. Fur-

thermore, Vesic (1971) stated that this critical ratio

depends on the shear strength of the sand. A

rectangular hyperbola has been used to model the

load–displacement characteristics of these anchors

(Ranjan and Kaushal 1977; El Hansy 1980; Hanna

and Ranjan 1992).

Meyerhof and Adams (1968) proposed a value for

the base angle (h1) of the failure plane with the

vertical in the range of u/4–u/2. While a value of u/2

has been proposed by Clemence and Veesaert (1977),

Murray and Geddes (1987), and Ilamparuthi et al.

(2002). Based on the experimental results, Ghaly

et al. (1991) suggested a value for the angle h1 as 2u/

3 for shallow anchors. Relatively, fewer suggestions

were made for the angle of inclination of the failure

surface to the horizontal at the ground level (h2).

Balla (1961) proposed a value for the angle h2 in the

range of p/4 to u/2 for a circular failure surface.

2 Theoretical Model

Figure 1 presents single shallow vertical helical and

plate anchors in sand subjected to pullout loading.

The sand was assumed to be homogeneous, isotro-

pic and behaves as a rigid-perfectly plastic mate-

rial. In additional, the anchor’s helix and plate were

assumed to be thin and rigid and in full contact
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with the surrounding sand and the frictions between

the sand and the tie-rod and the blade surfaces are

ignored. The weight of the anchor is considered

negligible.

Figure 2 presents the failure mechanism proposed

by Ghaly and Hanna (1994a), consisted of logarith-

mic-spiral rupture surface, Thus:

Z ¼ a � lnðrÞ þ b ð1Þ

where Z is the vertical coordinate of a given point at

the failure surface, r is the radial coordinate of a

given point at the failure surface and a and b are

constant parameters. The constant a, depends mainly

on the angle of shearing resistance of the sand (u)

and the ratio of depth to diameter of the anchor

H=B½ �. B is the diameter of the helix or plate, H is the

embedment depth of the anchor.

Considering the following boundary condition

At Z ¼ 0! r ¼ B

2

Thus

b ¼ �a � ln B

2

� �
ð2Þ

Substituting with the value of b in Eq. 1, thus:

B

Single helical anchor

Qu

Sand

B

Single plate anchor

Qu

Sand

(a)  Helical anchor (b)  Plate anchor 

H
H

γ
ϕ γ

ϕ

Fig. 1 Single helical and

plate anchors in sand

Fig. 2 Typical logarithmic-

spiral rupture surface of

shallow anchors (Ghaly and

Hanna 1994a)
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Z ¼ a � ln 2r

B

� �
ð3Þ

The experimental results of Ghaly et al. (1991)

were used to calculate the different values of the

constant a for helical anchor. These values are given

in plotted in Fig. 3. It should be mentioned here that

in calculating the coefficient a, the embedded depth

of the anchor at failure Z was taken equal to H,

ignoring the vertical displacement u of anchor at

failure. Preliminary trial calculations showed that the

displacement u has no significant effects on the

predicted pullout capacity of the anchor.

Referring to Fig. 2, the pullout capacity can be

calculated as:

Qu ¼ Tv þW ð4Þ

where Qu is the pullout capacity, Tv is the vertical

component of the resultant of the shearing resistance

acting on the sliding surface and W is the weight of

the sand wedge within the failure surface.

Considering the axisymetrical conditions, thus:

W ¼
Z

V

c � dV ¼
Z H

0

Z p

0

ðr2Þ
� �

� c � dh � dz ð5Þ

where c is the unit weight of the sand and h is the

angle of rotation of the radius of revolution in the

horizontal plane.

Equation 3 can be rewritten as:

r ¼ B

2
� eZ

a ð6Þ

By substituting Eq. 6 in Eq. 5 and integrating, the

following equation can be obtained.

W ¼ p
8
� c � B2 � a � e2H

a ð7Þ

So,

W ¼ �A � e2H
a ð8Þ

where

�A ¼ p
8
� c � B2 � a

Furthermore:

TV ¼ T cos
p
2
� a

� �

Thus

TV ¼ T sin a

where T is the resultant of the shearing forces acting

on the failure surface.

For an element dZ, the angle a can be presented as

follows, using Eq. 3:

20

60

100

140

180

220

1                 2                  3                  4                  5                  6                 7                  8

Embedment ratio H/B 

,tneiciffeo
C

a
)

mc(

Plate anchor (Ilam paruthi et al., 2002)

Helical anchor (Ghaly et al., 1991)

φ = 33.5o

38.5o

43o

φ = 30o

35o

40o

Fig. 3 Coefficient (a) for

helical and plate anchors

versus the ratio H/B (Eq. 3)
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tan a ¼ dZ

dr
¼ a

r
ð9Þ

where a is the angle of inclination of the tangent, of a

point on the failure surface, with the horizontal.

