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SUMMARY

One of the most obvious applications of the pressuremeter test is
the solution of the problem of laterally loaded piles.A Indeed the
cylindrical expansion of the pressureﬁeter probe is analogous to the
lateral movement of the pile.

This report is divided into four parts. 1In a first part all
known design methods of laterally loaded piles on the basis of
pressuremeter tests are briefly reviewed. In a second part the
Briaud-Smith-Meyer method, its simplified version and the Imai method
are detailed in step by step procedures. In a third part a design
example is presented to eclarify the design steps of the three methods
outlined in part 2. Finally in part 4, a comparison between the pre-
dicted and the measured response of four piles at four different sites
is shown to give an idea of the accuracy of the Briaud-Smith-Meyer
method.

When a pile is loaded laterally, the two main soil resistance
components are the front resistance and the friction resistance to the
pile lateral movement. The Briaud—émith—Meyer method acknéwledges this
difference and uses a P-y curve made of two components: the Q-y curve
and the F-y curve. This distinction between front resistance and
friction resistance is as crucial for laterally loaded piles as the
distinction between point resistance and friction resistance for
vertically loaded piles. One reason is that the front resistance re—
quires relatively large movements to be mobilized while the friction
resistance requires comparatively small movements to be fully mobilized.

As a result, at working loads the full friction resistance is generally
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mobilized while the front resistance is only partially mobilized.
It must be emphasized that one of the critical elements in the

accuracy of the predictions is the performance of quality pressure-

meter tests and that such quality pressuremeter tests can only be

performed by trained professionals.

o

iv




ACKNOWLEDGMENTS

The authors are grateful for the continued support and encourage-
ment of Mr. George Odom of the Texas State Department of Highways and -
Public Transportation. The help of Mr. Darrell Morrison was very

valuable in preparing the manuscript.

DISCLATIMER

The contents of this report reflect the views of the authors who
are responsible for the opinions, findings, and conclusions presented
herein. The contents do not necessarily reflect the official views or
policies of the Federal Highway Administration, or the State Department
of Highways and Public Transportation. This report does not constitute
a standard, a specification, or a regulation.




IMPLEMENTATION STATEMENT

This report gives the d.evtai,ls of existing pressuremeter methods
for the design of laterally loaded piles, These methods require the
use of a new piece of eéuipment: »avpreboring pressuremeter. These
methods are directly applicable to design practice and should be used
in parallel with current methods for a period of time until a final

decision can be taken as to their implementation.
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GLOSSARY OF TERMS

Ap area of pile point
B pile diameter or width

Cy wundrained soil strength

Ep pressuremeter elastic modulus
Ey pressuremeter elastic reload modulus

F Friction resistance per unit length of pile

Fp, friction resistance on the base of the pile
f pile head fixity parameter
H horizontal load
h pile length
kgy coefficient of at rest earth pressure

k modulus of subgrade reaction

ky, so0il stiffness value
ko, specific soil stiffness value
Eo equivalent soil stiffness value

K, Dbasic soil stiffness value

K design soil stiffness value

2o pile trans fer length

L length of inflatable part of pressuremeter probe

2 distance between ground surface and application
of lateral load ’

M bending moment in pile at any depth z
M maximum bending moment in the pile
bending moment in the pile at the ground surface

Mg bending moment corresponding to a completely
fixed pile head connection
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pCOI‘I‘

Po

pmt
RR

‘total soil resistance per unit length of pile

‘net limit pressure from a pressuremeter test = Py,

GLOSSARY OF TERMS (Con't)

pressure in probe during a pressuremeter test
limit pressure from a pressuremeter test

total horizontal at rest pressure

~ Poy

net pressure from a pressuremeter test

corrected net préssute from a pressuremeter test

beginning pressure on linear portion of pressuremeter curve
final pressure on linear portion of pressuremefer curve

front resistance per unit length of pile

initial radius of pressuremeter probe befdrg inflation

increase in radius of pressuremeter probe

pressuremeter radius corresponding to the increase in volume vy

increase in pressuremeter radius correspondlng to the
increase in volume AVy

pressuremeter radius before inflatién

relative rigidity of pile-soil system

beginning radius on linear portion of pressuremeter curve
final radius on linear portion of §ressuremeter'curve

radius at mid-point of linear portion of pressuremeter curve
shape factor for friction resistance

shear in pile at any depth z

shear in pile at gfound sur face

pore water pressure at test depth

initial pressuremeter probe volume before inflation
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increase in volume from Vg,

' vblume of probe when Pol is reached = v

ot AVo
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increase in pressuremeter probe volume
on the reload modulus
AV

v at point "a" on pressuremeter curve
A

change in X over a specified increment

horizontal displacement of the pile
depth

ctitical depth

depth to maximum bending mbmént in the
rheological factor

Relative pilé—soil stiffness term

finite difference increment length

to reachIPOH

pile

influence factor of critical depth on pressuremeter

influence factor of critical depth on pile

normal stress

shear stress’
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" CHAPTER 1. INTRODUCTION -

1.1 The Phenomenon

One of the most obvious applicatioﬁs of the pressuremeterﬂtest is
the solution of the problem of laterally loaded piles (4). The cylin-

drical expansion of the pressuremeter probe is analogous to the lateral

~movement of the pile (Fig. 1).

‘When a pile is loaded laterally there are several components to

the soil resistance (Fig. 2): The front resistance due to normal

T?

stresses, 0., the friction resistance due to shear stresses, Trg> the’

friction resistance due to shear stfesses, T,.gs the baée fficﬁion‘
resistance duerto shear stresges, Tze and'Tzr, and tﬁe base moment
reéistaﬁcé due to normal stresses, 0,. Except for very short stubby
piles (D/B < 3) the major components of soil resistance are due to g,
and Tré. At working loads the contributibh due to the T.g effect may
be-as mach as 50% of the total resistance (5). At any depth, z, the
resultant of the éboye soil resistances is the P-y curve where P is the

resultant soil resistance in force per unit length, and y is the hori-

zontal displacement.

