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Overview of the Section

@Static and Dynamic Testing

— Overview of the Basics of Design of Deep
Foundations

— Static Load Testing of Deep Foundations
— Dynamic Load Testing of Deep Foundations

@EXxpansive and Collapsible Soils
— Expansive Soils; Swell Potential

— Collapsible Soils
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Graphics
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- Verification and Redesign —

Design and Selection of
Deep Foundations

Design Parameters Selection and Types

Service loads and allowable ® Type of Foundation is

deformations :
. L influenced by:
Subsurface investigations .
Design Loads

Type of Foundg’rion Subsurface Conditions
Lateral .ond Axial Load Constructibility
Capacity - Reliability
Driveability and Ability to Cost

Install . Availability of materials,
Structural Design equipment and expertise

Seismic Design Local experience and
precedent




Design of Deep
Foundations

@ Service Loads and
Allowable
Deformations

@® Mostimportant step

@ Subsurface

Investigations

@ For deep foundations, the

subsurface investigations are
generally more intensive and
expensive

Exploratory borings must
extend well below the toe
elevation, which may have to
be altered after initial
calculations

Investigations assist in
determining the type of
four&do’rion that should be
use

Use data from deep
foundations that have already
been installed in the vicinity

(capacity and drivability) =

—
vﬁf —
S
g
¥
"

Loads can include

@® Axialloads (live or dead,
tensile or compressive)

@ Lateralloads (live or dead)
® Momentloads

Should be combined both as
unfactored loads (ASD) or
factored loads (LRFD)

Allowable settlements should
be determined by structural
engineer



[Lateral and Axial Load
Capacity

@® Axialloads

Analytic methods should be
performed first, although their
limitations should be understood

Analysis should include
considerations of allowable
load, allowable settlement, and
group effects (including block
failure)

ldeally, a static load test on test
piles should be done; however, if
economic or other factors make
this impractical, other methods
such as Osterberg Tests,
CAPWAP, or Stathamic should
be considered

Blow count specifications using a

@ lLateral Loads

wave equation analysis L

Frequently dictate the diameter
(section modulus) of the

foundation, so should be
considered first, if present

p-y curves are the best way of
determining lateral capacity

Large diameter piles may also
be necessary for scour
resistance

Batter piles are also a typical
way of dealing with lateral
loads, but can pose rigidity
problems in seismic situations

Seismic refrofits are a common
application of laterally loaded
piles



Driveability

@ Piles that cannot be driven cannot
be used to support loads; thus,
drivability is an important
consideration with driven piles

@® Wave equation methods are ideal
to use for drivability studies

@® Dynamic formulae should be
avoided except for the simplest
projects



@Changes in Soil During Driven Pile

Installation
* Driven Piles * Clays

— Interact with the soils differently — Distortion — the movement of soil

than drilled piles (drilled shafts,
auger cast piles, etc.)

This leads to different load
transfer characteristics; the effect
of driving must be understood

Methods are somewhat different,
and have been considered
separately

out of the way during driving
remoulds the clay and reduces its
strength

Compression and Excess Pore
Water Pressures — these are raised
temporarily during driving and
thus decrease the driving
resistance and the load bearing

capacity immediately after driving

— Loss of contact between pile and
soils — also weaken the soil-pile
bond along the shaft

* Sands

— Sands do not experiences the
kinds of changes that clays do
with driven piles

— Sands (especially loose ones)
experience localised compactlon -
durmg driving; this increases.the™




Structural and Seismic
Design

@ Scismic Design

@® Inseismically active areas,
earthquake occurrence must
be taken into consideration

@ Liguefaction of soils is a major
cause of failure during seismic
events

Deep foundations can be
installed beyond liquefying
solls in some cases

@® Soilimprovementis
necessary in others

@® Most direct seismic loads on
foundations are lateral ones so
lateral load analysis is
important for seismic
resistance

@ Batter piles tend to be too rigid

for seismic loads -

L

@ Structural Design

® Once the geotechnical

analysis is done, the structural
engineer can proceed with
the structural design

Structural design involves both
the structural capacity of the
deep foundations themselves
and the pile caps and
connecting members that are
above these members

Plans and specifications
presented for bid should be
complete and unambiguous



Other Considerations

Scour and Downdrag

@ Scour

@ Scourisanimportant
consideration for bridges over
rivers or other bodies of water
with consistent currents

@® Loss of supporting soil at the
head of the deep foundation
must be considered when
designing for scour

® Downdrag

® Compression of soil by
overburden around piles creates
downdrag on piles

@® Thisis dealt with either by design
or by treatment of the surfoce of

- the pile ——

15 (Ui

Verification and Redesign
@ Redesign during construction

is to be avoided but is
sometimes necessary due to
differences in the subsurface
condifions between what was
estimated and what actually
takes place

Dynamic testing (Case
Method, CAPWAP) is a useful
tool to evaluate the need for
redesign but must be used
with good judgement

Drilled shafts and the cuttings
from borin%should be

inspected before and during
the placement of concrete



Static Load Testing of Il'))eep Foundations
]




Evaluation Method for Deep

Foundations

* Analytic methods,
based on soll
properties from
laboratory and/or in-
situ tests

* |oad Testing

* Full-scale static load
tests on test piles

* Dynamic Methods,
based on dynamics of
pile driving or wave

propagation 1 g




Concepts to Review

*  Shaft and End Bearing Piles Lriedion or Erd b,a,-,_hg
. Resistance to load Hoadir 3. les F des
= Shaft resistance (Q, ) /Dt O <
~  Toeresistance (Q,) - & . s P
. End(—j%?éq:gg?eps)iles, toe resistance -
pre
. Shaft Friction Piles, shaft resistance q GF # {:; “G%’ ‘ *
predominates -
. For tension piles, shaft resistance g .

predominates (toe cannot be in tension)

@® Ultimate vs. Allowable Capacity

® Ultimate capacity is the load required to
cause failure, whether by excessive Q
settlement or irreversible movement of
the pile relative to the soil

) For driven piles, one must also
consider the resistance to driving,
which can be different from the

ultimate capacity fqu

® Allowable capacity is the ultimate
E:/gs%c)tcﬁy divided by a factor of safety

() Important to distinguish between the tw




Prediction and
Verification

« At what load will the pile faile (Bearing Capacity)
*  How much will pile deflect under service loadse (Settlement)

* The two concepts are not really separated except by custom and
code

Prediction by

some method of




Static Load Tests

. € '
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@® The most precise — if not

always the most accurate —
method of defermining the
ultimate upward or
downward load capacity
of a deep foundation

Stafic load tests, however,
are tfime consuming and
expensive; must be used
judiciously

Object of the test is to
develop a load-
displacement curve, from
which the load capacity
can be determined



Dead Load Test

* (Considered a
reliable static test
method

* Slow and expensive

* Dangerous when
done unsafely

* No longer commonly
used in the US; used
where labor costs

are lower




Reaction Pile Systems

@® Disadvantages

@ Advantages

@® Can be installed with
same equipment as
production piles

@ Test can be done on
inclination

Reaction piles may pull out

If not done properly, reaction
pile capacity may result

Flexible system stores energy
during tests




Static Load Procedure
(ASTM D1143)

@ Procedure @ Two categories of tests

@ Setf up reaction stand @® Controlled stress tests —the
@ Apply a test load to the pile most common method
@® Record the load-settlement @ Controlled strain tests

history for each load applied o Cor driven piles, need
@® Apply the next load N .

. o delay static load

@ Loads are generally applied in .

increments of 25, 50, 75, 100, test to allow pile set-up

125, 150, 175 and 200% of
proposed design load

@® GCranularsoils—2 days
@® Cohesive soils—30 days




Static Load Procedure
(ASTM D1143)

@® Load test increments in
B e e fime
- @® Slow test —maintains load until
Hyck BN dack pile movement is sufficiently
small

@ Quicktest-eachload
increment is held for @
predetermined length of time,
for 2.5 - 15 minutes

, ® GCenerally requires 2-5 hours
‘, Strain Gage TO CompleTe

® May be best method for
most deep foundations

—| Jack Pressure Gage

i T
|

Jack Pump

Figure 9-64. Load test load application and monitoring components (FHWA, 2006a).