Furthermore,

sin a ¼ a2

a2 þ r2

� �1
2

ð10Þ

Applying the MacLaurin series, Eq. 10 can be

written as

a2

a2 þ r2

� �1
2

¼ 1� r2

2a2
þ eðrÞ ð11Þ

After several trial calculations, it was noted that

the term e(r) has no significant effect on the value of

sin a, accordingly, it was ignored in the present

analysis, thus:

sin a ¼ a2

a2 þ r2

� �1
2

ffi 1� r2

2a2
ð12Þ

Furthermore,

sin a ¼ 1� B2

8a2
� e2Z

a ð13Þ

The resultant force of the shear stresses, T will be

determined by integrating the shear stresses along

elementary planes (dA) of the failure surface (Fig. 2)

as follows

T ¼
Z

A

s � dA ð14Þ

where s is the mobilized shear stress along the failure

surface and dA is the elemental area of a plane

element of the failure surface.

Since the analysis was performed on the actual

failure surface, the mobilized angle of shearing

resistance on the failure surface was taken equal to

the angle of shearing resistance of the sand, u (Hanna

1981), thus:

s ¼ K 0p � c � ðH � ZÞ sin u ð15Þ

where Kp
0 = is the modified coefficient of passive

earth pressure.

The value of Kp
0 varies with depth, depending on

the angle of inclination (a). The value of K 0p is equal

to the coefficient of passive earth pressure corre-

sponding to a wall inclined at an angle �a (degrees)

and having d
u ¼ 1. From Caquot and Kerisel (1948),

the coefficient of passive earth pressure for a wall

inclined at �a is expressed as:

K 0p ¼ k1 � ðcot aÞk2 ð16Þ

where k1; k2 are constants that depend on the angle of

shearing resistance (u). The values of k1 and k2 are

calculated and given in Table 1 for different values of

u.

From Eq. 9, for a given depth,

cot a ¼ r

a
ð17Þ

Therefore,

K 0p ¼ k1

r

a

� �k2

ð18Þ

Furthermore,

K 0p ¼ k1

B

2a

� �k2

�ek2Z
a ð19Þ

Thus:

TV ¼
Z

A

K 0p � c � ðH � ZÞ � sin a � sin u � dA ð20Þ

Furthermore,

Table 1 Values of k1 and k2 for different values of angle of

shearing (u)

u (degree) k1 k2 R2

10 1.7478 �0.0037

15 2.8307 �0.0886 0.9826

20 4.8251 �0.183 0.9688

25 8.6965 �0.2844 0.9534

30 16.753 �0.3934 0.9451

35 35.066 �0.5109 0.939

40 81.697 �0.64 0.938

45 220.7 �0.7842 0.9373
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TV ¼
Z H

0

Z 2p

0

1

2
B � eZ

a

� �
� k1

B

2a

� �k2

�ek2Z
a � c

� ðH � ZÞ � 1� B2

8a2
� e2Z

a

� �
� sin u � dh � dz: ð21Þ

The vertical component Tv can be rewritten as:

Tv ¼ K1I1 � K2I2 ð22Þ

where:

K1 ¼
1

2
B � k1

B

2a

� �k2

�c � sin u ð23Þ

K2 ¼
1

16

B3

a2
� k1

B

2a

� �k2

�c � sin u ð24Þ

I1 ¼
Z H

0

Z 2p

0

eðk2þ1ÞZa � ðH � ZÞ � dh � dZ ð25Þ

I2 ¼
Z H

0

Z 2p

0

eðk2þ3ÞZa � ðH � ZÞ � dh � dZ ð26Þ

Integrating Eqs. 25 and 26 gives:

I1 ¼ 2p � a2

ðk2 þ 1Þ2
� eðk2þ1ÞHa

� 2p
a2

ðk2 þ 1Þ2
þ a

ðk2 þ 1Þ � H
 ! ð27Þ

I2 ¼ 2p � a2

ðk2 þ 3Þ2
� eðk2þ3ÞHa

� 2p
a2

ðk2 þ 3Þ2
þ a

ðk2 þ 3Þ � H
 ! ð28Þ

Substituting Eqs. 23, 24, 27 and 28 in Eq. 22

yields:

TV ¼ �B � eðk2þ1ÞHa � �C � eðk2þ3ÞHa þ �D ð29Þ

where

�B ¼ p � B � k1 �
B

2a

� �k2

� a2

ðk2 þ 1Þ2
� c � sin u ð30Þ

�C ¼ 1

8
p � k1 �

B

2a

� �k2

� B3

ðk2 þ 3Þ2
� c � sin u ð31Þ

�D ¼ 1

8
p � k1 �

B

2a

� �k2

�B
3

a2
� c � sin u

� a2

ðk2 þ 3Þ2
þ a

ðk2 þ 3Þ � H
 !