1.2 Existing Methods

At least seven methods can be identified to predict the top load-
tbp movement of a 1aterally loaded pile on the basis of pressuremeter
tests results. Methods 1 to 3 below make use of preboring pressure-

meter results, while Methods 4 and 5 make use of selfboring pressure¥

meter results. The last two methods are the Briaud-Smith~Meyer method,
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FIG. 1 - Pressuremeter-pile analogy







and the Imai method. They require preb@ring'btgssﬁremeter resﬁits and
are d18cussed invdetailbin Chapter 2. .

Méthod 1 (15,2,10) considers the p4y curve to be bilinear elastic-
plastic. The slope of the first linear portiﬁn of thé curve is bb;aih-
ed'from Menard's equation for the séttlement of aistrfp.footing (2)..
The second slope is half the.first slope and the soii ultimate resis-
tance; P, qqs is given by the préssuremetervlimit pressure. The eriti-
cal depth is handled as shown oﬁvFigure 3.

'Method 2 (7,9) was developed for rigid drilled shaftsAand'has theb
gdvantage of including all the components shown on Figure 2. The Oy
and Trg rgsistances are combined into one lateral resistance model
which is a parabola cut off at Puit obtained by Hénéen;s theory
(11). The three other resistance models are elasfic-plastic. The .
initial ﬁart of all models is correlated to the pressuremeter modulus.
The ultimate vélues are obtainéd froﬁ the cohesion and friction_éngle'
- of the soil. The critical déptﬂ effect is incorporgted through |
: Hansep's theory. |

Méthod 3 (8) uses an elastic-plastic model for the frontal reac-
tion. The slope of the elastic curve is obtaine&-from the pfessure—
meter modulus and elasticityrfheory, while the ultimate value is
considered to be tﬁe limit pressurerfrom the pressuremeter. A friétién
model is also proposed, and the critical depth approach is the same as
in Method 1. |

Method 4 (1) uses the entire expansion curve from the self-boring

pressuremeter as the p-y curve for the pile. Critical depth is handled

as in Method 1.
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Method 5 (12) uses the entire expanéion éufve fr&ﬁ"fhe selfboring pres-
suremeter, but multiplies alllpressure ordinates by two be fore consid-
eriné it as the pile p-y curve.. No mention is madequ the criticai
dgpth_probiem; | |

A comparison of these methods>§as made 6n oné case history The
case history is a p11e 1oad test performed on the éampus of Texas A&M
Unlver31ty (14). “The p11e is a 3 ft (0.92 m) dlameter reinforced
concrete drllled shaft embedded 20 ft (6.10 m) in a stiff clay (Fig.
A). A hor1zonta1 1oad was applled at 2.5 ft (0.76 m) above the ground
surfaée and was increased at the rate of approximately 5 tons (44.5 kN)
_ per day., The load test result is shown on Figure Sf

The soil is a stiff ¢lay with the followingvéverage.characteris—
tics: 1liquid limit 50%; plastic limit ZOZ,Anatural water content 252,
totai unit weight 128 1b/ft3 (20.1 kN/m3). Unconfined compression
tests values and miniature vane te$fsAva1ues were avéraged to obtain
the éhear strength design profile shown on Figurg 4, Pfgssuremetér
tests were performed with a pavement préssuremeter (3) in a hand auger-
ed hole with no drilling mud. The net limit:pressdre, pi, and the
pressuremeﬁer modulus, Ey, (2) arevshdwn on Figure 4. Figure 5 shows

the prediction according to Methods 1 through 3 and the Briaud-Smith-

Meyer method.
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CHAPTER 2. DESIGN PROCEDURES

2.1 Briaud-Smith-Meyer Method

2.1.1 Introduction

_In the analysis of a laterally loaded pile, the soil model is one

" of the key elements (6). The most commonly used method of aﬁalysis is

the subgrade reaction method which is based on the solution of the
governing differential equation by the finite difference method. The

elementary soil model is the P-y curve which describes, ét.any depth z,

how the soil resistance per unit length of pile P varies with the

lateral displacement of the pile y.

2.1.2 The F-y/Q-y Mechanism

A verticaily loaded pile derive§ its‘capacity from the point bear-
ing capacity and from the friction along the pile shaft. The same two
components, point bearing and friction, exist wﬁen a pile is ioaded
laterally. The point bearing will be called the front resistance Q and
the friction resistance will be called F.

Fig. 6 gives an example which shows fhe distiﬁgt.existence of the
two components. A 3 foot diameter drilled shaft was loaded laterally
in a stiff clay with an undrained éhear strength from unconfined
compression tests averaging 2000 psf. Pressure cells were .installed
along'thebshaft’és'shOWn on Fig. 6 in order to record the mobilization
and distribution of the front pressure. The shaft was loaded and the
resulting top load-top movement curve is shown on Fig. 6. At a hpri~

zontal load of 43 tons, the soil resistance due to front reaction was

‘calculated from the pressure cell readings (5). Considering front
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FIG. 6 - Example of Friction and Frontal Resistances
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resistance only, horizontal and moment equilibrium cannot Be obtained.
After‘including the friction forces (Fig. 6) corresponding to the full
shear strength of the stiff clayb(S), both horizontal and moment
equiliﬁriumvare approximatély satisfied.

 This example tén&s*to indicate two points: 1. the friction':esis_
.Vﬁance i# an important part of the total resistance, 2, the friction
resistance is fully mobilized'before the  front resistance. Thése two
»poiAts verify,that a fundamental soil model must distinguish between
friction énd front resistance and that at working loads the fricéion iSA

all important,

2.1.37.ThevProposed Method

‘The aﬁaiogy of loading beﬁween the PMT énd the pile is not
cpmplete and the pressuremeter curve is not idéntiéal»tb the P-y curve.
It has been shown (5) that the pressuremeter curve gives the Q-y curve,
aﬁd that the F-y curve can be obtained from the preésuremetef curve;
The P~y curve is the addition of the F-y curve and the Q-y curve (Fig.
' 7). The fbllowing is érsummary,of the methéd which is,proposed,tq
obtain the Q-y and f—y quel from the pressuremeter curve. More
details and backgrouﬁd on this method are presented in Referénceé 4,5

and 6.

2.1.3.1 The pressuremeter curve

The pressuremeter curve is a plot of the pressure on the borehole
wall on the vertical axis, and the increase in volume of the pressure-
meter probe from the initial volume on the horizontal axis.