Static Load Tests: Advantages

and Disadvantages

@ Advantages

Gives reference capacity
Relatively slow loading
minimises dynamic
components

Can customise to include
creep effects

Can be instrumented to yield
static resistance distribution &
end bearing

@® Disadvantages

Time consuming
Expensive

Done on specially
designated piles

Often done carelessly or
inaccurately




5. The movement is usually measured only at the pile head. However, the pile can be
instrumented to determine movement anywhere along the pile. Telltales (solid rods
protected by tubes) shown in Figure 9-62 or strain gages may be used to obtain this
information.

Q; + Q; + Qg, etc.

¥

Q1+02+03

====Im

Use of
Telltales

N
(AN
| Telltale "A"

Telltale "A"

Movement

Pile Head

\ Telltale "B"

Figure 9-62. Basic mechanism of a compression pile load test (FHWA, 2006a).




Static Load Test

Interpretation

At what point of the
measured pile top
load vs deflection
curve do we define

the failure load
R,?

Loading method and

curve interpretation

can make significan

0.15+b/120
—v |

(a)

(b)

Load

v
Settlement

Elastic
Compression
Line, A=PL/AE

Failure Load

Load-scttlement curve

from load test

Load

----- Tangent Lines

v
Secttlement

Figure 9-68. Presentation of typical static pile load-movement results, (a) Davisson’s

method, (b) Double-tangent method.



@Davisson’s
Method

9.15.7.3 Presentation and Interpretation of Compression Test Results

The results of load tests should be presented in a report conforming to the requirements of
ASTM D 1143. A load-movement curve similar to the one shown in Figure 9-68 should be
plotted for interpretation of test results.

The literature abounds with different methods of defining the failure load from static load
tests. Methods of interpretation based on maximum allowable gross movements, which do
not take into account the elastic deformation of the pile shaft, are not recommended. These
methods overestimate the allowable capacities of short piles and underestimate the allowable
capacities of long piles. Methods that account for elastic deformation and are based on a
specified failure criterion provide a better understanding of pile performance and provide
more accurate results.

AASHTO (2002) and FHWA (1992¢) recommend pile compression test results be evaluated
by using an offset limit method as proposed by Davisson (1972). The “double-tangent™ is
more commonly used for drilled shafts. These methods are shown in Figure 9-68 and are

discussed in the following sections.

9.15.7.4 Plotting the Failure Criteria

Figure 9-68a shows the load-movement curve from a typical pile load test. To facilitate the
interpretation of the test results, the scales for the loads and movements are selected so that
the line representing the elastic deformation A of the pile is inclined at an angle of about 20°

from the load axis. The elastic deformation A is computed from:

I

A= 9-51
AE

Where: A = elastic deformation in inches (mm)

Q =test load in kips (kN)

L =pile length in inches (mm)

A = cross sectional area of the pile in in® (m?)

E =modulus of elasticity of the pile material in ksi (kPa)

9.15.7.5 Determination of the Ultimate (Failure) Load

For pile diameters less than 24 in (610 mm), the ultimate or failure load Qr of a pile is that
load which produces a movement of the pile head equal to:

In US Units sp = A+(O.15+%J 9-52

where: s = settlement at failure in inches
b = pile diameter or width in inches
A = elastic deformation of total pile length in inches

A failure criterion line parallel to the elastic deformation line is plotted as shown in Figure 9-
68a. The point at which the observed load-movement curve intersects the failure criterion is
by definition the failure load. If the load-movement curve does not intersect the failure
criterion line, the pile has an ultimate capacity in excess of the maximum applied test load.

For pile diameters greater than 24 in (610 mm), additional pile toe movement is necessary to
develop the toe resistance. For pile diameters greater than 24 in (610 mm), the failure load
can be defined as the load that produces at movement at the pile head equal to:

In US Units S = A—i—( 3b0J 9-53

For drilled shafts, the failure load is commonly determined based on the “double-tangent”
method shown in Figure 9-68b. Alternatively, the failure load is often defined as the test
load corresponding to 5% of the shaft diameter because such a movement represents a large

movement given that the drilled shafts are often much larger in diameter than driven piles.



Example of Davisson's Method

An axial compression static load test has been performed and the results must be
interpreted to determine if the pile has an ultimate capacity in excess of the required
ultimate capacity. The load - movement curve from the static load on a 356 mm square
prestressed concrete pile is presented on the following page. The pile has a cross
sectionalareay Ax.ot (2127 m™ and’ ai lengt™y 1. of" 24" my Tre.corcreté compression
strength; 2 is 34.5-MPa. The pile has-a required ultimate pile capacity of 2200 kN,

VHECommended Procedure:.

First determine, the elastic- modulus, E; of the pile from the concrete compressive
strength using E- = 4700 /f__where-f', must be-in MPa.

E = 4700 y34.5 = 27606:MPa.

Next, . calculate and plot the elastic- deformation line” using zero and:-any other load.
However, for consistency. between solutions and:ease in plotting, calculate. the. elastic
deformation using a load-of 25600°kN from A = QL / AE. Make:sure the units for the-
terms.in this equation are as. required in the equation description provided in- Section

18:7-4.

A = QL / AE =-[2500 kN- (24 m)(1000 mm / m)]/[0.127 m? (27606000.kPa)] = 17.1 mm
Then calculate the failure-criterion line for ihe-356 mm-pile from s; ==A + (4.0 + 0.008b)
as described in-Section 19.7.5. Remember-at zero load, the failure criterion line will start
at a movement equal io:(4.0-+ 0.008b).and at 2500 kN, the-failure criterion line will be
equal to.a movement:of s; = A + (4.0 + 0.008D)..

At O'kN,-s; =-(4:0.mm" +-0:008b) = 6:8-mm:

At 2500 kN, s;.= A + (4.0 mm + 0.0085) = 17.2 + (4.0 mm + 0.008(356)) = 23.9'mm

Last, plot the failure criterion line on the load-movement curve and determine whether the
failure load is greater than the required ultimate pile capacity of 2200 kN.

Based on the attached plot, the failure load is 2425 kN which is greater than the required
ultimate capacity of 2200 kN.
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Load Transfer
Evaluations

9.15.7.7 Load Transfer Evaluations

FHWA (1992c) provides a method for evaluation of the soil resistance distribution from
telltales embedded in a load test pile. The average load in the pile, Q. between two
measuring points can be determined as follows:

Qug=A E RlAfz 9-54
Where: AL = length of pile between two measuring points under no load condition
A =cross sectional area of the pile
E  =modulus of elasticity of the pile
R; = deflection readings at upper of two measuring points
R, = deflection readings at lower of two measuring points

If the R, and R; readings correspond to the pile head and the pile toe respectively, then an
estimate of the shaft and toe resistances may be computed. For a pile with an assumed
constant uniform soil resistance distribution, Fellenius (1990) states that an estimate of the
toe resistance, Ry, can be computed from the applied pile head load, Q, by the following
equation.

Ri=2Q,,-Qp 9-55

The applied pile head load, Qp, 1s chosen as close to the failure load as possible. For a pile
with an assumed linearly increasing triangular soil resistance distribution, the estimated toe
resistance may be calculated by using the following equation:

Ry =3Qavg'2Qh 9-56

The estimated shaft resistance can then be calculated from the applied pile head load minus
the toe resistance.



Computer Digital Indicator

Reference

DI |nterfaj . Telltale clip

| Data logger Hydraulic
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Figure 9-73. Some details of the O-Cell” test (after www.bridgebuildermagazine.com).