� p � B � k1 �
B

2a

� �k2

� c � sin u � a2

ðk2 þ 1Þ2
þ a

ðk2 þ 1Þ � H
 !

ð32Þ

From Eqs. 8 and 29, Eq. 33 can be driven as:

Qu ¼ �A � e2H
a þ �B � eðk2þ1ÞHa � �C � eðk2þ3ÞHa þ �D ð33Þ

Equation (33) predicts the pullout capacity of these

anchors.

The experimental data of the pullout load–dis-

placement curves (Q versus D) of Ghaly et al. (1991)

and Ghaly and Hanna (1994a) were examined

following the presentation proposed by Hanna and

Ranjan (1992). After some trial, it was found that

experimental pullout load–displacement curves can

be well represented by a hyperbolic relationship.

Furthermore, the ratio of displacement (D) to the

applied pullout load (Q) versus the anchor’s dis-

placement was found to be almost linear (Fig. 4).

Thus, the following equation can be developed:

D
Q
¼ a1Dþ b1 ð34Þ

where Q is the applied pullout load on the anchor (N),

D is the corresponding anchor displacement (mm), a1

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0         1          2         3         4          5         6         7          8         9         10

Displacement, ∆(mm)  

,daol/tne
mecalpsid

∆
/ Q

)
N/

m
m(

H/B = 4

H/B = 8

H/B = 12

H/B = 16

sand with φ = 30ob 1

Fig. 4 Typical variation of the ratio of displacement/load

versus displacement of shallow anchor in sand (from Ghaly

et al. 1991)
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is the slope of the load–displacement of the anchor

ða1 ¼ ð1=QuÞÞ, b1 is the intercept of the straight line

with the (Y) coordinate axis ðb1 ¼ ð1=EiÞÞ (Fig. 4)

and Ei is the initial stiffness, which depends on / and

the ratio ðH=BÞ (expressed in N/mm).

The transformed hyperbolic form of Eq. 34 can be

presented as follows:

Q ¼ D
a1Dþ b1

ð35Þ

Equation 35 can be rewritten as:

Q ¼ Qu �
D

Dþ K
ð36Þ

where

K ¼ Qu

Ei
ð37Þ

K is a constant expressed in mm, which depends

mainly on the angle of shearing resistance of the sand

(u) and the ratio ðH=BÞ.
The experimental data of Ghaly et al. (1991), was

used to develop an expression of the parameter Ei in

terms of u and the ratio ðH=BÞ. The values of b1

obtained from these results (Eq. 34), were plotted in

Fig. 5 against the ratio ðH=BÞ for different values of

u. From this Figure, the initial stiffness Ei can be

expressed as follows:

b1 ¼
1

Ei
¼ 0:018

H

B

� ��m

ð38Þ

where m is the exponent, which determine the rate of

variation of Ei with the ratio ðH=BÞ (dimensionless

value). The values of m produced by Eq. 38 were

plotted against tan (u) in Fig. 6. Based on this figure,

the exponent m can be expressed as:

m ¼ 1:3 tan uþ 0:93: ð39Þ

It should be noted that Eq. 38 is similar to the

relationship proposed by Duncan et al. (1980)

between the tangent modulus and the confining

pressure for soil. By substituting Eq. 38 in Eq. 37,

the following equation can produced:

K ¼ 0:018 � Qu
H

B

� ��m

ð40Þ

3 Results

Equation 33 was used to calculate the pullout

capacity Qu for different values of ðH=BÞ ratios and

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

0 2 4 6 8 10 12 14

Embedment ration H/B

/1,ssenffitslaitinifo
esrevnI

E
i

)
N/

m
m(,

φ = 30o

φ = 35o

φ = 40o

Fig. 5 Variation of the

inverse of initial stiffness

(1/Ei) with the ratio H/B
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angle of shearing resistance of the sand (u). The

pullout capacity factor Nqu was then calculated using

the following equation,

Nqu ¼
Qu

cAH
ð41Þ

where Qu is the ultimate pullout load, c is the unit

weight of the sand, A is the surface area of anchor and

H is the installation depth.

Figure 7a and b present the values of the pullout

capacity factor Nqu versus the embedment ratio

ðH=BÞ as function of the angle of shearing resistance

u for helical and plate anchors, respectively. It should

be mentioned herein that the values of the constant a

(Eq. 3) for plate anchors were deduced by trials and

error from Eq. 33 using the pullout capacity results of

Ilamparuthi et al. (2002). The different values of this

constant for plate anchors were also given in Fig. 3. It

can be noted from these figures (Fig. 7a, b) that the

pullout capacity increases with an increase of the

angle u and the ratio ðH=BÞ in a hyperbolic form.