Figure 8 shows a typical pressuremeter curve with one unload-reload

11
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FIG. 7 - Lateral-Load Mechanism
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Pressure Against
Borehole Wall, P

s

Volume Injected in Probe, V

FIG. 8 - Typical Pressuremeter Test
Curve with Unload-Reload Cycle

13




cycle. This cycle is neéessary in the application of this method. The
unloading should start at the end of the linear range of the pressure-
méter test and continue until the:pressure is reducea‘fo'oﬁe—hglf the
pressure at the start of unloading (Fig. 8). At tﬁis point reid;ding

is commenced and continues until the limit pressure is reached.

2.1.3.2 Total horizontal pressure at rest

The total horizontal pressure at rest, pOH,Vmay be calculated:

by considering the test depth, soil pressure, pore water pressure as:
Pog = [(Ooy ~ U] x Koy + Uy v v v v v v v v e v oo (D)

where, 0. = vertical total stress at test depth before test

ov
U, = pore water pressure at test depth before test

Koy = estimated coefficient of earth pressure at rest

2.1.3.3 .Translation of origin

To obtain a corrected curve the origin must be translated to
correspond with ppy. As shown in Fig. 9, the linear portion of the
curvé should be extrapolated back to poys thus defining the new
origin. If pgy cannot be calculated by Eq. 1 it may be estimated
graphically as shown in Fig. 9.

The reload cycle of arpreborea test has been shown (16) to better
approximate an undisturbed test and generate shear strength values in
good agreement with laboratory values. The reload cycle should there-
fore be used to obtain the F-y curve for all piles, both driven and
augered. For bored piles, or piles driven open ended which do not

plug, the front reaction, Q-y curve is developed from the initial curve

14
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of a prebored test. For full displacement piles-the reload eycle is

used for the front resistance. This is summarized as follows:

: o Pile Type -
Curve _Driven | ~ Bored
By 1 Reload cycle | Reload cycle
Q-y ..~ | Reload cycle | Initial curve-

When the reload cycle is used, the liﬁear range is é#trapdlétéd
back to poy to obtain the full curve (Fig. 9).
The notation used to define these curves is as follows:
p = pressuremeter pressure
P* = p - poy 7 - ' | ' .
= net pressuremeter pressure
Poy = horizontal earth pressure at rest
V, = initial probe volume before inflation
AV = increase in volume from V,

AV, = increase in volume to reach POH

It

Vi =V, + Avy volume of probe:when Pon is reached.

1

AV1 = AV - AVO net increase 1in volume after Poy
Ry = pressufemeter radius corresponding to the probe volume
V1

ARy = increase in radius corresponding to the increase in

volume AVy

2.1.3.4 Critical depth for the pressuremeter

The pressuremeter is subject to a reduction in the mobilized
resistance at shallow depth. The reduction factor is shown in Fig. 10

as a function of the ratio of the test depth, z, to the critical depth,

16
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i zé. The critical depth as recommended by Baguelin et al. (2) is

N
L]

¢ = 30 Rpyp for cohesive soils

c =S6O RPMT for cohesionless soils

where  Rpym = presguremeter radius
The pressuremeter curve is corrected by taking

p p*
corr X

where corrected net pressure

Peorr
x = reduction in mobilized pressuremeter
pressure at all strains. B = 1 below the

pressuremeter critical depth.

This curve is then used to obtain the Q-y and F-y curves.

2.1.3.5 Front resistance

The front resistance of the pile, Q, is calculated by:

Q=R X B XSO v v v e e e e e e e e e e
X o
SQ = pile shape factor = 1 for square piles loaded

parallel to their sides

18
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SQ = pile shape factor = 0.80 for réund pileé énd
| square piles not loaded
parallel to their gsides.

. .

pile diameter, or width

2.1.3.6 Accounting for the critical depth for the pile

To account for the reduced soil reaction mobilized within the
piles critical depth, the front reaction curve, Q,'is multiplied by a

reduction factor, . Therefore Eq. 2 becomes
p* :
Q=_,X—XSQXBX‘P"“""""""‘ (3)

- The reduction factor, Yy, is given on Fig. 11. The average critical

depth for the pile, ) is a function of the relative pile to

Z:(av

soil stiffness and is given by Eq. 4.

L

'Zc(avj =7z RR-5)(B) . . .. .. il oo W

o= B . v.
or zc(av) ’ whichever is greater.

‘The relative rigidity factor, RR, is given by Eq. 5.

4
RR=% E—;E— - . . - L] L] . . L . . » . - . . . . - . (5)
T
where EI = pile flexural stiffness
* ' s .
p1, = net pressuremeter l1m1t pressure
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The correlation between RR and Zc(av)/B is shown in Fig. 12 with

measured data also plotted.

s 2.1.3.7 Pile displacement

Having translated the origin of the pressuremeter curvye (Fig. 9),

the change in volume must first be converted to a relative increase in

pressuremeter radius. Assuming small strain conditions exist:

AR AVl
R

l ) '!-"' » ) » ) » . -* . - L] - L] . " L] . ; . - L] . * L] (6) N
1 2 Y

' The pile displacement, ¥y, is then calculated by

AR
y = ———L L4 L] L] L . - . L] . . L] . . * L] . - . L] - L - . L (7)

Rpile R1

2.1.3.8 Friction resistancé
Determine the friction resistance by the following procedure.
VThé slope of fhe curve at a point is assumed to be the slope of the
line joining the point before and the point after the point»conéidered
(Fig. 13).

Calculate the slope of the curve by:

* X —~ pk
ap"_ Fa T Pp

= — X
AX Xa - Xb

X
~
oo
~

where. P, = p* for the point after the point considered

Pp = p*¥ for the point before the point considered
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FIG. 12— Critical Depth as-a Eun;tioh ‘of Relative Rigidity
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FIG. 13 - Determining the Slope
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AV

X, =-e%L for the point after the point considered
L
AV

Xp =-V—4 for the point before the point considered
1 .

%§-= slope of the curve at the point considered
x = reduction factor for pressuremeter critical depth.

The shear stress, T, mobilized by the pile is calculated from the slope

of the curve by:

Ap*
X (1+x) 2B xi% B °))

~
]

AX

]

where X = AV{/V] for the point considered

The friction resistance, F, mobilized on the pile is then determined

as:

-
]

TX B X 8F ¢ v v v v v v e o ot e e e e e ee .. (1O)

where SF shape factor = 2 for square piles loaded parallel

to their sides

=1 for round piles and square piles not

loaded parallel to their sides.