Equivalent Curve from
Osterberg Data

Equivalent Top Load-Settlement Curve
Reference test 127

Equivalent Top Load (MN)
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-, Prepared piles -

Osterberg Test

Advantages and Disadvantages

Shaft is loaded upward
rather than in
downward direction

Tensile vertical strains
near toe will cause
cracking in soill

Maximum movement is
at the pile toe rather
than pile top

Only for specially

* No reaction load
needed

* Requires jack load only
half of test load

EEEEEEEEEEEEEE

OOOOOOOOOOOOOOOOOOOOO

Figure 9-72. Comparison of reaction mechanism between Osterberg Cell® and Static



Weaknesses in Static Load Capacity

Approach

e Uncertainties in soil-pile
interface o 2

e Multiple interpretations S e
of load-deflection curve L S

e Pile failure and plunging :
failure not the Same Fig. 7.6a Load-Transfer and Resistance Curves

DEPTH (m)

NIT RESISTANCE (KPa) LOAD (KN)

e Existence of downdrag
in piles ] - \/

e Pile capacity must, in the I \ N
end, be settlement )

s o J
b a S e d Fig. 7.6b The Principles of Transition from Unit Negative Skin Friction to Unit Positive Shaft Resistance
and from Increasing Load to Decreasing Load Distribution (not the same example as in 7.6a)




Overview of Pile

Dynamics

@ Background and the
Dynamic Formulae

@ Dcvelopment of the Wave
Equation

@ Application of the Wave
Equation to Piles

@ Usc of the Wave Equation 1n
field monitoring

Statnamic Testing.
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Dynamic Formulae

Mass of hammer

Egnﬂtr'n%rmr? rescstance
( g #Jmf:
Qﬁ;ﬁ]ﬂ? - is - Ejj- E%ﬂilf *ﬂlj‘ Efﬂl'jﬂ:ﬂ': {jlj-EEFt‘ff
— v
/ Set 05 Ke °
& ol j::irg LEW Elastic Compresson
of Soul, cushion and
Socl
- 0 hagl fi-LtE loeficient of
! ! e “'.f? F..i'f 2I__‘ restcfudion
G+ @y
Mass Mass of
hammer

Ft'f -

The original method of
estimating the
relationship between
the blow count of the
hammer and the
"capacity" of the pile
Use Newtonian impact
mechanics



Engineering News

Formula
7 E @ Variables
P;. — s+ 1 @ L. = Rated striking
' energy of the hammer,
ft-kips
@ Dcveloped by A.M.

@ s = sct of the hammer
per blow, 1n.

Wellington in 1888

@ The most common

dynamic formula @ P, =allowable pile

capacity; kips

@ Assumes a factor of
\M




Other Dynamic Formulae
(after Parola, 1970)

Table A.1 (continued)

Table A.l i Table A.1 {ecntinued)
‘ 2
TABULATION OF PILE ENERGY FORMULAS Gates: R = 990 ve_ E log (10/s W, + 0.5n" W
u - ol & /s) e, = ERE; Point Bearing Piles
1 W, + W
12 E - 1 b
1. Engineering News: R = ———— e. & 3 .
& u 8+ 8 2w Danish: Ru = : er R -
12E. W, +n s I?,.ﬁ' = _ w22l
fied Engd : . - r ) h] Beory e = — (*-%‘-— + 0.0001)
2. Modified Engineering News: Ru T E R 12 2 AE i =
1 p
12 e, E 12 E ’
£ “p Janbu: e r 19. Statistical Adjustments of Gates Formula (Olson and Flaate, 1967):
3. Gow: R_= = enbu: R = n
u 5 + eiW I u u s
=l
120 E _
R =C E X s) - C
L., Vulcen Tron Works: R = =t . 2 y Yep E. og(10/s) e
Y u o 10s + 1 k o=C_ {1+ /1+2_/C)) -
u a e d
g 12 W.h Key: Ttimat il i bs
S Hlrean ot Tealbmed Buokes Bo i ade 5 ey: R, ultimate pile capecity (1bs)
U s + 0.3 A = 14s E L/AE s
e by E, rated hammer energy (ft-1bs)
o L ET (in.)
6. Rankine: R = 1 % = _ ] s set (in,
u~ 6L e2 1B . Cy = 0.75 + 0.15(W i)
) P ) e temporary set representing losses {in.)
12 E W . i
7. Dutech: R_= Tig e Hiley: B & A2 S Ez‘ . ul * nEWp W weight of the pile (1bs)
b s ‘Wl*wp L4 u s+1/2Tcl+c2+035 W oW P
é B W,  weight of the ram (ibs)
12 B W ) .
: % T 1 288 W- hn . -
8. Ritters R = ——% . oo 4 LR Redtenbacker: R = ;2 i L —s r wly h height of ram fall (ft)
1 P
: S (W1+WP) A cross-sectional area of pile (0.3
12 E ( )
9. Eytelwein: R = ——————7— Single-fcting Hammers E Young's modulus of pile (psi
u s+ 0.1 Wp"lwl g £ Pacific Coest Uniform Building Code: s -
- AR 2 576 e EL  WmW L length of pile (ft)
12 (E_+ A_P) R = s+ | [g€ * — r_,d D
r w ~ 2LL AE W+ = . ' . .
R = PR Double-Acting Hemmers , 1l p L length of pile, measured from head to center of driving resistence
uwos . p/ 1 resistance (ft)
12 E Cenadien National Building Code: er hammer efficiency (%)
10. Navy-Mckey: R = ————" 12 e E
u s(1+0.3 wp/wl) R = i T A effective area of piston {in.g)
u s + &/2 P
12 E 2!-! P mean pressure of steem or eir (psi)
11. Sanders: R = X \1'1 +n
= ] e :W Friction Piles



Gates Formula

The WSDOT and FHWA studies resulted in both organizations replacing EN in their
specifications with the Gates dynamic formula. However, the Gates dynamic formula, which
was originally developed based on correlations with static load test data, is usually restricted to
piles that have driving capacities less than 600 kips. The Gates formula, was modified by
FHWA for driving capacity as shown below:

R, =1.75/E; logjo(10N},)-100 9-26a
where: R, = the ultimate pile capacity (kips)
E; = the manufacturer's rated hammer energy (ft-lbs) at the field observed
ram stroke
N, = the number of hammer blows per 1 inch at final penetration

The number of hammer blows per foot of pile penetration required to obtain the ultimate pile
capacity is calculated as follows:

N/ft= 12 (10%)
9-26b
where: x =[(Ry+ 100)/(1.75+/E ;)] -1



Weaknesses of Dyna

It is not possible to devise a simple, yet accurate, formula for determining the
load bearing capacity of a driven pile and incorporate, therein, allowances for all
the modifying conditions that arise. The piles may be long or short, light or
heavy, of different cross-sectional areas and materials, and may have been
driven with or without a cushion block. Soils very greatly. Diverse styles of pile
hammers are employed for driving; some may have, in comparison to the total
weight of hammer, or with respect to the weight of the pile that is to be driven, a
relatively light ram, others a relatively heavy ram, and may strike few or many
blows per minute at widely different velocities.

