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| OMBSTRACT -
Pullout Capacity'of Inclined
Strip'Anchor Plates in Sand

Adolfo Foriero - ' R

¢

2 . 4
b o .

"The .mork discussed in this thesis provides a theoretical and
experiaentﬂ study of the behavior of a shallow, incl ined strip i
anchor plate subjected to an axial tensile lgad in sand.. The pullout
éaj;icity of the anchor is studied in relation eo its axial inclination.

Two lamlyticai 'pmcedu;'ef used to”eﬁtiute the pullout capacity \
in terms of anchor geometry, inclination,'adep;th of; embedment and soil |
prepertiés are presented The analytical methods. presented are checked
'against laboratory ‘and pubHshed dau ‘

Modél tests were carried out in the laboratory to dctemine the
effect of irklination on the ul timte uprt capacity of the anchor
plate when subjected te 1n_tlined uplift forces in dense sand. it
was found that the ultiu&e up1ift resistance of the anchor increases’

" as the engl'e of ‘pu'll increase’s from the'vei-tica .; At ultimate ,faﬂure;
' sc;i'] mass of rbughly truncated conii;al ~shape,is Tifted up, the sur-

face of which reaches the ground level.
: ) _

o
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CHAPTER |

INTRODUCTION

»
+
-~
S

NdeReRACE L oL
o Sofl anchors (both on land and offsﬁpre)\suﬁpdrting structures
subjected to tensﬁ1ev1oading are in increasing demand. iOn'land,

- anchors are of particular impbrtapce in' the design oﬁhtransmission
towers as well as radio and television towers. \Offshbre'a5p1ic5tions-
of ;nchdrs‘often appear in the design and construction of dégp-sga
habitats or in repositioning of deeb-ééa platforms. In these cases,

- the requirement for uplift resistance is mainly due to Qind and earth-
d \ il (

1/

. quake loading,

' ¢ B . R
Ay * /
v - - :
y R . °
/s . N, )
¢

1.2 RESEARCH OBJECTIVES - S o N

€'.The ovefall Abjectives of this study are’toyinveséig;te'the effect (
. - of some important variables on anéhqr pullout capaéity} More specificai]y,>//
the ijgctives’éf this research are: | -
~.a) ‘to deveiop a method for estimating the puiiout capacity of o 1.
shallow strip aﬁcﬁpr‘p]ates ;ubjected'tq axial ;ens11e,10ads;
s

. b) corroborate thése‘estimat3ons via‘coﬁparigon with published

data as well ‘as laboratory testing of a smalliscéle‘anchOf

-

Nate.‘ " ) o vl .. o . v
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&
/

e The variables considered are the depth of the anchor and 1ts
ini)ination In this theSIS, the upper bound Timit theores and the limit
sgu111br1um concept are euployed for the theoretical analyses. The

/ﬁlast1c!1mit theorem shall provide an upper bound of the true collapse
/
/ load. The limit equi]ibrium uethod has some similarities to the upper
//( -bou;d method. Unless it can be demonstrated however that the chosen
/ .+ rupture surface possesses a k1nenatica11y adnissible velocity f1e1d
/ ,‘it is not -quite certain that the solution is an upper bound.
/ . " ‘
/ , . . 7 o : .
Ve .37 ©© LITERATURE REVIEW o

* —
. L}
(

1.3.> LABORATORY STUDIES o ,

Exﬁbnsive investigations of pullout cépacity of anéhors in ordinary

« - o .
terrestridl soils exist. Numerous éxperiments were done on anchors at
a1 depths (16, 5K, 35, 3, 47, 5p:53h

q‘ (6, 7,?[8?'14, 18, 19, 42, 48) and heep anchors only.. These‘tesxs.

as well as for shallow anchors

,' however, were pFimarin performed on anchors: subjected to vertiqai‘and/—

_" . ﬁdrizontal pullout forces. ngn1y“a limited amount qf-laboritory expériments
involved . inclined plates pulled out by centrally-inclined Toads in. the
direction of the plate axis. -
. \ -M,“