Note that no pile critical depth reduction factor is applied to the

friction component.
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2.1.3.9 Total resistance

The total resistance of the pile is calculated by:

P=F 4+ Q v ¢ ¢ ¢ v o o v o o o o o o o o o o oo+ (D

where P = total resistance of pile

2.1.3.10 Base resistance on a rigid pile

The mobilization of shear resistance upon the base of a rigid
rotating pile, may be significant. The shear stress is assumed to be
mobilized linearly and to reach the shear strength at a translation of
0.1 in. (2.5 mm). If the program used is not equipped with a separate
base friction model, the base friction curve can be added to the deep-

est p~y curve as follows:

A
F = Cu __GE LA e A I T S . (12)

_ where Fb = base mobilized resistance
6 = finite difference increment length
'AP = base area

The units of B are therefore force/unit length, and consistent

with those of Q and F. The base P-y curve dnly is then given by

e e s a
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2.2 Briaud-Smith-Meyer Simplified Method: Subgrade Modulus Approach

For small strains, the problem of laterally loaded piles may be
modelled by elasticity. The result is a method that has the advantage .
of being simple enough to be used without the help of a computer

(10). The method uses a linear P-y curve.

2.2.1 Obtaining the Modulus of Subgrade Reaction k

The linear portion of the pressuremeter curve may be used to
obtain a modulus of subgrade reaction. By performing the steps of the
Briaud-Smith-Meyer method for ome point on the linear portion of the
pressuremeter curve, such as point A or B in Fig.vlﬁ, a linear eléstic
P-y curve is otained. The slope of this linear P~y curve divided by
the diameter B of the pile gives a modulus of subgrade reaction, k.

Thus,

P/B
y

k = . » . . » . » . 3 . - . . »* . . Y - . . . - . (14)
where p and y are a coordinate pair on the P-y curve. Such a modulus
may be obtained from either the initial or reload cycle of the
pressuremeter curve depending on the criteria given in Section 2.1.3.3.

Referring to Figure 14 the modulus of subgrade reaction k is givenbby:

P* ,
K=o A L2 wzs(vz; AVP;)+ w) c e e e .. (15)
pile X A" 3 2Vor :

for bored piles and unplugged driven piles

P% SQ+SF) (V +AV
k=2 52 (¥ SQisF) C o OR) N 1))

R, -
pile X AVB AVOR

for plugged driven piles
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FIG. .14 - Parameter Definition for Calculation
of the Subgrade Modulus
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where PAs> Vos AVo, AVgp, AVy, AVp are defined‘on the pressure-
meter curve of Fig. 14, |
Rpile is the pile radius
Y , x are the pile and pressuremeﬁer critical dépth
correction factors (see Section 2.1.3.6 and 2.1.3.4)
SQ, SF are the front resistance and friction shape factors
(see Section 2.1.3.5 and 2.1.3.8)
Eqs. 15 and 16 are a simplification of the more detailed methéd previously
presented. The more détailed method has beén checked for piles up to 36 -
iﬁ. in diameter. The modulus of subgrade reaction obtained by the above
calculations corresponds to deflections of the order of 1 to 2% of the

pile diameter. For larger deflections the value of k is obtained from

. ' *
the pressuremeter curve at correspondingly higher values of p,, AVy, AVg.

2.2.2. Zone of Influence for the Modulus of Subgrade Reaction

This method is primarily for use in homogenous soils where k is
fairly constant with depth. If k is not constant with depthran average
value is taken over a depth bf 3 times the transfer length, £,

(where transfer length is as defined in the next section). Since the
transfer length is a function of k this is an iterative procedure but
convergence is accomplished fairly quickly. A good starting point is
to take an average k vaiue over 5 pile diameters below the ground
surface. Calculate the transfer length with‘this k value and compare 3
%o to the depth over which k was averaged. If they are not the same
compute an average k over the depth 3%, below the ground surface.
Continue until 34, matches the depth over which k was averaged to

calculate #,. In layered soils the minimum of the above k value and

28




the k value obtained within 5 pile diameters is to be used.

2.2.3 Calculating the Transfer Length &,

The transfer length is defined as:

4 / 2EL
/Qlo = ”:E—R_— e ® & e ® e 2 & & o & ® 8 8 6 e s e o (17)

The transfer length is used in the solution to the governing

differential equation. It is generally accepted that if

-%L >3  pile is flexible
o

i

%L 1 pile is rigid.
)

where h is the pile length.

2.2.4 -Calculating the Deflection y, at the Ground Surface

The solution to the governing differential equation is (1):

2T -2/4 , M -z/8 , .
y = e cos — + —— e (cos =— - sin —) . .(18)
onB 20 Zosz 20 %o

where y is the lateral deflection of the pile at a depth z

Tos My are the shear and bending moment at the

Q?
ground surface

B is the pile diameter or width.
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| 2.2.5 Calculating the depth Znax to maximum bending moment, M_

The shear T in the pile at any depth z is given by:

—Z/QIO 2 Z ) 2M0 -Z/QO 2
T =T, e (cos-z— - sin 75) - T e gin 7% ¢ . . . (19)
) o o o _
The solution of the equation T(z) = 0 gives Mmax;
2.2.6 Calculating the maximum bending moment Moax
_Z/Ro z —2/20 z z
M= Togoe sin zj-+ Mb e (cos Tt sin ) (20)
) o o
M is obtained for z = 2z .

max max.

2.2.7 What if the pile had been rigid?

In this case (1): p=ky =Rz + 8 and y' = R/k

z
The shear at any depth is: T = T, - jf pBdz
o
z

The bending moment at any depth is: M = MG'+ Toz - }pr(x?z)dz

[¢]
ZZ
Th‘en T = To - RB _2—"_ SBZ e 8 e & s & s & 8 2 & s 9
z3 ZZ
M=M0+Toz RB “‘g‘-SB"‘é"‘ . . .