A simple formula cannot take into account the existing ratio of the weight of
the striking part (or ram) to the weight of the pile, though both this and the
velocity at the moment of impact are factors which greatly affect the efficiency of
the blow and, consequently, the bearing capacity of the pile. The effectiveness
of the cushioning, elasticity of the pile and quake of the soil are other variable
factors of vital importance not possible of inclusion in a simple formula. (Vulcan
product literature, 1930’s)




@ I he Wave Equation

L ou
(9.3) O = ; V  derived from the “Wave Equation™: o 52 =
where o =  stress
E = Young’s modulus =
G wave propagation speed c= |—=
v = particle velocity P

@ When applied to piling, must be
expanded to include damping and
spring of shaft resistance

@ Closed form solution possible but
limited 1n application

ed numerically fo

@ Variables
@® u = displacement, m

@ x = distance along the length
of the rod, m

@ ¢ I_1me seconds

{yperbolic, second order
;- f_erentlal equatlon




Semi-Infinite Pile Theory

* From this, _ Ut * Assumes pile:
Ux= E © Has no resistance of any kind along
. . . pile shaft
° This relates plle partICIG O Starts at x = 0 and goes to infinity
Velocity to plle displacement O Has no reflections back to the pile
head

* Define pile impedance: S
* For semi-infinite piles,

E.A e
9.5) A=F=Z,v,
(9.4) Z, = PP 7 K
where ¢ = axial stress in the pile
CP A = npile cr(t)rss sectiton Erea
F = force in the pile
Zp = pileimpedance
. . vp -= pile particle velocity
where Zp, = pile impedance
Ep = Young’s modulus of the pile material
Ap = pile cross section area

cp = wave propagation speed (= speed of sound in the pile)



Modeling the Pile
Hammer

*  With semi-infinite pile
theory, pile 1s modeled as a
dashpot

* Ram and pile top motion
solved using methods from
dynamics and vibrations

* For cushionless ram:

_Zt
F(H)=ZVoe M

S

=

& &

UrT

v




Closed Form Solution
Flmte Undamped Pile

l sssss * Simple hammer-pile-soil
% K Hammer Cushion system
m PleCep * We will use this to analyze

" the effect of the variation of

Uniform Cross Sectional Area the plle toe
Uniform Density and Elasticity

Zero Initid Velocity, Displacerment °

Pile toe spring stiffness can
vary from zero (free end) to
infinite (fixed end) and an
intermediate condition

Pile Toe Spring

%Kp




Pile Displacements, 0 < t < 4L/c

. Fixed End
Results

Pile Stresses, 0 < t < 4L/¢c
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Pile Displacements, 0 < t < 4L/¢




Intermediate Case Results

Pile Displacements, 0 < t < 4L/c
Pile Stresses, 0 < t < 4L/¢

0.0354

1.6e+074

1e+074

Se+06

0




Free End Results
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Numerical Solutions

@ Subsequent Solutions @ First developed at
@® TTI (Texas Raymond Concrete
Transportation Institute) — Pile by E.A.L. Smith
late 1960's (1960)
@® Very similar to Smith's ,
solution @ Solution was first done
@® GRL/Case — 1970's and manually, then
1980's computers were
@® Added adequate modelling involved

of diesel hammers
@ Added convenience features O One of the first

® TNO applications of
computers to c1vil
engineering




Necessity for Numerical
Solution

Non-uniformity of the pile cross section
along the length of the pile, and in some
cases the pile changes materials.

Slack conditions in the pile. These are
created by splices in the pile and also pile
defects.

With diesel hammers, the force-time
characteristics during combustion are
difficult to simulate in closed form. (It
actually took around fifteen years, until
the first version of WEAP was released, to
do a proper job numerically.)

Unusual driving conditions, such as
driving from the bottom of the pile or use
of a long follower between the hammer
and the pile head.

Existence of dampening, both at the toe, along
the shaft, and in all of the physical components
of the system. In theory, inclusion of
distributed spring constant and dampening
along the shaft could be simulated using the
Telegrapher’s wave equation, but other factors
make this impractical also.

Non-linear force-displacements along the toe
and shaft, and in the cushion material.
Exceeding the “elastic limit” of the soil is in
fact one of the central objects of pile driving.

Non-uniformity of soils along the pile shaft,
both in type of soil and in the intensity of the
resistance.

Inextensibililty of many of the interfaces of the
system, including all interfaces of the hammer-
cushion-pile system and the pile toe itself.



Wave Equation for Piles in
Practical Solution

(a) Schematic of System  (b) Model
Diesel
‘; Fcrane
Air/Steam/Hydraulic
ﬂ Assembly F,
———-— ————-----—--
= (c) Soil Model =
TR TR T T [RSIT
Pile
Soil
(d) Representation of — —— —
Soil Model 1 ,l,é
Dynamic Static
Resistance Resistance
1 Ry Hammer Cushion @ Elastic Connection
Nsss§ Helmet Vibrator and Jaws
= Pile Cushion Vibration Isolator
Velocity 9 Displacement




“Bearing
Graph”
Result of
Wave

Equation

19-0Oct-2015
GRLWEAP Version 2010
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Blow Count (blim)

VULCAM 5110

Stroke
Fam Weight
Efficiency

Helmet Weight
Hammer Cushian
COR ofH.C.

Skin Quake
Toe Quake
Skin Damping
Toe Damping

File Length
File Penetration
File Top Area

File Model

151 m
439.50 kM
0.670

175.26 KN
1516 kM/mm
1.000

2500 mm
10160 mm
0.350 sec'm
0.500 sec'm

12733 m
7373 m
162420 cm2

Skin Friction
Distribution

Fes. Shaft=99 %
(Froportional)




Allowable
Axial

tresses 1n

riven Piles

Table 9-11. Maximum allowable stresses in pile for top driven piles (after AASHTO, 2002;

FHWA, 2006a)

Pile Type

Maximum Allowable Stresses
(£, = yield stress of steel; [, = 28-day compressive strength of concrete:; f,. = pile
prestress)

Stecl H-Piles

Design Stress
0.25f,

0.33f If damage is unlikely, and confirming static and/or dynamic load tests
arc performed and evaluated by engineer.

Driving Stress
09€

32.4 ksi (223 MPa) for ASTM A-36 (f, = 36 ksi; 248 MPa)
45.0 ksi (310 MPa) for ASTM A-572 or A-690, (f, = 50 ksi: 345 MPa)

Unfilled Steel
Pipe Piles

Design Stress
0251,

0331, If damage is unlikely, and confirming static and/or dynamic load tests
are performed and evaluated by engineer.

Driving Stress
0.9f,

27.0 ksi (186 MPa) for ASTM A-252, Grade 1 (f; = 30 ksi; 207 MPa)
31.5ksi (217 MPa) for ASTM A-252, Grade 2 (£, = 35 ksi; 241 MPa)
40.5 ksi (279 MPa) for ASTM A-252. Grade 3 (f, = 45 ksi ; 310 MPa)

Concrete filled
steel pipe piles

Design Stress
0.25 f; (on stecl arca) plus 0.40 £, (on concrete arca)

Driving Stress
091,

27.0 ksi (186 MPa) for ASTM A-252, Grade 1 (£, = 30 ksi: 207 MPa)
31.5 ksi (217 MPa) for ASTM A-252, Grade 2 ([, = 35 ksi; 241 MPa)
40.5 ksi (279 MPa) for ASTM A-252_ Grade 3 (f, = 45 ksi : 310 MPa)

Precast
Prestressed
Concrete Piles

Design Stress
0.33f,-0.27 f. (on gross concrete area) ; f; minimum of 5.0 ksi (34.5 MPa)

[;c generally > 0.7 ksi (5 MPa)

Driving Stress
Compression Limit< 0.85 [, - £, (on gross concrete arca)

Tension Limit (1) < 3 (', )"? e (on gross concrete areca) US Units*
< 025 (',)"” +f,. (on gross concrete arca) SI Units *
Tension Limit (2) <fj. (on gross concrete arca)
(1) - Normal Environments ; (2) - Severe Corrosive Environments
*Note: ', and [, must be in psi and MPa for US and SI equations, respectively.