ﬂo?el uplift tests on inclined anchor plates of varioﬁs’shspes
were carried out in sand (Bhalla, 1970, end”vglliappan, 1970) at the |

" Nova Scotia Technical College. The test results were. plotted in potar -
A " H ' N "

)

¥

~

o




”

diagrams to exhibit the ultimate loads for various inclinations of the ~

|
anchors (see Figure 1,1). From.these results, it can be concluded that the — .. .
E,m

uplift capacity of axially-]oaded'ihclined anchors exceeds that of the-

ho;izontal lates: '
et e | A

H

Meyerhof (1968) extended his theory of vert1ca1 uplift to, 1nel1ned
anchbrs under axial loads.’ H\S theory and test results demonstrated

that the ultimate load is expressib1e in tenus ‘of uplift coefficients

. which are functions of the fr1ction angle of the soil and the founda-

t1oqbdep;h. He observed a roughly truncated pyramidal shape which
liftedsup wheti the anchor was Toaded to failure (see Figure 1.2).

For snallow anchors, the'fa11ure surface reached fhé ground lavel
whereas for %ﬂ' depths, 1ocal shear failure occurred near the
anchor.. For vertical up1ift, he expressed the ultimate load of shallow

anchors in sand as

=‘ 2 ‘
Q, = (yDck,/2H) A +W cos o,

where: ., A = Area of anchor plate
H = Height of anchor plate
Do =',Depth of anchor plate from ground surface to the

» t:  bottom of the plate

x
[}

b Uplift coeffif{;;g Ot

W = MWeight of the anchor and soil maks vert1ca11y

. above the anchor plate . -
- a, = Load inclination from the vertical, axis

vy = Initial unit weight of the soil .

\
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The uplift coefficients kb for shallow strip anchors were deter-

. mined and graphed (see Figure 1.3): For a given friction angle,

the values of kb decreased with the load inclination from a maximum.

(for’ horizontal pull) to a minimum (for a vertical uplift).

Meyerhof (1973) extended his theory further by introducing an
inclination factor iu,”which allows the determination of the uplift

capacity Qu of an in¢lined anchor in terms of the resistance Quo of
A

an anchor under vertical uplift by means of )
-
1.2

<

where : Q, = Ultimate load of inclined anchor,, oo ke

1u = Inclination factor

Quo= Ultimate load of vertical anchor.

The graph obtained showed the experimental values iu decrea-

-

- sing with the ratio D/H (see Figure 1.4). For shallow anchors,

v

Meyerhof (1973) developed a theoretical relationship relating the

A
.inclination factors to the angle of inc1inatjon, which is formulated

as follows: ) ‘ .

v

L R PR Y CWE L 1.3

jag 4

A o

~

where; 1u-= Inctination faétor

a, =-Inclination of base,

»

e

~
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: p1ate normal to thé tensile load. He observed the up]1ft of a -large

S A

‘Tran-Vo-Nh1em (1971) used a two-dimensdonal analog mode1 to study the
. “behavior of a pu]ve;y]ent soil during the ob]ique up1ift of an ansxor

zone of soii m&sg\_gﬁénst the upper face. At the same time, there was

~sett1ement of the soil towards the lower face°of the anchor (seé\ '

-

Figure 1.5): These two-zones of maJor deformation spread out when the
inc11nation of the inchor and- hence of the\force, increased. 6n the
basis of the preceding observattons 1t was shown that it’ is possible,

o

culate the 1imit of resistance to, oblique up1ift of this type of anchor.

assuming perfect plasticity.of certa1n .zones. of the soil mass, to cal-

Test results are compared with theoretical results for different anchor-

A
soil frictions (see Figure 1.6).