If h is the embedded length of the pile,

30
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for z=h, T=0and M= 0; this gives R and s

6 hT
I (hT + 2M ) s='2(2 o T 3M)
n3p n%g
Moax is obtained for T = 0:
z2
To"'RB—Z—_SBZ:O
2
but T, = RB L+ gB
2 2
so RBEZ_+th.—RBZ—2-—SBz=0
C _ 28 _ .(@
which gives z _ = RE?-h' I (23)

and then Moax is obtained from the moment equation.

2.2.8 Alternate method of ob;aining k ~ Menard-Gambin Method

Another method of obtaining k has been proposed (10). A profile
of elastic moduli, E, is obtained from the pressuremeter test curves.

'The value of k is then obtained from:

' a
for R > o.3om,%=-1§—g3ao (=% 2,65 +-LR...... (20)

o
m 1 1.33 o
<. = (==== (2. C o —— ...,,.,..(25)
for R 0.30m, = ( 3E (2.65) -+ 3E) R |

where E is the average pressuremeter medulus
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R, = 0.301
R is the pile radius

@ is a rheological factor (see Figs. 15 and 16).

The depth over which k is averaged is found as detailed_in Section

2.2.2.

2.3 Imai's Method

**Note: Imai's method (13) makes use of some empirical equations
which were derived using SI units; there, English units are not
applicable and must be converted. The final result, however,>a~

load-deflection curve, will be converted into kips and inches.

2.3.1 The présauremeter curve

The pressuremeter curve is'a plot of the pressure on the borehole
wall on the vertical axis, and the volume injected into the probe on
the horizontal axis (Fig. 8). For this method, the initial volume and
length of the inflatable part of the probe must be known to caleulate

the pressuremeter radius at anytime during inflation:

where V, initial deflated volume of pressuremeter probe

AV = volume injected into pressuremeter probe
L = length of inflatable part of pressuremeter probe
r = corresponding radius value.
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Sand and

Peat Clay Silt Sand Gravel
Soil Type-
E/p¥ o E/p¥ o E/p¥ o E/p* o E /p*¥ o
m pl m pl m/pl . m pl m pl
Over-
consolidated >16 1 >14 2.3 >12 1/2 >10 1/2
Normally
Consolidated 1 9-16 2/3 8-14 1/2 7-12 1/3 6-10 1/4
Weathered 7-9 1/2 1/2 1/3 1/4
and/or
remoulded
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' ' weathered
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Eig. 16 - Values of the Parameter o for Rock
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2.3.2 Soil stiffness vélue kKp

To calculate the soil stiffness value, ky, use the linear
portion of the pressure-radius curve (Fig. 17). The k, value is

calculated by (Fig. 17):

P, -P
S R ST 1)

r, - T
£ o

where p, = beginning pressure on linear portion (units of kg/cm?)

final pressure on linear portion (units of kg/cm?)

o
Hh
It

a
]

o = beginning radius of probe on linear portion (units of cm)

final radius of probe on linear portion (units of cm)

2}
Hh
1]

soil stiffness value (units of kg/cmz/cm).

g

2.3.3 Specific stiffness value k,

At each pressuremeter test depth, the specific k-value, k,, must

(o 1]
be determined. The radius at the mid-point of the range used to deter-

mine k, is calculated by:

I N ¢ 1))

where r, = radius of the probe at mid-point of linear portion. The

k, value is then calculated by:

4,
ko = Izr— 2 ro (rm - ro)z * km - . » & T s 0 . * . (29)
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Radius

" FIG. 17 - Pressure vs Radius Curve
to Determine Km
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2.3.4 8o0il layer thickness

Determine the thickness of each soil layer by considering that a

layer boundary exists at the mid-point between two consecutive pres-

suremeter tests depths.

2.3.5 Equivalent stiffness value io

Calculate the equivalent'ko—value, io’ as the arithmetic
average of the k, values weighted according to the corresponding soil

layer thicknesses:

_ Z[(so0il layer thickness) x (ky)]
k =

() % (soil layer thickness) coe e e e e e (30)

2.3.6 Pile parameters

Determine the parameters E, I, B, %, f for the pile, where:

"E = Young's Modulus of pile material (kg/cm?)
I = geometrical moment of inertia (cm4)
B = pile diameter, or width (cm)
% = distance between ground surface and point of applica-
tion of lateral load (cm)
f = parameter for quantifying the fixity of the pile

top.

The degree of fixity f is defined as the ratio of the actual

bending moment, M, to the bending moment corresponding to a completely
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fixed connection, Mg.

f = M 6 6 e s & & 6 8 ¥ 8 e 6. 6 & . 6 6 & & ® ® & 5 & (31)
f

Thus, when the pile top is completely free, f = 0, and when it is

absolutely fixed, £ = 1.

FIXED FREE

f-value 1 0

2.3.7 Basic stiffness value K,

Calculate the basic K-value, K,, by:

2.3.8 Design stiffness value, K
To obtain the horizontal load which corresponds to an arbitrary

displacement y, calculate the design K-value, K, by:

K = 24 L . o & s - s & . . L . . . . LI L2 ] LI ] . (33)

where y = arbitrary displacement (cm)
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2.3.9 Horizontal load calculations

Determine the horizontal load for a chosen displacement y by the

following calculations:

<a)s=;/%..............‘.........(34)

(b) Horizontal load, H:

12E163

3 y I & 1))
[(4-3f)(l+8 ) +2] '

H =

2.3.10 Plot H-vs-y curve

Repeating the-calculations of Eqs. 33, 34, and 35 for various

values of displacement, y, leads to a load-displacement curve. The

values of horizontal load, H, from Eq. 35 are plotted versus the chosen

values of horizontal displacement, y.
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CHAPTER 3. DESIGN EXAMPLE: MUSTANG ISLAND

3.1 So0il and pile test information

Two test piles were loaded laterally in sand at a site on Mustang
Island near Corpus Christi, Texas (17). The sand at the test site
varied from clean fine sand to silty fine sand, both of-high relative
densities. The.angie of shearing friction, ¢, was 39 degrees from SPT
correlations and the submerged unit weight, Y', was found to be 66
1bs/£t3 (10.5 kN/m3).