Figure 7a and b can be regarded as design charts to

predict the ultimate pullout load of vertical shallow

helical and plate anchors embedded in sand.

Ghaly et al. (1991) have proposed values for the

critical depth (Hc), which distinguish between deep

and shallow anchors. These values are presented in

graphical form in Fig. 8 and presented in this study in

Eqs. 42 and 43 for shallow and deep anchors,

respectively.

For shallow anchors

H<Hc ¼ B � ð0:4u� 5Þ ð42Þ

For deep anchors

H[B � ð0:4u� 3Þ ð43Þ

Between these two limits, the anchor is considered in

a transit zone (Ghaly et al. 1991).

Considering that:

AtZ ¼ H ! r ¼ R

where, R is the radius of the influence circle in the

sand mass at the ground surface (Fig. 2).

The values of R can be determined, from Eq. 3, as

follows,

R ¼ B

2
� eH

a ð44Þ

0

0.5

1

1.5

2

2.5

0.3           0.4            0.5            0.6            0.7           0.8            0.9             1

tanφ

(tneiciffeoc
m

)

Fig. 6 Variation of the exponent (m) with tan u
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Fig. 7 (a) Design chart for pullout capacity factor (Nqu) computation (helical anchors). (b) Design chart for pullout capacity factor

(Nqu) computation (plate anchors)
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These values are useful to establish the active zone of

each anchor, and according the overlapped areas in

the group.

The angles h1 and h2, which were defined previ-

ously (Fig. 2), can be expressed as:

h1 ¼
p
2
� a0 ð45Þ

h2 ¼ aH ð46Þ

where a0 is the angle of the curve with the horizontal

at Z = 0 and aH is the angle of the curve with the

horizontal at Z = H. Therefore:

cosh1 ¼ sina0 ¼
1

1þ B
2a

� �2

 !1
2

ffi 1� 1

2

B

2a

� �2

ð47Þ

sinh2 ¼ sin aH ¼
1

1þ B
2a

� �2�e2H
a

 !1
2

ffi 1� 1

2

B

2a

� �2

�e2H
a

ð48Þ

4 Comparison Between Theoretical and

Experimental Results

In this section, the results predicted by the proposed

theory are compared with the laboratory and field test

results available in the literature for the cases of

vertical shallow plate and single and multi helix

anchors in sand as well as other theories.

The pullout capacity for belled piles is often

determined from the theories developed for plate

anchor (Ilamparuthi et al. 2002). The available field

data on belled piles will be also used to validate the

theory developed herein. Furthermore, the predicted

values by the present theory will be compared with

the values produced by other theories available in the

literature.

Tables 2 and 3 present the predicted values of the

pullout capacity factors, Nqu, together with the results

of laboratory tests performed on plate and helical

anchors installed in loose to medium-dense and dense

sands, respectively. It can be noted from Table 2 that

the proposed theory predicts the values of Nqu within

5–22% of the experimental results for plate anchors

and within 2–21% for the helical anchors, having the

majority of these results below or around the average

of these ranges. While for dense sand (Table 3) the

proposed theory generally overestimates the results

notably for lower values of H/B. This is due to mainly

the dilatation effect generated in the sand mass at

shallow depths during anchors installation. In order to

overcome these persistent problems, trial calculations

were performed using the modified friction angle u*

proposed by Davis (1968), Drescher and Detournay

(1993) and Michalowski (1997) as follows:

0

2

4

6

8

10

12

14

16

18

25 27.5 30 32.5 35 37.5 40 42.5 45 47.5 50

Angle of shearing (φ)

oita
Rtne

mdeb
m

E
B/

H

Zone of Shallow 
anchors

Zone of deep
 anchors

T.Z

T.Z.: Transition zone

Indication

Ghaly et al. data 
( 1991)

Fig. 8 Variation of critical

height (Hc) with the angle

of shearing (u) and the

diameter (B)
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tan u� ¼ cos w sin u
1� sin w sin u

ð49Þ

where w is the dilatancy angle of sand, which is

approximately equal to u� 30 deg (Bolton 1986).

The predicted values of Nqu for dense sand using the

modified friction angles are also given in Table 3,

where better agreement can be noted, especially for

the cases of H/B < 6, which represent the practical

range for shallow anchors.