Conventionally
reinforced
concrete piles

Design Stress
0.33 [, (on gross concrete arca) ; ', minimum of 5.0 ksi (34.5 MPa)

Driving Stress
Compression Limit < 0.85 ' ; Tension Limit <0.70 [, (of steel reinforcement)

Timber Pile

Design Stress
0.8 to 1.2 ksi (5.5 to 8.3 MPa) for pile toe area depending upon species

Driving Stress
Compression Limit <3 g,

Tension Limit <30,
o, - AASHTO allowable working stress




TAMWAVE

* Originally developed in
2005; recently extensively
revised

* With simple soil and pile
input, capable of the
following for single piles:

— Axial load-deflection analysis
— Lateral load-deflection analysis

— Wave Equation Drivability
Analysis

R
g
=g
=

Uses method presented
earlier to estimate static
capacity

Uses ALP method for axial
load-deflection analysis

Uses CLM 2 method for
lateral load-deflection
analysis

Hammer database (in
ascending energy order) and
initial hammer selection
estimate available

Includes estimate of soil set-
up in clays



16" Concrete Pile Example

General Output for Wave Equation Analysis

_ .17 - - Force-Time History, SED = 637.80 kips
2018-04-08T17:02:24-04:00 o Fome
Red Line = Pile Head Impedance*Velocit
. d | d Imped loeity

Vertical grid spacing from left to right is L/ ¢, may not be complete for last spacing.

16,000 FPlot Limits:

lTime Step, msec
[Pile Weight, lbs.
lPile Stiffness, 1b/ ft

x-axis from 0.000 to 5.292
1’7?7’??8 y-axis from -69,955.296 to 598,407.435

[Pile Impedance, lb-sec/ ft 103,000.1
L/c, msec 482813
[Pile Toe Element Mumber

[Harnrner Manufacturer and Size

|

|

|

|

|

| 62

ILength of Pile Segments, ft. | 1 /_’ o

[VULCAN 030 /\
|

|

|

|

|

|

|

lHammer Rated Striking Energy, {t-lbs 90000

Hammer Efficiency, percent 67

ILength of Hammer Cushion Stack, in. 25

Boil Resistance to Driving (SRD) for detailed results only, kips 637.8 \/
lPercent at Toe 56.70

ITc:e Qualke, in. 0.320 \
rl”oe Damping, sec/ ft 0.05




@ 16" Concrete Pile Example

Element
Element of of
Soil Permanent  Blows per =~ Maximum = Maximum  Maximum Maximum
Resistance, Set of Pile Footof  Compressive Compressive Tensile = Tensile Number of
kips Toe, inches = Penetration ~ Stress, ksi Stress  Stress, ksi Stress  lterations
1276 2.335 5.1 2.01 3 0.55 40 1200
233.1 1.114 10.8 2.1 3 0.05 ) 1200
2.7 0.67 17.9 2.1 33 0 b2 1048
310.2 0.352 k1| 2.4 i 0 62 764
637.8 0.135 88.8 2.53 3 0 b2 636
7654 0.009 1381 2.58 32 0 62 609

\_____/7




@ 16" Concrete Pile Example

900 3
800

125
700 ,/
600 / 2
500 P

o
Stress, |

SRD, kil

400 /
300 / 1
200

( T 05
100 \
0 0

0 20 40 60 80 100 120 140 160 180 200

Blows per Foot of Penetration

Maximum Compressive Stress, ksi  =NMaximum Tensile Stress, ksi

Soil Resistance, kips




Basic Steps in Wave
Equation Analysis

* Gather information * Construct Analysis

> Hammer type, ram weight, cushion " Run static capacity analysis on pile a
data, etc. . . ©  Apply setup factor (if necessary) on

O Suggested trial energy shown in chart static capacity
below (included 1n program) ©  Input data for hammer, pile and soil

O Pile data, including length, material, resistance profile into wave equation
etc. analysis

([ J

O Soil data; layers, soil types, Run program

properties ©  Run wave equation analysis for
different soil resistances (factoring
original static analysis) and (for some

100,000~ = g5
wave equation programs) different
2 o000 depths of driving
b =
5 | = * Analyse Results
G 60,000 — - . X
5 o ©  Blow counts, tension and compression
5 R stresses, driving time
£ 40000 ,
£ R
\ E 000 — // 1l
e < AU Tt S S
T 20 300 700 500

Ultimate Soil Resistance - Tons

Figure 9-44. Suggested trial hammer energy for wave equation analysis.



Soil Resistance to Driving

A static analysis should also be used to calculate the soil resistance to driving, SRD, that must
be overcome to reach the estimated pile penetration depth necessary to develop the ultimate
capacity. This information is necessary for the designer to select a pile section with the
driveability to overcome the anticipated soil resistance and for the contractor to properly size
equipment. Driveability aspects of design are discussed in Section 9.9.

In the SRD calculation, a factor of safety is not used. The soil resistance to driving is the sum of

the soil resistances from the scour susceptible and unsuitable layers plus the soil resistance in the
suitable support materials to the estimated penetration depth.

SRD =Ry ¥R + Ry + Ry

Soil resistances in this calculation should be the resistance at the time of driving. Hence time
dependent changes in soil strengths due to seil setup or relaxation should be considered (sce
Table 5-8 in Chapter 5 for brief explanation of these terms and Section 9.5.5 for more
discussion). For the example presented in Figure 9-5, the driving resistance from the unsuitable
clay layer would be reduced by the sensitivity of the clay. Therefore, Ry; would be Ry / 2 for a
clay with a sensitivity of 2. The soil resistance to driving to depth D would then be as follows

SRD = Ry +R2/2 + Rz + Ry

This example problem considers only the driving resistance at the final pile penetration depth. In
cases where piles are driven through hard or dense layers above the estimated pile penetration
depth, the soil resistance to penetrate these layers should also be calculated. Additional
information on the calculation of time dependent soil strength changes is provided in Section 9.9
of this chapter.

e

v©

Layer 1
SAND

(subject to scour)

Layer 2
SOFT CLAY
(unsuitable)

Embedded
Pile
Length, D

Layer 3
SUITABLE
SUPPORT

MATERIALS

¥




Pile Setup in Clays

Soil setup factors (after FHWA, 1996)

Maximum Load Caj
o £ L
< =

Table 9-8

Predominant Soil Range in Recommended Number of Sites
Type Along Pile Soil Set-up Soil Set-up and (Percentage
Shaft Factor Factors™ of Data Base)
Clay 12-55 2.0 7 (15%)
Silt - Clay 1.0-2.0 1.0 10 (22%)
Silt 1.5-5.0 1.5 2 (4%)
Sand - Clay 1.0-6.0 1.5 13 (28%)
Sand - Silt 12-20 1.2 8 (18%)
Fine Sand 12-20 1.2 2 (4%)
Sand 08-2.0 1.0 3 (7%)
Sand - Gravel 12-20 1.0 1 (2%)

* Confirmation with local experience recommended




Pile Resistance Example

Example 9-1:  Find the ultimate capacity and driving capacity for the pile from the data listed
in the profile. The hydraulic specialist determined that the sand layer is
susceptible to scour. The geotechnical specialist determined that the soft clay
layer is unsuitable for providing resistance.