.“x\ ‘ o )
» - ) »
TS
; - . “
l‘* K]
/;f
r . , N
) Figure 1.5: Assumed Failure Planes
oo ‘ for Inclined Load -
Tr&n-Vo-Nhiem (1971)
" , t ' '
¢ - ) x
' ' ' - /.
£
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+ Tests on analogous model: - ¢ = 26°, H = 10.cﬁ.
1: wedge anglesa} =a; =0 ' T
2: wedge angles £/9= a =4 ‘ o
3. wedge angles a; = -, 02 ° 0 :‘ .
4: wedge angles ay = -a /2, az = 0
5: wedge angles-~wi = -a,02 = 0 -
6: hypothesis Sy = ép = 0, Kfl = P¢ " ‘ - | \ -
7: hypofhgs1§ 8 = 5p =0, Kfl = P¢, Kfzu'= byu. max. *
8 and 9: ab = ¢Q_Kfz = bi¢, Kfzu = byu. max

Figdre 1.6: Experimental and Theoretical Results for Inclined Anchor -
Tran-Vo-Nhiem (1971) ot :
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r In a recent study carried put by waﬁg and Wu (1980), the anchor

/ f)rgb'lem was investigated bbth analytically and experimentally. ﬂThe
theorsticﬂ analyses.was conducted using the upper boUnq 1imit theorem,
 which will be used in this thésis;a. The variables investigated were
.‘anchor or;i'entation, embedment depth, internal friction ‘angi'e of sand |
_and ahchorrfrictign. Based on experiment‘av'_lfpbservatior“\s, the failure’
zone was approxim&ted by two straight 'Iine; and one segment of loga-
rithmic spiral (see Figure 1.7). Although the experimepta'l re\sq'lsts
agreed fai’:ﬂlya well, with fhe‘theory, an éssociative flow rule was )
assumed. ‘The “theory did not take into account the fact that the =
generated soil -particle displacement is different from the stress
charactgrisitic pa'i—t;ey-n on whichf‘tqhe stresses have the maximuﬁ oquuity\_

“of _therangle ¢. In this thesis, this fact has been consid;‘red.by

L v
introducing the angle of dilatancy v. . o .
\ \ / .:.’
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Figure 172 General Shear Failure for ' p}
’ R Shallow Anchors - Wang & Wu (1980)
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1.3.2 FULL SCALE FIELD STUDY . ‘ "

Kanayan (1966). pgrformed experiments under field conditions on
founda{tion models with a.slab, whose diameter was 1/3 the siz€~of the .
support fo&ndations; of é]ectrica] transmission lines. The purpose
of his test was to ascertain the pullout capacity under vertﬁny-

as well as obliquely-acting forces at constant depth, The size and

N

shape of the zones of propagation were also investigated. Graphs of

the pullout inclined force (depending on axial displacement) showed

that .the ihc'lination of the anchor increases the pullout capacity.

This increa:&is due to an increase of the surfaces of shear and of '
their change in form (see Figures 1.8 and 1.9 ). Consequent to the
asymmetric character of the conditions of the slab, Kanayan also

observed .that the displacement of the anchor proceeded with a deflection

S

upward and not in the direction of the acting force.

. .

On the bésis of his experimental dai:a, diagrams of surface
.displacements for différent steps of loading were ,‘constructed {see

.Figur‘es 1.10 and 1.11). Vertical displacements reach a maximum in a
/ N . L 30
zone situateq above the slab. For inclined anchors, failure with an

-~

upward movement of the soil occurs in a zone situated above the slab,

ﬁst as for the vertical case. .
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; minimum. value of Ep ‘(see Figure 1.12)."

1.3.3 PASSIVE EARTH PRESSURE . THEORIES

J N ¢ - 3
a

The classical ’e‘arth.bressure theory was formulated in 17767by
Cou’lwb;‘ The principle behind his method con.éists of considering an
earth wedge bounded:by the surface, the wall and a straight rupture;

Vine through the foot of the wall,. By projecting all f'orces‘(ac'ting

he was able to obtain the critical failure plane, which yielded the
. « b S

/s .
!y Assumed Failure
1y, 7, Surtaces

13-

‘upon this wedge) onto a line making an angle ¢ with the.ﬁ')pture line,
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14,