The lateral load tests were performed within a 5.5 ft (1.9 m) deep
pit with the water table maintained at, or slightly abové,‘the test pit
bottom. The steel test piles were 24 in. (610 mm) in diameter with a
wall thickness of 3/8 in. (10 mm), and instrumented with strain gages.
The piles were driven to a total embedded depth of 69 ft (21 m) with 9
ft (2.7 m) projecting above the test mudline.‘

The loading sequence comprised both cyclic and static lateral load
tests in a free head condition. Deflection and inclination of the pile
at the mudline were fecorded, together with bending strains. The
flexural stiffness of the pile was determined to be 5.867 X 1010
1b-in2 (1.69 x 105 kN-m2).

The variation of pressuremeter limit pressures with depth from an

investigation conducted in May 1982 is presented in Fig. 18.

3.2 Briaud-Smith-Meyer Method

The pile was driven, thus the reload cycle of the pressuremeter
test is used for both the Q-y and F-y curves. The results of the

pressuremeter test at a depth of 4 ft (1.22 m) using a pavement
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FIG. 18 - Pressuremeter Test Results for Mustang

Island Site




pressuremeter (3) are shown in Fig. 19.

3.2.1 Translation of the axis

From a graphical construction (Fig. 19) Pon is obtained as 24 kPa.

The reload cycle of the pressuremeter test is shown on Fig. 19 with the

axis translated to Poy+ An increase in volume of 65 cm3 was needed
to reach Poy ©On the reload cycle. A table of pressure and volume

values for the indicated points is given below.

AVl
Point e -
oint 4V vy v P™Poy
cm3 cm3 lb/in.2
0 65 0 0 0
1 70.5 5.5 0.0208 15.5
2 75 10.0 0.0378 21.9
3 79.4 14.4 0.0544 24.1
4 84 .4 19.4 0.0733  24.7

3.2.2 Check pressuremeter critical depth

The radius of the pressuremeter used is 0.69 in. This yields a

critical depth of

60 x 0.69 in.

N
i

41.4 1in.

Since the test depth was 48 in. there is no depth effect to consider on

this test (X = 1).
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FIG. 19- Mustarig Island Site: 4 ft Pressuremeter Test
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3.2.3 Front resistance, Q

The front resistance is found by

Q=px5QxB

The pile is circular so SQ is 0.8. For point 1 on the reload cycle

this gives

Q = 15.5 1b/in.2 x 0.8 x 24 in.
= 297.6 1b/in.
Point 2: Q = 21.9 x 0.8 x 24 = 420.5 1b/in.
Point 3: Q = 24.1 x 0.8 x 24 = 462.7 1b/in.
Point 4: Q = 24.7 x 0.8 x 24 = 474.2 1b/in.

3.2.4 Accounting for the critical depth for the pile

The relative pile to soil stiffness is given by

1 ET
RR =3 4 /[ —&
B pL
1 5.867 x 1070 1b°in.2
24 in. 4 35 12
in.

8.43

il

The critical depth is then found as
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z, = %?‘(RR—S)

T x 2 ft
4

5.4 ft

[

(8.43-5)

1

The pressuremeter test comsidered is at a depth of 4 ft so

From Fig. 11, the reduction factor ¢ is 0.90. Thus the c¢orrected froat

resistance at point 1 is

Q = 297.6 x 0.90

= 267.8 1lb/in.
Point 2: Q = 420.5 x 0.90 = 378.4 1b/in.
Point 3: Q = 462.7 x 0.90 = 416.4 1b/in.
Point 4: Q = 474,2 x 0.90 = 426.8 1b/in.

3.2.5 Pile displacement, y

The displacement of the pile at point 1 is found by

AVl

1
y=2 A Roile

= %R0.0ZOS x 12 in.

= 0.125 in.
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Point 2: y = 1/2 x 0.0378 x 12 = 0.227 in.
Point 3: y = 1/2 x 0.0544 x 12 = 0.326 in.
Point 4: y = 1/2 x 0.0733 x 12 = 0.440 in.

3.2.6 Lateral friction, F

The shear stress at point 1 is calculated as

21.9-0
0.0378~0

0.0208 (1 + 0.0208)

1b .

in.

12.3

The friction is then found by

F=Tzx SF xB

For a circular pile SF = 1.0

Thus the friction at point 1 is

1b .
F=12.3 7 X 1.0 x 24 in.
in.
1b
= 295.2 Tn.
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. _ - . 24,1 - 15.5
Point 2: F = [0.0378 (1 + 0.0378) 57— 0.0208]" 1 x 24
= 241.0 22
1n,
, , _ 24,7 - 21.9
Point 3: F [ 0.0544 (1 + 0.0544) 00733 = 0.0378:]x 1 x 24
= 108.6 -2
in.
U | 24.7 = 24.1
Point 4: F [0.0733 (1 + 0.0733) 50733 = 0-0544] x 1 x 24

i

59.9 2
in.

3.2.7 Total resistance, P

The total resistance is the sum of the front and the friction

resistance. Thus for point 1:

P=Q+F
= 267.8 X2 4 295,72 1B
in. in.
= 563.0 1P
. in.

i

Point 2: P = 378.4 + 241.0 = 619.4 1b/in.

n

Point 3: 416.4 + 108.6

La)
]

525.0 1b/in.

Point 4: P = 426.8 + 59.9 486.7 1b/in.

The resulting P-y curve is shown on Fig. 20.
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3.2.8 Obtaining the top load-top movement curve

The P-y curves obtained at the depth of each pressuremeter test ’
are input into a finite difference beam-column computer program which
will calculate the pile deflection under a given loading conditioen.

The predicted ground line deflection versus theAlateral applied load
for the Mustang Island pile is shown with the measurecil results on Fig,
21. The predicted maximum bending moment versus the lateral applied
load is shown with the measured results on Fig. 22.‘

3.3 Briaud-Smith-Meyer Simplified Method: Subgrade Modulus Appreach

3.3.1 (Calculating the modulus of subgrade reaction

From section 2.2.1 and for the 4 ft pressuremeter test (Fig. 19)

Pp* (¥ SQHSE) (V_+ AV(p)

2
x —— - — T - , ————
X @V, — W)

Rp:i.le

154-24 = 130 kPa = 18.85 1b/in,2
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<3
L]

o =200 cm3

AVOR = 65 cm3
AVg = 71.5 cm3
_18.85 2 [ (0.90x0.8+1) (200+65) | _ . 3
k=" *71 71.5 - 65 = 220.3 1b/in

A profile of k with depth is shown on Fig. 23.