Sand R, =20 tons
Soft Clay Ry =20 tons
? Sensitivity = 4
/ Gravel Ry = 60 tons
4 R; =40 tons
Solution:
Ultimate capacity =Ry + R
= 60 tons + 40 tons = 100 tons
Driving capacity = Ry + (Rep/Sensitivity) + Rg; + Ry
2
=20tons + 0tons + 60 tons + 40 tons = 125 tons




Dynamic Testing

* Load is applied by
iImpact force of ram

* Force is measured by
strain gages
* Velocity is measured by

accelerometers with the
results integrated in time

* This force-time and
velocity-time data is
used to estimate the
static capacity of the pile
and monitor pile
stresses during driving




Integration of Acceleration to Velocity
Energy Obtained from Force and Velocity

EXAMPLE ACCELERATION

EXAMPLE FORCE
(closed end, thin wall pipe driven to
a sand bearing strata)

/hammer assembly effect

ﬁ/result of hammer assembly
impacting the pile top

M TN N L N

initial/\/‘\\/\/N//J 'M || R

contact

We define impact as the first relative maximum in velocity
(first zero acceleration)

VELOCITY OBTAINED FROM INTEGRATION OF ACCELERATION
ENERGY OBTAINED FROM FORCE AND VELOCITY

E=fFt)vierat
Maximum transferred energy (ENTHRU)

\thﬁ\\-’\\V/ﬂJ,\V//’ \\\__Final Energy Transferred

to the pile




The Pile Driving Analyser

@ For Dynamic Pile @ For Dynamic Load
Monitoring: Test:
@ Stresses . .
@® Hammer Performance @ Bearing Capac1ty at
® Pile Integrity time of testing

@ Scparating Dynamic
from Total (Static +
Dynamic) Soil
Resistance

@® Casc Method
® CAPWAP-C




Data Output of Pile Driving Analyzer

200.0 -Kips

Force Msd
— — Velocity Msd

* The two sensors at the pile
head give two sets of data
— Force-time
— Velocity-time, which is generally
multiplied by the impedance (in
accordance with semi-infinite

pile theory) to allow for common
data plotting and comparison

100.0

65 MS

I | J
0.0 q-h,—;h

]~ ~
Wlth‘CAPWAP C veloc:|ty-
time history is input into pile
model and force-time history
IS matched, but this can be
100.0 L reversed depending upon the
| algorithm being used




CAPWAP Modeling of Pile
Response and Capacity

Force Measured, F,,

Force Compuled, F,

Acceleration Measured, a,,

e

r Rshalt

TRtoe

Field Condition

1.Measure Fp,, an

4R,
g,
4R,

iR,
iR,
ir,

HEEEEEREEER

3

Model

2.Compute F=F(am, Rs, R

3.Compare F,, «F,
4. Correct Rs, R
5. lterate (go to 2)

Force Measured
Force Computed

Capacity 2187 kN
Adjust Soil Unloading
MQ 1.75

Capacity 2187 kN
Adjust Toe Model of
Quake, Gap, and Plug
MQ 4.18

—

S e

L

Capacity 2187 kKN
28% Shaft; 72% Toe
MQ 6.01

o
- va \'\ g

e — o~

Capacity 1667 kN
37% Shatft; 63% Toe
Increase Damping
MQ 6.98

Capacity 1667 kN
80% Shaft; 30% Toe
MQ 21.87




Case Method for Pile A

Simple “Back of the Envelope”
Method for Estimating Pile Capacity
from Dynamic Results

Assumptions:

The pile resistance is concentrated at
the pile toe, as was the case with the
closed form solutions above.

The static toe resistance is completely
plastic, as opposed to the purely elastic
resistance modelled above. (Both the
wave equation numerical analysis and
CAPWAP assume an elasto-plastic
model for the static component of the
resistance.)

® Uses output from Pile Analyzer

®* Definitions

t, = time of peak impact force (or later,
depending upon interpretation method)

t,=t, +2L/c

F, = pile head force at time t,, kN or
Kips

F, = pile head force at time t,, kN or
Kips

V, = pile head velocity at time t,, m/sec
or ft/sec

V, = pile head velocity at time t,, m/sec
or ft/sec




Case Method for Plile £

* Definitions @Basic Formulas
— Z = pile impedance, kN-sec/m or
Kip-sec/ft —RTL=RD + RS
— ZV1 = product of impedance and —RTL = (F1 + |:2)/2 +

velocity at time t1, KN or kips

) | (ZV1 = ZV2)/2
— ZV2 = product of impedance and

velocity at time t2, kN or kips —RD = J(F1 + /1 —
— RTL = total resistance, kN or kips RTL)

— RD = dynamic resistance, kN or

Kips —RS =RTL-RD
— RS = static resistance, kN or kips

— J = Case damping constant,
dimensionless



Case Method for

. - RMX Method
[
I nte rpretatlon ®* The time t1 is for the RMX method is the
peak initial force plus a time shift,
M eth Od S generally 30 msec (Fellenius (2009), see
below.) The time t2 is still t1 + 2L/c. This
_ time shift is to account for the delay
RS P Meth Od caused by the elasticity of the soil.
* The RMX method is best for piles with
¢ The t1 for the RSP Ia_rge toe resistgnces_and large
method is the first Quiakes that accompany them. The quake
peak p0|nt |n the force_ of the soil is the distance from initial
] position of the soil-pile interface at which
the deformation changes from elastic to
Ime curve (see dDelow
plastic, see variable “Q”. The toe quake is
PY BeSt Used for pileS proportional to the size of the pile at the
toe.

with low displacements

and high shaft
resistances.

FT1and VT4

670 kN
1.76 mis

670 kN
1.76 m/s




B Case Method Example

* Find * @G1ven
O Case Method ultimate capacity for ©  Pile with impedance of 381 kN-
the RSP and RMX methods sec/m
©  Force-time history as shown at the
left
FT1 and VT) * F1=1486 kN (shown as FT1)

670 kN
1.75 m/s

* F2 =819 kN (shown as FT2)

* V1 =3.93 m/sec (shown as
VTI1)

* Z=670kN/1.75 m/sec = 381
kN-sec/m

- ZV1=(381)(3.93) = 1497.33
kN

* V2=1.07 m/sec (shown as
VT2)

- ZV2=(381)(1.07) = 407.67 kN



Case Method Exe

* RSP Method . RMX:)ATthO('jt different h below, b f
- Data points given the diferentvalues of tl and 2
— Assume J =04 _ Ziz::N
— RTL = (1486 + 819)/2 + - Vi 192 misec
(149733 — 40767)/2 = - ZV1=(381)(1.92) = 731.52 kN
1697 kN - VT2=0mlsec

- ZV2=(381)(0) = 0 kN-sec/m

- RD = 0.4(1486 +
1497.33 — 1697) = 514

kN
- RS = 1697 — 514 =
1183 kN




Case Method Ex:

@RMX Method @ Substituting and
—Value for Case Solving
Damping Constant J —RTL = (819 + 1486)/2
@ The Case damping +(731.52 -0)/2 =
constant for the RMX 1518 kN
method is generally
greater than the one —RD =0.7(819 +
used for RSP, typically 731.52 -1518) = 16
by +0.2, and should be KN
at least 0.4. _RS = 1518 — 16 =

@ In this case we will 1498 kN



Determining Case
Damping Constant

Soil Type at Pile Toe

Original Case Damping
Correlation Range
Goble et al. (1975)

Updated Case
Damping Ranges
Pile Dynamics (1996)

Clean Sand

Silty Sand, Sand Silt

Silt

Silty Clay, Clayey Silt
Clay

0.05to0 0.20
0.15to0 0.30
0.20to0 0.45
0.40t0 0.70
0.60to0 1.10

0.10t0 0.15
0.15t00.25
0.25 t0 0.40
0.40t0 0.70
0.70 or higher

The reality is that the Case damping constant is a “job-specific” quantity
which can and will change with changes of soil, pile and even pile

hammer These require calibs

, either with CAPWAP or theoretically
' The Case Method requires a great deal
ts application to actual pile driving




nterpreting Force-Iime
Curves

Force

Minimal Shaft or

=== Toe Resistance

1000 kN

Large Toe
Resistance

1000 kN

Large Shaft

Resistance




Dynamic Pile Testing

Critique

Static capacity is interpreted rather than
measured directly

Requires experience for correct

interpretation




http://www.youtube.com/watch?v=IHnbd-QGdaw

Statnamic
Tests


http://www.youtube.com/watch?v=IHnbd-QGdaw

Statnamic Device and
Principles

T @ Controlled explosion
detonated; loads the pile

| over longer period of time
P == than impact dynamic

3 ’ testing

B @ Upward thrust transferred
: to reaction weights

‘ : @ Lascr sensor records
deflections; load cell
records loads

VENT CONE




Typical Statnamic Force-
Time Curves

c\ow ozo/_’ o.2|5

Y

S0 \ \ / 0.03 g

3 Load (kN)/ :
+-0.04

-150 \




Typical Statnamic Load-
Detlection Curves

50 o -50 - 100 -150 - 200

——,

— Total
/ Force
Statc
Force | :