“

In 1857, Rankine approached the earth 'pressur:é' brob}ewfrom'an

entirely different point of view, ‘He considered the case of a semi-

-]

infinite cohesionless earth mass with a sloping surface and assumed :

. the whole earth mass. to be in a state of failure. Thereupsn, he showed «

that two §ystems of .jtraight parallel Tines,  intersecting at angles of ,

9G "+ ¢ formed the rupture line (see Figure 1.13). On a, smoot‘h' retain- * -
ing wall . Rankine's péssive‘earth pressure is ‘ e '

4
2

- ,
- k 1.4
™~ A ' E‘p ]/2. p Y h i ! R
where: k_ = tan (45 + ¢/2) S .o N 5
) P ) o~ o
k= Initial unit weight of the soil ) ’
) .
" h = Height of wall .
« E_ = Passive force on the retaining wall.

wWall _. .~
surface

. T Possve Ranking state L

8 = 45° + ¢/2

" Figure 1.13: :Passive Rankine State of Vertical Wall

. ' S
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Tefzaghi (1948) adopted an aﬁternqte method for predicting the :
passive earth pressure. ‘f/ggment equﬁ1ibriyﬁ condition for the soil
wedge iﬁ‘front ofia slab was égudied by tﬁking moments of all forces
Qbout the center of - the 1qgérithmic.&pira1. Utilizing a trial and
erro} procedure, thé rupture surface giving the minimum passive

resistance was obtained (see Figure 1.14).
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Caquot and Kérizel '(1948) derived solutions‘:or the passive .
pressure acting on the face of a wall. The values were obtained by
integrating the differential equatiéns governing the conditions of
limiting equilibrium in a soil mass. Such conditions give rise to -
infinite 1imiting equilibrium conditions of which only one is‘valid
for a given angle of stre?sz(exeried against the plaﬁe). An important -
aspect of this theoryiis that the wall friction ‘angle & depends on the
direction'of wall movemen? relative to the 50il. 1In all of the previously-
discussed earth,pgessure theories, the relationship between the direc-
tion of wa]lfmqvément aﬁd the change in wall friction ;ng1e is rafely

discussed,

1

Via 1imit analyses, Chen (1975) developed tébles for passive
pressure results. By using s1ip line and velocity fields, the coeffi-
cients of passive pressure were calcu]éted by equating the rate of
work done (by externa1 forcess to thé rate of internal energy (dissi-
pated). Assuming that the motijon is everywhere continuous on a simply-
connected body (in the mathematical.sense), the velocity field
was defined to be “kinematically admissible™. Hence, for kinematically
admissible velocity; fields, the load computed by equating the dissipated

internal energy to the-external work done is an upper bound of the -

true collapse load. ©

< ' B I
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It is interesting to{note that in the previously-mentioned
passive pressqre‘theoriesl>there)ﬁs‘no difference between slip lines
and %ai]ure p1ane;?““1?~2;e normality condition Es obeyed (the plastic
Timit theorem ho1dsz, then the directions of the stress and ve]oci%y
characteristics will coincide. Poorooshasb et al (1967) demonstraﬁed
thae velocity and stress characteristics have, nevertheless, di?feren}
directions. In spite of this, the p]ast1c 1imit theorem shall sti]]
be utilized for comparative purposes in this thes1s Therefore,
the slip lines (observed in the model test) represent.a ve]oc1ty
charccterlst1c. The d1rect1on of the resultant tra t1ons (along
a velocity characteristic) form an ang]e ¢ with the formal to the

velocity characteristic, just as they would along a /stress charac-

teristic.

2

Furthermore, it should be noted that the concept of progressive
, .
failure has also been neglected in such theories. Hanna (1978)
discussedshear failure in the soil under a footing in germs of pro-

gressive rupture at variable stress levels. These results indicated

‘a decrease of the 6§ values. Consequently, a variation of the

.locally-mobilized angle-of shearing resistance was assumed. r This

hypothesis was acceptable and repreEented reality because’ the proposed

parabola was the difference be tween the assumed and real failure planes,

which in turn had a direcf effect upon the & values. This method
shall also be used in the limit equilibrium analyses df the problem

considered herein, .