3.3.2 Transfer length, %,

The average k value over 5 pile diameters is 126/lb/in.3. Using

this k value the transfer length is

2 x 5.867 x lO10

o~ 277 x 12

93.86 in. = 7.82 ft

Therefore 3 times %, is 23.5 ft. Calculate %, again using an

average k at the midpoint between 10 ft and 23.5 ft, at 16.8 ft.

b

- 2 x 5.867 x lOlO
o 277 x 12

at 16.8 ft: 2

77 in. = 6.42 ft

L]

3 x %, = 19.3 ft
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Calculate %, at midpoint again.

2 x 5.867 x 1010

. 2
at 18 ft: o 370 % 12

[}

71.7 in = 5.97 ft

3 x4, =17.9 ft.

This is approximately the same depth that k was averaged over. Thus,

=
1

370 1b/in.3, and &, = 71.7 in.

Since

=
I

69 ft < 3%,

the pile is flexible.
The minimum of k within 5 pile diameters and k within 3%, is 126

1b/in.3 and is used for further calculations.

3.3.3 Calculating the deflection at the ground surface

At the ground surface z = 0, the solution simplifies to

2 It +.¥9
Yy =7 kb °T3

o

For the Mustang Island pile there was no moment at the ground surface

so the deflection in inches is given by

2T 2T T (1bs)
0 0 o

% kb T 71.7 x 126 x 24 108410

y:
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This is the equation of the straight line shown om Fig. 21.

3.3.4 Calculatlng Znax

Taking top horizontal load of 20 kips and top moment of 0, the depth to -

the maximum bending moment, 2z is found by

max

_z/go 2 z
0=T, e (cos if-— sin T
o o

=zl 4

]

20 e

(cos —2— in —2—)
71.7 71.7

= 56.3 in. = 4.69 ft.

N
[

max

3.3.5 Calcula;lmg Moax

The corresponding maximum bending moment, M .., is
_ 263
_ 71.7 . 56.3
Max = 20 x 4.69 x e sin 977

{1

145.4 k- ft

3.4 Imai's method

3.4.1 Calculating soil stiffness value kg

Using the initial cycle of the pressuremeter tests calculate the
probe radius at two points on the linear portion of the pressuremeter

curve. Using points A and B from Fig. 17

199.79 + 21 ‘
T X 22;8 = 1.7557 cm

Point A: 1y =




. . + .
point B: rg =4 / 199ﬂ7i 22?3 2 - 1.9026 cm

Then

k= L2385 = 0.2446
1.9026 - 1.7557

= 0.125 kg/cm3

3.4.2 Calculating specific stiffness value k,

First calculate the radius at the midpoint between points A and B.

= 1.7557 + 1.9026 = 1.89292 cm
m 2

Then

|
ko =5 4[2 (1.7557)(1.8292 - 1.7557)2 x 9.125

= 5.32
In a similar manner the k, values of the other pressuremeter test
depths are calculated. The k, values with the corresponding layer

thicknesses are shown in the table below.

Layer

Ko Thickness
(cm)
5.32 213.4
3.16 ' 167.6
17.78 99.1
30.32 91.4
30.86 ' 114.3

8.67 228.6




3.4.3 Calculating Eo

The equivalent k, value, kg, is the average k, value over a

depth 1.5 times the depth to a bending moment of zero. This gives

= _ (5.32 x 23.4) + (3.16 x 167.6) + (17.78 x 99.1)(30.32 x 91.4) +
° 914.4

(30.86 x 114.3) + (8.69 x 228.6)
‘ 914.4

12.81

3.4.4 Pile parameters

The pile parameters are given as

EI = 1.723 x 108 kg.cm?
B = 60.96 cm

h =0 cm

£=0

3.4.5 Calculating basic stiffness value K.

K _ 12.81

4 4
A./;;—— &/ 60.96

4.584
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3.4.6 Calculating the horizontal load

The design stiffness value K is found by

For a deflection, y, of 0.127 cm

__4.584

,QV 0.127

From this value B is determined as

_ 4fxs
B‘J;
12.86 x 60.96
1.723 x 10°

= 4.6185 x 102

= 12.86

The horizontal load, H, is then found as

__ 1Erg
[(4—3f)(1+6h)3 + 2]

. (12)(1.723 x 10%) (4.6185 x 1072

3

[ (4-3(0)) (1+4.6185x102) (0)) + 2 ]

= 4312 kg

= 9.5 kips at deflection of 0.05 in.
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The table below summarizes the calculations for other deflections.

y K, B H

em (in.) x 10 kg (kips)
0.127 (0.05) 12.86 0.04619 4312 ( 9.5)
0.254 (0.10)  9.10  0.04235 6650 (14.7)
0.381 (0.15) 7.43 0.04026 8568 (18.9)
0.508 (0.20) 6.43 0.03884 10256 (22.6)
0.635 (0.25) 5.75 0.03777 11791 (26.0)
1.016 (0.40 4.55 0.02562 15817 (34.9)
1.524 (0.60) 3.71 0.03386 20379 (44.9)
2.032 (0.80) 3.22 0.03266 24393 (53.8)
2.540 (1.00) 2.88 0.03176 28044 (61.8)
3.810 (1.50 2.35 0.03019 36132 (79.7)

These results are plotted versus the measured deflections on Fig. 21.
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CHAPTER 4. CASE HISTORIES

4.1 Houston Site

Reported by Reese and Welch (18) to develop criteria for stiff
clay above the water tgble, the Houston Site was located at the inter-
section of State Highway 225 and 01d South Loop East.

‘The soil consisted of 28.0 ft (8.5 m) of stiff to very stiff red
clay, known locally as Beaumont clay, underlain by 2.0 ft (0.6 m) of
interspersed silt and clay layers and very stiff tan silty clay to a
depth of 42 ft (13 m). Undrained shear strength is reported as 2,000
1b/£t2 (100 kPa) and the water table was located at a depth of 18.0
ft (5.5 m).