The field data available in the literature for the

pullout capacity of plate, single and multi helical

anchors and belled piles are used to validate further

the present theory. The results of this comparison are

presented in Table 4 where good agreement can be

noted (for dense sand, u � 40 deg, calculations were

Table 2 Comparison

between the predicted

values of the pullout

capacity factor from present

theory with available

laboratory test results

(loose-medium dense sand)

Reference B(mm) H/B u(8) Measured

Nqu

Predicted

Nqu

Deviation

(%)

Ilamparuthi et al. (2002)

(plate anchor)

100–400 2 33.5 7.6 6.7 11.8

4 17.3 20.2 14.3

6 29.6 30 1.3

8 46.4 40.8 12.0

2 38.5 9.6 9.4 2.1

4 22.7 22.3 1.7

6 39.9 37 7.2

8 60.6 63 3.8

Fadl (1981) (plate anchor) 75 4 36.5 20.2 21.5 6.0

6 34.8 28.6 17.8

8 54.2 42 22.5

4 41.5 24.8 27 8.1

6 44.1 46 4.1

8 66 70 5.7

Andreadis and Harvey

(1981) (plate anchor)

N.A. 4 38 26.2 25 4.6

6 37.6 38 1.1

8 57.7 51 11.6

Balla (1961) (plate anchor) 60–120 2 38 9.5 12 20.8

4 21.6 23 6.1

6 37.7 40 5.7

Ghaly et al. (1991)

(Single helix)

50 2 30 12.7 15 15.3

4 21.9 27 18.8

6 35.6 42 15.2

8 53.9 51 5.4

2 35 12.6 16 21.2

4 27.8 35 20.6

6 46.6 59 21.0

8 69.3 77 10

2 40 14.6 18 17.8

4 33.2 40.5 18.0

6 54.9 68 19.2

Ghaly and Clemence

(1998) (Single helix)

50 4 31 22.7 21 7.5

8 56.9 49.5 13.0

4 36 28.6 30 4.7

8 71.8 73 1.6
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performed using the modified friction angle u*

defined by Eq. 49).

The comparisons presented in Tables 2, 3 and 4

are also presented in graphical forms in Fig. 9, where

good agreement between the measured and the

predicted values can be noted. Although these results

are within the acceptable range in the field of

geotechnical engineering, the discrepancies reported

could be due to the disturbance in the sand mass

which takes place during installation, sand dilatancy

(Rowe and Davis 1982), overconsolidation of the

sand (Hanna and Carr 1971) and the flexibility of the

anchor’s helix or plate (Abdel Rahman et al. 1992).

In additional, the values of the pullout capacity

factor predicted by the proposed theory are also

compared with those produced by other theories

available in the literature. The results of this

comparison are presented in Table 5, where good

agreement can be found with the theory of Ghaly and

Hanna (1994b) for helical anchors and Murray and

Geddes (1987) for plate anchors. The discrepancy

noted between the results of the present theory and

Table 3 Comparison between the predicted values of the pullout capacity factor from present theory with available laboratory test

results (dense sand)

Reference B (mm) H/B u(8) u�(8)
Eq. 49

Nqu Nqu (present theory) Deviation
(%)

Measured Predicted
with u

Predicted
with u�

Baker and Kondner (1966)

(plate anchor)

76 2 42 38 7 12 9.3 24.7

4 18 26 21 14.3

6 42 45 39 7.1

Murray and Geddes (1987)

(plate anchor)

50.8–88.9 4 44 39.3 22 26 23 4.3

6 40 46 41 2.4

8 70 72 62 11.4

Bemben and Kupferman (1975)

(plate anchor)

76–152 2 46 40.5 12 13 10.5 12.5

3.5 30 24 23.5 21.6

5 50 37 34 32

Ilamparuthi et al. (2002)

(plate anchor)

100–400 3.91 43 38.7 18.98 25 22 13.7

5.99 45.04 44.5 39 13.4

6.91 48.36 57 50 3.3

Sutherland et al. (1982) (Single helix) 25–76 3.9 41.5 37.7 19 23.5 21 9.5

Ghaly and Clemence (1998) (Single helix) 50 4 42 38 38.1 36 33 13.4

8 98.7 85 79 19.9

Table 4 Comparison between the pullout capacity factor from present theory with available field results

Reference H (m) H/B u(8) Measured Nqu Present theory Nqu Deviation (%)

Sutherland et al. (1982) (Single helix) 4.572 1.91 42 (u� ¼ 37:3 deg) 17.5 14.7 16.0

5.18 2.17 42 (u� ¼ 37:3 deg) 19.3 15.6 19.1

7.0 2.94 35 22.8 23.1 1.3

Mitsch and Clemence (1985) (Multi helix) – 4 45 (u� ¼ 39:9 deg) 52 36.6 29.4

– 6 45 (u� ¼ 39:9 deg) 73 58.3 20.1

Kananyan (1966) (Plate anchor) 3.48 8.56 37 48 57 15.8

Kwasniewski et al. (1975) (Plate anchor) 1.90 2.71 28 6.93 6.8 1.9

Downs and Chieurzzi (1966) (Belled pile) 2.77 3.71 24.7 9.13 8.6 5.8

u� was deduced from Eq. 49
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other theories can be attributed mainly to the

assumptions used in developing these theories. Like-

wise, the predicted values of Nqu for dense sand were

computed with the modified friction angle u�.
Figure 10 presents comparison between the load–

displacement curves produced by the present theory

and those available in the literature, where good

agreement can be found.