. o CHAPTER 2 .
v/ . '

EXPERIMENTAL INVESTIGATION

INTRODUCTION - S T

Model tests were carried vut with a continuous a]\uminum plate in

‘a homogeneous medium of sand. The purposes of these. tests were:

,..
\ \\

(i ) to verify the accuracy of the proposed theory ‘for predicting
the holding capacity of inclined anchor plates.

(ii ) to gain‘more knowledge in.the characterization of anchor

ptate behavior. -

i3 Al

(ii1 ) to sfudy, experimentally, the pressure distribution'developéd .

on the plate surface.

- (iv ). to study plate mévemen}.'
.7 V3 .

2.1 v . GENERAL DESCRIPTION

£

- The experimental set-up comprises a Plexiglas test tank .

" The ’1nside dimensions of the tank are 6 inches wide, 48 inches long

and 40 inches high (see Figures 2.1-a to 2.1-d)." The rai’nfal'\l method

7

F
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Yo ) was fused ta-place sand in the tank. The sand was.depasited in a box
B lying on a framé at a fixed’height above the tank. Once an arborite
3 . , ‘
v ! . plate*was pulled through a slot at one end of the box, the sand filtered-

. ‘ through a metallic mesh. .
s, R | ‘ -

The test anchor was placed a¥a constaat height and at var1ous

< ang1e§ of inclMation, It was pulled by a r at a constant ‘displa-
cement ‘rate. The desjgn/allows maximum axial loads of up to 500 pounds.

wer ¢ After the completion of one test series, the tank was emptied by a

yacuum suction pump. L b
vy ‘ ¢ ’ ' .* “ : )
_— 5. ' I3 B s . ‘: |
‘ < - 2.2 o TESTING FACILITIES
’\‘ ;i‘ . | “/\/ '
. N te ! . N . ) . gl
The loading frame and the loading equipment made up the wain -
5 . , - facility us&d in thjs experimental set-up (see Figyre 2.2).
\ 2. 21 LORDING FRAME L
1 , . o ) * ) . Y
- ( . A3
o The frame was des1gned for uplift loads‘of up to 500 pounds

The maJor cons1derat1on ‘was deflection as it could 1nf1uence the
expen1mep;a] results. A detailed description of the frame is given

, in Figures 2.3-a to 2.3-¢ and in Table 2.1. }

30 ' . .
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* ~ N 25 ¢
- . ‘ l—‘ ’
. y
- . ’ ’ [}
A '.
KIS .
STRUCTURAL : : REFERENCE |- ’ :
© MEMBER TYPE MATERIAL |  LENGTH QUANTITY FOR DETAILS o
+ Steel Channel Mild Stee) 68" 2 A
4% X 5.40 - ) ///7
3 N ‘ (‘
Steel Tubing Wild Steel | 63" - a B '
?l' ’X zll X 1‘/8" . .
- _ . | (
Steel Tubing AM1d Steel |° 48" 2 c
2|| x zn x 1/8" » N
Steel Tubing .- Mild Steel | 108" 2 . D
2" X 2" x ]/8" ) , ) )
T T 4
_‘Steel Tubing Mild Steel - 12" 2 3 ! 431
2% x 2" ¥ /8" ; :
steel Channel Mild Steel | 36" .2 P
ol d% X 5.40 y La
Steel Angle MiTd Steel 15'.. - ? .6 . ]
2" X 2" x 174" :
3
. L - 1] b
Steel Channel Mild Steel’ g ‘ 2 H ;
4% X 5.40 J c )
K N j ];.
Steel Channel Wild Steel g L2 B }
3% x5t ‘ |
- ; — '
. SteeTAngle Mild Steel 13 142% 2 J ;
C2v ox 2" X 140 : X ; .
- ' . } )
Steel Plate | g steel | 13 1/2n 1 Koo :
207%13 1/2"x 172" N ) i
= ) 1
. o e %
Steel Plate Mild Steel 17 174" 1 L 1 ’
111/8" X 6" X 178" | . !