The pile consisted of a drilled reinforced concrete shaft, 30 in.
(760 mm) in diameter, augered to a depth of 42 ft (13 m) and extended
2.0 ft (0.6 m) above the ground surface. The shaft was instrumented to
measure bending strains with gages spaced at 15 inf (380 mm) intervals
for the top two-thirds of the shaft and at 30 in. (760 mm) intervals
for the bottom one-third,

The lqading,test consisted of applying a lateral load at the
ground surface in a free head condition, and measuring top slope, top
deflection and bending strains along the length of the.shaft. Flexural
stiffness of the shaft was determined by site loading to be approxi-
mately 2.8 x 101 1b-in2 (8.09 x 105 kN-m2).

Pressuremeter tests were conducted in November 1981 and the varia-
tion of limit pressure with depth is given in Fig. 24. The measured

and predicted groundline deflection versus applied lateral load are
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shown on Fig. 25. The measured and predicted maximum bending moments
versus applied lateral load are shown on Fig. 26. The predictions are

based on the Briaud-Smith-Meyer method.

4.2 Sabine Site

At a site near the mouth of theASabine River a series of lateral
load tests in free and fixed head conditions were performed and repbrt—
ed by Matlock (19).

The soil consisted of slightly overconsolidated inorganic clay of
high plasticity with a single sand layer between 16.0 ft (5.0 m) and
20.0 ft (6.1 m). Thin sand partings and a few sand seams varying in
thickness from 1 in. to 4 in. (25 mm to 100 mm) are scattered through
the clay. Unconfined compression test shear strengths ranged from 100
1b/£t2 (5 kPa) near thermudline to 500 1b/ft? (24 kPa) at a depth
of 30.0 ft (9.1 m). The water table is reported at, or near, the
ground surface.

The tests were performed in a pit 4.0 ft (1.2 m) deep flooded to a
depth of 6 in. (150 mm). The pile was 12.75 in. (310 mm) in diameter
and instrumented with 35 pairs of electric resistance straiﬁ gages to
determine bending moment. The pile was drivén, open ended, to an
embedded depth of 36.0 ft. (10.9 m) with 6.0 £t (1.8 m) projecting
above the test mudline.

The loading sequence comprised both cyclic and static lateral load
tests with both free head and fixed head restraint conditions. At each
load step surface deflection and slope were measured, together with
continuous recording of bending strains. Flexural stiffness of the

pipe pile was specified as 11.3 x 109 1b-in? (3.26 x 10% kN-m?),
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Pressuremeter tests were conducted during june 1982, and the
variation ofjlimit pressure with depth is given im Fig. 27. The
measured and predicted groundline deflection versus applied lateral
load is shown in Fig. 28. Figure 29 is a plot of measured and
predicted maximum bending moment versus applied lateral load. The

predictions are based on the Briaud-Smith~Meyer method,.

4.3 Lake Austin Site

Free head lateral load tests were conductéd on the shore of Lake
Austin and are reported by Matlock (19).

The soil conditions consisted of inorganic clays and silts of high
plasticity deposited during this century behind Lake Austin dam. The

upper deposits have been subjected to desication during periods of

-prolonged drawdown leaving joints and fissures, Vane shear strengths

“averaged 800 1b/ft2? (38 kPa) with little variation with depth whereas

unconfined compression tests gave 500 1b/ft2 (24 kPa). The lateral
load tests were performed in a 2 ft (610 mm) deep pit, which remained
flooded.

The tubular steel test pile was 12.75 in. (324 mm) in diameter and
instrumented with 35 pairs of electric strain gages to determine bend-
ing moment. The pile was driven, closed end, through an 18 ft (5.5 m)
deep, 8 in. (203 mm) diameter pilot hole to an embedment depth of 40.0
ft. (12.2 m) below the test mudline.

A series of free head static lateral load tests are reported with
a single preliminary cyclic test. During each load step head deflec~
tion and inclination were measured together with bending strains.

Flexural stiffness of the pile was determined by experiment before
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installation, to be 10.9 x 1092 1b-in2(3.5 x 10% kN*m?),
Pressuremeter‘tests were conducted during November 1981 and the
variation of limit pressure with depth is given in Fig. 30. The -
mesured and predicted groundline deflection versus applied lateral load
is shown in Fig. 31. Figure 32 is a plot of the measured and predicted
maximum bending moment versus applied lateral load. The predictiéns

are based on the Briaud-Smith-Meyer method.

4.4 Manor Site

Free head 1atéral load tests were conducted at avlocation five
miies to the northeast of Austin, Texas; adjacent to US Highway 290.

The soil consisted of stiff preconsolidated clays of marine origin
wiﬁh a slickensided secondary struéture. Unconfined compressive
; strengths varied from approximately 4,000 1b/£ft2 (191 kPa) at the
surface, to 8,000 1b/ft2 (383 kPa) at a depth of 15.0 ft (4.5 m).

‘ Two tubular steel test piles of different diameters were selected

~ to study scale effects. The first test pile was 25.25 in. (640 mm) in
diameter for the top 24.0 ft (7.3 m) and 24 in. (610 mm) in diameter
for the remaining 25.0 ft (7.6 m). Total embedment was 49.0 ft (14.9 m)
~below the test mudline. The second test pile was 6.625 in. (168 mn) in
diameter with a total embedment depth of 30.0 ft (9.1 m) below the test
mudline. Both pilés were instrumented with electric strain gages and
driven, open eﬁded, to the design penetration.

The loading sequence comprised both cyclic and static lateral load
tests in a free head condition for the 25.25 in. (640 mm) pile, and
free and fixed head condition for the 6.625 in. (168 mm) pile. Deflec~-

tion and inclination of the surface were recorded at each load step
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together with measurement of bending strains. The flexural stiffness

11

of the 25.25 in. (640 mm) pile was 1.7204 x 107~ 1b*in? (4.97 x 10

kN-w2) and 5.867 x 10.°

1b-in2 (3.13 x 103 kN'm2) and 1.084 x 109
1b+in? (3.13 x 103 kN'm2) for the top and bottom sections fespective—
ly.

The variation of pressuremeter limit pressures with depth from én
invesfigation conducted in November 1982 is presented in Fig. 33. The
meésured and predicted groundline deflection versus applied lateral

load is presented in Figs. 34 and 35 for the 25.25 in. (640 mm) and

6.625 in. (168 mm) piles respectively.
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