5 Design Procedure

The following procedure is recommended to deter-

mine the ultimate pullout load and the load–displace-

ment characteristics of a single vertical shallow

helical and plate anchors in sand:

1. Given the angle of shearing resistance of the sand

ðuÞ and the base diameter (B) of the anchor helix

0
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= 33.5° (Ilamparuthi et al. 2002)
=38.5° (Ilamparuthi et al 2002)
=36.5° (Fadl 1981)
=41.5° (Fadl 1981)
=38° (Andreadis and Harvey 1981)
=38° (Balla 1981)
=30° (Ghaly et al. 1991)
=40° (Ghaly et al. 1991)
=31/36° (Ghaly and Clemence 1998)
=42° (Baker and Kondner 1966 )
=44° (Murray and Geddes 1987)
=46° (Bemben anf Kupferman 1975)
=43° (Ilamparuthi et al 2002)
=41.5° (Sutherland et al 1982)
=42° (Sutherland et al. 1982) 
=37° (Kananyan 1966)
=28° (Kw as niew ski et al1975)
=24.7° (Dow ns and Chieurzzi 1966)

Fig. 9 Comparison

between the measured and

the predicted values of the

pullout capacity factor

(laboratory and field data)

Table 5 Comparison between the pullout capacity factor of the present study and the results produced by other theories

H/B u(8) Predicted Nqu

Present theory Balla

(1961)

(P)

Vesic

(1965)

(P)

Mariupol’skill

(1965) H/B = 2,

3 & 4 (P)

Matsuo

(1967)

(P)

Meyerhof

and Adams

(1968) (P)

Saeedy

(1987)

(P)

Murray and

Geddes

(1987) (P)

Ghaly and

Hanna

(1994b) (H)(H) (P)

3.0 25 9.9 7.1 6.3 3.4 2.0 5.3 4.6 3.1 7.52 10.1

35 19.3 13.6 7.1 4.5 3.2 7.1 9.3 6.5 10.97 12.5

45 (u� ¼ 39:9Þ 24.1 16.4 8.1 5.5 4.7 9.8 13.7 9.8 14.53 20.1

5.0 25 21.3 13.4 7.9 6.8 2.6 9.5 12.4 8.3 14.84 17.4

35 36.1 25 15 13.9 5.1 12.0 19.5 16.8 22.85 30.1

45(u� ¼ 39:9Þ 44.6 31.7 20 15 7.2 17 29.2 35 31.37 43.8

7.0 25 34.6 23.1 12.3 10.2 35.3 13.4 24.3 18.6 26.42 29.7

35 57.2 41.7 26.5 24.1 46.5 20 32.8 31.2 38.94 50.3

45(u� ¼ 39:9Þ 69.7 53.6 39 37 60 30 47.5 56 54.38 78.1

H = Helical

P = Plate
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or plate, determine the critical depth (Hc) using

Eq. 42. The anchor is considered to be shallow if

its depth (H) is less than Hc.

2. Use Fig. 3 to estimate the value of (a), knowing

the values of u and the ratio H/B.

3. Use Eq. 44 to calculate the radius of the

influence circle in the sand mass at the ground

surface, R. The anchors will perform as singles

anchors if they are placed at a distance S,

where: S � 2R. If however S � 2R, interaction

between individual anchors may take place,

designer may exercise the option to adjust

spacing between anchors or to determine the

group efficiency.

4. Determine the values of k1 and k2 from Table 1.

5. Knowing the unit weight of sand (c), estimate

the uplift capacity of the anchor (Qu) using

Eq. 33 or from the design charts given in

Figs. 7a and b.

6. For the load–displacement relationship, calculate

the value of K using Eq. 40.

7. Knowing K and Qu, the load–displacement

relationship of the anchor can be established

using Eq. 36.

It is important to note that, for the case of anchors in

dense sand it is recommended to use the modified

angle of shear resistance, u�, which can be deter-

mined from Eq. 49.