-Q.020 :'

-0.030 1

o : /

-0.050 | —_—a -

3 —
g Total

" Force
~ less
~ inertial
force




Statnamic Advantages and
Disadvantages

@ Advantages @ Disadvantages

@ Much faster and simpler @ Docs not give a clear
than static loac.l testlr.lg picture of the

@ Does not require a pile distribution of capacity
hammer as high-strain between the shaft and
dynamic testing does the toe

@ Especially applicable to . .
drilled shafts and other @ Technique not entirely
bored piles developed for clay

(high dampening) soils

=
Viﬁh
:




TABLE 12

Identification and Characteristics of Special Materials

Material Geograghic/Geomorphic Features Engineering Conditions
"Quick ®* Marine or brackish water clay composed of Severe loss of strength when disturbed-by
Clay" glacial rock flour that is elevated above construction activities or seismic ground
sea level. shaking.
* Generally confined to far north areas; Replacement of formation water containing
Eastern Canada, Alaska, Scandinavia. dissolved salt with fresh water results in
strength loss.
Produces landslide prone areas (Anchorage,
Alaska).
Hydraulic |*® Coastal facilities, levees, dikes, . High void ratio
Fills tailings dams
Uniform gradation but variable grain sizes
within same fill
High liquefaction potential
Lateral spreading
Easily eroded
Collapsing|® Desert arid and semi-arid environment Loss of strength when wetted
Soil

®* Alluvial valleys, playas, loess

Differential settlement

Low density
Moisture sensitive

Gypsum/Anhydrite often present




s

TABLE 12 (continued)
Identification and Characteristics of Special Materials

Material

Geographic/Geomorphic Features

Engineering Conditions

Submarine
Soils

®* Continental shelf deposits at water
depths up to several hundred feet.

* Submarine canyons, turbidity flows,
deltaic deposits, abyssal plain

Distribution and physical properties of
sand, silt, and clay may change with time
and local geologic conditions.

Shelf deposits have few unique
characteristics requiring auvdification of
soil mechanics principals.

Local areas, such as the Gulf of Mexico
have weak, underconsolidated deposits.

Deep sea calcareous deposits have water
contents up to 100% and shear strengths up
to about 220 psf.

Deep sea silty clays have average water
contents of 100-200% and shear strengths of
35-75 psf.

Deep sea deposits are normally consolidated
but near shelf deposits may be
underconsolidated.

Lateritic
Soils

Tropical rainforest and savanna
Deep residual soil profile

Shield and sedimentary cover outside
shield in South and Central America,
Central and West Africa, southeast Asia,
and other parts of the world.

Loss of soil strength with time
High void ratio/permeability
Aggregate deterioration
Variable moisture content

Shrinkage cracks




TABLE 12 (continued)
Identification and Characteristics of Special Materials

Material Geographic/Geomorphic Features Engineering Conditions

Lateritic Easily compacts

Soils

(cont'd) Shear characteristics somewhere between
sand and silt
Landslide prone
Depth of wetting affects slope stability
Varied foundation conditions

Limestone | * Humid tropics and subtropics, island Solution cavities

and Coral environment.

Karst topography accelerated in humid
climates.

Limestone that are cavernous or prone to
cavity formations are widely distributed
throughout the world in countries of arid
and humid climates. In the U. S., cav-
ernous limestone is found in Kentucky,
Pennsylvania, California, Indiana,
Michigan, New Mexico, Texas, and
Virginia.

Extreme variations in porosity
Void ratios in coral up to 2

Chimney-like sinkholes and collapse
structures

Slump failures, ravelling
Rock settlement and consolidation

Piles or bridging often required

——— e




Overview of Collapsible Soils

5.7.2 Collapse Potential of Soils

There are several types of soils that can experience collapse under moisture ingress.
Examples of such soils are wind-blown deposits such as loess, or alluvial soils deposited in
arid or semi-arid environments where evaporation of soil moisture takes place at such a rapid
rate that the deposits do not have time to consolidate under their self weight or where the
deposits are cemented by precipitated salts. Such soils are predominantly composed of silts
and some clay. Typically, the structure of such soils is flocculated and the soil particles are
held together by “clay bridges” or some other cementing agent such as calcium carbonate.
In both cases disturbed samples obtained from these deposits are generally classified as silt.
When dry or at low moisture content the in-situ material gives the appearance of a stable
deposit. At elevated moisture contents these soils generally undergo sudden changes in
volume and collapse. Full saturation is not required to realize collapse of such soils;
often collapse of the soil structure occurs at moisture contents corresponding to pre-
collapse degrees of saturation between 50 to 70%. Such soils, unlike other non-cohesive
soils, will stand on almost a vertical slope until inundated. Collapse-susceptible soils
typically have a low relative density, a low unit weight and a high void ratio. Figure 5-28 is
a useful tool for assessing whether a soil is collapsible or not based on LL and dry unit
weight.

50

eo\

70

Soils have been
observed to collapse.

80

Dry Unit Weight (PCF)

90

Soils have not
generally been
observed to
collapse.

100 \

] I
10 20 30 40 50
Liquid Limit

Figure 5-28. Chart for evaluation of collapsible soils (after Holtz and Hilf, 1961).

Structures founded on such soils may be seriously damaged if the soils are inundated and
collapse. Therefore, if a soil is suspected to be collapse susceptible, then it is of primary
importance to estimate the magnitude of potential collapse that may occur if the soil becomes
wetted. To do this, a one-dimensional collapse potential test can be performed in an
oedometer on undisturbed or recompacted samples according to ASTM D 5333. For this
test, a sample is placed in an oedometer at it natural or compacted moisture content and the
vertical pressure on the sample is increased in increments to the anticipated final loading in
the field. Readings of vertical deformation are taken during the loading sequence. At the
anticipated final load level, water is introduced to the sample and the resulting deformation
due to collapse is recorded. The percent collapse (%C) is defined as:

100 AH,,
H

%C= 5-15

(e}

where AH, is the change in height upon wetting and H, is the initial height of the specimen.
Conceptually, C is a strain. Therefore, for a soil layer with a given thickness, H, the
settlement due to collapse, Scqjapse. if the entire thickness is inundated may be calculated as:

%C
Scollapse = H [(IOO)J 5-16

The collapse potential (CP) is calculated as the percent collapse (%0C) of a soil specimen
subjected to a total load of 4 ksf (200 kPa) as measured by using procedures specified in
ASTM D 5333. The CP is an index value used to compare the susceptibility of various soils
to collapse. Table 5-12 provides a relative indication of the degree of severity for various
values of CP.

Table 5-12
Qualitative assessment of collapse potential (after ASTM D 5333)
Collapse Potential (CP) Severity of Problem
0 None
0.11t0 2% Slight
2.11t0 6% Moderate
6.11to0 10% Moderately Severe
>10% Severe




Dealing With Collapsible
Soils

* Solutions for Pavements * Other Foundation
Solutions

o Shallow Foundations—furnish a

o Ponding water over the region of
collapsible soils.

o Infiltration wells.