v -

Table 2.1:

Structural Members

-
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Figure 2.3-b: Experimental- Loading Frame.
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a

2.2,2 LOADING EQUIPMENT : / '

The loading equipment includes a motorized screw jack with a
three-foot max%hum travel mounted on a steel‘p]ate bo1teg‘onto the
steel tubing of frame. The combination of a gear shift, a gear
reducer and an electronic speed-controlled device provide the screw
- jack with a Toading and unloading speed varying from 0.01" to'1.0"

per minute (see Figures 2.3-d, 2.3-e and 2.4-a to 2.4-d).

2.2.3 MODEL ANCHOR o ~ RN

The model anchar used in this fnvestigation is a square aluminum
plate 6" X 6" . Pressure trénsdﬁcers were placed in circular openings
cut out of thg plate. The plate was covered with sand paper to ensure
| that the surface characteristics of the plate remain consistan£ during

. testing. A one-inch outer diameter, steel, hollow rod was rigidly

fasteneJ to the center of the plate. The rod served two qpin functions:

(a) pull of the anchor plate and, (b) enclosure of the wiring (see
figures 2.5-a to'2.5-1),

K

2.3 | . SOIL PROPERTIES

A detailed study of the physical properties of the sand uéed in
all model tests was given by Afram (1984). A brief description of

some aspects of these properties will be given here.

8
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The sand used in this'study is called amorie sands and is

» 7 . - .imported from the United States.
‘ b
An 1nvest;gat1on on the grain- 51ze d1str1but1on 1nd1cated
ggmed1um sand with a un1form1ty coeff1c1ent of 1.45. The’effect of
’
this uniformity is reflected in.the measured minimum and maximum
. oot ~. ) .
. densities of 91.5 percent and 104.5 percent respectively.»
9 - Test results showing the \;riatiqn of the angle of friction with
R " relative density is shown in Figure 2.6.
2.4 . n;’rsmmtromur UNLT WEIGHT .
. , . . ;é
. X ; An excellent way of obta1n1ng the dens1ty at any 1ocat1on in
‘the tqst pit is by using denswtz’i§g (see F1gure 2.7). F1fteen pots of
’ known weights and vo1umes were p]aced on a 1eve11ed surface of sand.
\\\ ‘ After each test‘ the pots were careful]y removed and the- excess sand was
5craped off. Each pot was then we1ghed and the den51ty caIcu1ated (see
& T Tables 2.3 to 2.5).
. 2.5 o ‘ RELATIVE DENSITY CALCULATION . Co-
' . o . . * . . o \
‘Using the.equétioqs:
' : ‘ z ]
- - Gy . . ' e ...~
e=—4 1, and ’ R.D. = EEE!;:_% ,
Y oo , : ‘ ‘max - min
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Aﬁd knowing that: g ‘ e

GS = 2.662, Cmax - .815 and €min * .590

\“' ’
The reli?hte densrty in these tests was 63 33%. From F1gure 2.6
th1s corresponds to an angle of fr1ct10§ of 41, 2% (d1rect shear test).
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;. functioning of the pressure transducers, and second, to determine
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CHAPTER 3~ -

v [}

EXPERIMENTAL RESULTS L ’ -

Pressure iransducérs were indispensable fqr the measurement of the
pormalip;essure'acting on the face of the pléteE In particulqr?Athe , ‘
integration of these présgure; yielded the tqta1 pagsive earth pressure .
and consequently’, tﬁe ultimate Toad., Calibration of ‘the pressuré frans:
ducers was achgevgg‘inside'a special pressure chamber and the trans-
ducers were {ndepenqently-sbbjected to a%r pressure on their frontal
surfaces. Thus, calibration curves were obtained for exitation versys - .
pressure (see Figures 3.1-a to 3.1-h).

'lThe Joad cbll‘in tﬁé present investigatioh primarily served the
two following purposes:. Firﬁt, as monjﬁoriqg deyjce for pd§sible ml