6 Conclusion

The cases of single vertical plate and helical anchors

in sand have been investigated. The following

conclusions were drawn:

1. The observed failure mechanism of Ghaly and

Hanna (1991), was used to develop theories to

predict the pullout capacity and the load–dis-

placement characteristics for these anchors using

the limit equilibrium method of analysis.

2. Empirical expression is presented to determine

the critical depth of anchors, which separates the

shallow from the deep. The critical depth

depends on the diameter of the anchor base and

the angle of shearing resistance of the sand.

3. Empirical expression is presented to determine

the radius of influence on the ground surface of

individual anchors. Accordingly, spacing be-

tween anchors can be established to avoid

overlap of the stress zones of these anchors. In

case of overlap, group action should be taken into

consideration in determining the capacity of

individual anchors.

4. The predicted values by the proposed theory

compared well with the experimental and field

data of single and multi helix, plate anchors and

belled piles in loose and medium-dense sand.

Discrepancies were noted between the calculated

Fig. 10 Comparison

between theoretical load–

displacement curves and

experimental results
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and the measured results for these anchors in

dense sand, which believed due to the dilatancy

effect at shallow depths. In this case, it is

recommended to use the modified angles of

shearing resistance as described herein.

5. The predicted load–displacement curves for

these anchors by the proposed theory compared

well with the results produced by other theories

available in the literature.

6. Design charts and design procedure are presented

for practical purposes.

Acknowledgments The financial support from the Natural

Science and Engineering Research Council of Canada

(NSERC) and Concordia University are acknowledged.

References

Abdel Rahman MA, Othman MA, Edil TB (1992) Effect of

plate flexibility on behaviour of shallow anchors. Soil

Found Jpn Soc Soil Mech Found Eng 32(3):137–143

Andreadis A, Harvey RC (1981) A design procedure for

embedded anchors. Appl Ocean Res 3(4):171–182

Balla A (1961) The resistance to breaking-out mushroom foun-

dations for pylons. In: Proceedings of the 5th International

Conference SMFE, Paris, France, vol 1, pp 569–576

Baker WH, Kondner RL (1966) Pullout load capacity of a

circular earth anchor buried in sand. Highway Research

Record, No. 108, pp 1–10

Bemben SM, Kupferman M (1975) The vertical holding capacity

of marine anchor flukes subjected to static and cyclic

loading. In: Proceedings of the 7th offshore technology

conference, Houston, Texas, OTC2185, pp 363–374

Bolton MD (1986) The strength and dilatancy of sands. Geo-

technique 36(1):65–78

Caquot A, Kerisel J (1948) Tables for the calculation of passive

pressure, active pressure, and bearing capacity of foun-

dations. Gauthier-Villars, Paris, France

Clemence SP, Veesaert CJ (1977) Dynamic pullout resistance

of anchors in sand. In: Proceedings of the International

Symposium on Soil-Structure Interaction, Roorkee, India,

pp 389–397

Davis EH (1968) Theories of plasticity and the failure of soil

masses. In: Lee IK (ed) Soil mechanics, selected topics.

Butterworths, London, pp 341–380

Dickin EA, Leung CF (1990) Performance of piles with en-

larged bases subject to uplift forces. Can Geotech J

27:546–556

Downs DI, Chieurzzi R (1966) Transmission tower founda-

tions. J Power Div ASCE 92(2):91–114

Drescher A, Detournay E (1993) Limit load in translational

failure mechanisms for associative and non-associative

materials. Geotechnique 43(3):443–456

Duncan JM, Byrne P, Wong KS, Mabry P (1980) Strength,

stress-strain and bulk modulus parameters for finite

element analysis of stresses and movements in soil mas-

ses. College of Engineering, University of California,

Berkely, Calif., Report No. UCB/GT/80-01

El Hansy RM (1980) Behaviour of shallow anchors. M.Sc.

thesis, Faculty of Engineering, Alexandria University,

Egypt

Fadl MO (1981) The behaviour of plate anchors in sand. Ph.D.

thesis, University of Glasgow, Glasgow, Scotland

Ghaly AM, Clemence SP (1998) Pullout performance of

inclined helical screw anchors in sand. J Geotech Geo-

environ Eng 124(7):617–627

Ghaly AM, Hanna AM (1994a) Model investigation of the

performance of single anchors and groups of anchors. Can

Geotech J 31(2):273–284

Ghaly AM, Hanna AM (1994b) Ultimate pullout resistance of

single vertical anchors. Can Geotech J 31(5):661–672

Ghaly AM, Hanna AM, Hanna M (1991) Uplift behavior of

screw anchors in sand. I: dry sand. J Geotech Eng ASCE

117(5):773–793

Hanna AM (1981) Foundations on strong sand overlying weak

sand. J Geotech Eng ASCE 107(GT7):915–927

Hanna AM, Ranjan G (1992) Pullout-displacement of shallow

vertical anchor plates. Indian Geotech J 22(1):55–62

Hanna TH, Carr RW (1971) The loading behaviour of plate

anchors in normally and over-consolidated sands. In:

Proceedings of the 4th European conference on soil

mechanics and foundation engineering, Budapest,

Hungary, pp 589–600

Hanna TH, Sparks R (1973) The behaviour of preloaded

anchors in normally consolidated sands. In: Proceedings

of the 8th international conference on soil mechanics and

foundation engineering, Moscow, vol 2, pp 137–142

Healy KA (1971) Pullout resistance of anchors buried in sands.

J Soil Mech Found Eng Div ASCE 97(SM11):1615–1622

Hoyt RM, Clemence SP (1989) Uplift capacity of helical

anchors in soil. In: Proceedings of the Regional South

America conference on soil mechanics and foundation

engineering, Rio de Janeiro, Brazil, vol 2, pp 1019–1022

Ilamparuthi K, Muthukrisnaiah K (1999) Anchors in sand bed:

delineation of rupture surface. Ocean Eng 26:1249–1273

Ilamparuthi K, Dickin EA, Muthukrisnaiah K (2002) Experi-

mental investigation of the uplift behaviour of circular plate

anchors embedded in Sand. Can Geotech J 39:648–664

Kananyan AS (1966) Experimental investigation of the sta-

bility of base of anchor foundations. Soil Mech Found

Eng (Moscow) 3(6):387–392

Kwasniewski J, Sulikowska I, Walker A (1975) Anchors with

vertical tie rods. In: Proceedings of the 1st Baltic con-

ference, soil mechanics and foundation engineering,

Gdansk, Poland, pp 122–133

Mariupol’skill LG (1965) The bearing capacity of anchor

foundations. Russ Soil Mech Found Eng (English trans-

lation), pp 26–32

Matsuo M (1967) Study on the uplift resistance of footing. Jpn

Soc Soil Mech Found Eng Soil Found 7(4):1–37

Meyerhof GG, Adams JI (1968) The ultimate uplift capacity of

foundations. Can Geotech J 5(4):224–244

Michalowski RL (1997) An estimate of the influence of soil

weight on bearing using limit analysis. Soil Found

37(4):57–64

Geotech Geol Eng

123



Mitsch MP, Clemence SP (1985) The uplift capacity of helix

anchors in sand. Uplift behavior of anchor foundations in

soil. In: Proceedings of a Session Sponsored by the

Geotechnical Engineering Division of the ASCE,

Michigan, pp 26–47

Murray EJ, Geddes JD (1987) Uplift of anchors plates in sand.

J Soil Mech Found Eng Div ASCE 113(GT3):201–215

Ranjan G, Kaushal YP (1977) Load-deformation characteris-

tics of model anchors under horizontal pull in sand.

Goetech Eng Bangkok, Thailand 8:65–78

Rowe RK, Davis EH (1982) The behaviour of anchor plates in

sand. Can Geotech J 32(1):25–41

Saeedy HS (1987) Stability of circular vertical anchors. Can

Geotech J 24(3):452–456

Sutherland HB, Finlay TW, Fadl MO (1982) Uplift capacity of

embedded anchors in sand. In: Proceedings of the 3rd

international conference on the behaviour of offshore

structures, Cambridge, Mass., vol 2, pp 451–463

Trofimenkov JG, Mariupolskii LG (1965) Screw piles used for

mast and tower foundations. In: Proceedings of the sixth

international conference on soil mechanics and foundation

engineering, Montreal, Canada, vol 2, pp 328–332

Udwari JJ, Rodgers TE Jr, Singh H (1979) A rational approach

to the design of high capacity multi-helix screw anchors.

In: Proceedings of the seventh IEEE/PES, transmission

and distribution conference and exposition, New York, pp

606–610

Vesic AS (1965) Cratering by explosives as an earth pressure

problem. In: Proceedings of the 6th international confer-

ence of soil mechanics and foundation engineering,

Montreal, Quebec, vol 2, pp 427–431

Vesic AS (1971) Breakout resistance of objects embedded in

ocean bottom. J Soil Mech Found Div ASCE

97(SM9):1183–1205

Wang MC, Wu AH (1980) Yielding load of anchor in sand. In:

Proceedings of the ASCE, application of plasticity and

generalized stress-strain in geotechnical engineering,

Hollywood, Florida, pp 291–307

Geotech Geol Eng

123


	Pullout resistance of single vertical shallow helical and plate anchors in sand
	Abstract
	RÕsumÕ
	Introduction
	Theoretical Model
	Results
	Comparison Between Theoretical and Experimental Results
	Design Procedure
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