Compaction - conventional with
heavy vibratory roller for shallow
depths (within 0.3 or 0.6 m (1 or 2
ft))

Compaction - dynamic or vibratory
for deeper deposits of more than
half a meter (a few feet) (could be
combined with inundation)

Excavated and replaced.

system of grade beams to distribute
the load and mitigate the effects of
uneven collapse of the underlying
soils

Deep foundations—avoid the
effects of collapsible soils
altogether by transferring the
structure load to a more stable
stratum



Expansive Soils

2. EXPANSIVE SOILS.

a. Characteristics. Expansive soils are distinguished by their poten-
tial for great volume increase upon access to moisture. Soils exhibiting such
behavior are mostly montmorillonite clays and clay shales.

b. Identification and Classification. Figure 4 (Reference 17, Shallow
Foundations, by the Canadian Geotechnical Society) shows a method based on
Atterberg limits and grain size for classifying expansive soils. Activity of
clay is defined as the ratio of plasticity index and the percent by weight
finer than two microns (24 ). The swell test in a one dimensional consoli-
dation test (see Chapter 3) or the Double Consolidometer Test (Reference 18,
The Additional Settlement of Foundations Due to Collapse of Structures of




Another useful index proposed by Skempton (1953) based on the proportion of clay and Pl is
known as the “Activity Index.” The activity index of a clay soil is denoted by A and is
generally defined as follows:

A= il 5-3

CF
where CF is the clay fraction is usually taken as the percentage by weight of the soil with a
particle size less than 0.002 mm. Clays with 0.75 < A < 1.25 are classified as “normal” clays
while those with A < 0.75 are “inactive”™ and A > 1.25 are “active.” Values of activity index,
A, can be correlated to the type of clay mineral that, in turn, provides important information
relative to the expected behavior of a clay soil. A clay soil that consists predominantly of the
clay mineral montmorillonite behaves wvery differently from a clay soil composed
predominantly of kaolinite. Figure 5-5 also shows the activities of various clay minerals and
their location on the Casagrande’s plasticity chart. The symbol for the activity index (A) in
Figure 5-5 should not be confused with the “A-line” also shown in the figure.

A=1.5(Calcium)
A=4 to 7 (Sodium)

Montmorillonites

60 |-

50 -

40

Plasticity index
w
o
T

A=0.1 (hydrated)

10 A=0.5 (dehydrated)
0 * ] 1 l
0 10 20 30 40 |50 60 70 80 90 100
Chlorites
Liquid limit

Activity Index, A, of other minerals
Aftapulgite 0.51.2 Mica (muscovite) 0.2
Allophane 0.5-1.2 Quartz 0
Calcite 0.2

Figure 3-5. Location of clay minerals on the Casagrande Plasticity Chart and Activity
Index values (after Skempton, 1933, Mitchell, 1976, Holtz and Kovacs, 1981).

@Activity Index

Modified Activity Index, Ap: Based on their studies regarding the swell potential of
compacted natural and artificial clay soils, Seed er al. (1962) proposed that for natural clay
soils compacted as per the requirements of ASTM D 698 and Atterberg limits determined by
ASTM D 4318 (AASHTO T 89, T 90), a Modified Activity Index, Ap, defined as follows is

more appropriate:

The above definition is used to define the swell potential of soils (see Section 5.7).
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Damage Due to Expansive
Soils

H’A o _ Y

VERTICAL CRACKS
iy HORIZONTAL
' CRACKS

DIAGONAL
Hi
- CRACKS

s S
? - ‘\u

\ CENTER HEAVING

Raote 35

a. Vertical cracks

x

EDGE LIFT

U. S. Army Gorps of Engineers
Figure 1-3. Examples of fractures from dish-shaped lift on swelling foundation soils.

EDGE DOWNWARPING

U. S. Army Corps of Engineers

Figure 1-2. Examples of wall fractures from doming heave of
swelling and shrinking foundation soils

Diagonal and vertical cracks

b.

S. Army Corps of Engineers

u.
Figure 1-1. Examples of cracks in an exterior wall.



aSwell Potential

5.7 VOLUME CHANGE PHENOMENA DUE TO LOADING AND MOISTURE

Depending on mineralogy and depositional patterns, natural soils can exhibit either swell
(expansion) or collapse under various degrees of loading and moisture ingress. Moisture
may be in liquid or frozen form. For foundation design, it is very important to recognize and
evaluate the potential for soils to swell or collapse. It is important to realize that these
phenomena happen in both natural and compacted soils. Every year millions of dollars are
This
section briefly discusses these two mechanisms and the tests that can be performed to

spent dealing with the consequences of swelling (expanding) and collapsing soils.

evaluate the swell (expansion) and collapse potentials.

5.7.1 Swell Potential of Clays

Swelling is a characteristic reaction of some clays to water ingress. The potential for swell
depends on the mineralogical composition of the soil fines. While montmorillonite (smectite)
exhibits a high degree of swell potential, illite has no to moderate swell potential, and
kaolinite exhibits almost none. The percentage of volumetric swell of a soil depends on the
amount and type of clay, its relative density, the compaction moisture content and dry
density, permeability, location of the groundwater table, the presence of vegetation and trees,
overburden pressure, etc. Expansive soils are found throughout the U.S., however, damage
caused by expansive clays is most prevalent in certain parts of California, Wyoming,
Colorado, and Texas, where the climate is considered to be semi-arid and periods of intense
rainfall are followed by long periods of drought. This pattern of wet and dry cycles results in
periods of extensive near-surface drying and desiccation crack formation. During intense
precipitation, water enters the deep cracks causing the soil to swell; upon drying, the soil will
shrink. This weather pattern results in cycles of swelling and shrinking that can be
detrimental to the performance of pavements, slabs on-grade, and retaining walls built on or
in such soils.

Deep-seated volume changes in expansive soils are rare. More common are volume changes
within the upper 3-10 feet (1- 3 m) of a soil deposit. These upper few feet are more likely to
be affected by seasonal moisture content changes due to climatic changes. The zone over
which volume changes are most likely to occur is defined as the active zone. The active zone
can be evaluated by plotting the moisture content with depth for samples taken during the
wet season and for samples taken during the dry season at the same location. The depth at
which the moisture content becomes nearly constant is the limit of the active zone depth,
which is also referred to as the depth of seasonal moisture change. The active zone is an
important consideration in foundation design. In the design of piles or drilled shafts, it is
important to recognize that full side friction resistance may not be realized in this zone. As

the soil undergoes cycles of shrinking and swelling, it may lose contact with the pile or shaft.
Alternatively, as the soil swells, it may impose significant uplift pressures on the foundation
element.

In the field, the presence of surface desiccation cracks and/or fissures in a clay deposit is an
indication of expansion potential. Experience has indicated that the most problematic
expansive near-surface soils are typically highly plastic, stiff, fissured, overconsolidated
clays. Several classification methods are used to identify expansive soils in the laboratory.
Currently, there is not a standard classification procedure; different methods are used in
various locations across the U.S. Typically, methods include the use of Atterberg limits
and/or clay size percentage to describe a soil qualitatively as having low, medium, high, or
very high expansion potential. Generally, soils with a plasticity index less than 15 percent
will not exhibit expansive behavior. For soils with a plasticity index greater than 15 percent,
the clay content of the soil should be evaluated in addition to the Atterberg limits. Figure 5-
27 shows the swelling potential of natural soils and soils compacted to standard Proctor
procedures (ASTM D 698) as a function of modified activity index, Ay, (Equation 5-4) and

clay fraction.

5
4l Swelling potential = 25% |
é Swelling potential = 5%
5 B Swaelling potential =1.5% n
g o ]
2
= [ 7
k3
<< -
o
@
= - |
T
o
E 1 — —]
0 | | | | | | | | |

Percent Clay Sizes (finer than 0.002 mm)

Figure 5-27. Classification of swell potential for soils (after Seed ef al., 1962).



@ Swell Potential

5.7.1.1 Ewvaluation of Expansion (Swell) Potential

For situations where it is necessary to construct a facility in and around expansive soils, it
will be necessary to estimate the magnitude of swell, i.e., surface heave, and the
corresponding swelling pressures that may occur if the soil becomes wetted. The swelling
pressure represents the magnitude of pressure that would be necessary to resist the tendency
of the soil to swell. A one-dimensional swell potential test can be performed in an oedometer
on undisturbed or recompacted samples according to AASHTO T256 or ASTM D 4546, In
this test, the swell potential is evaluated by observing and measuring the swell of a laterally
confined specimen when it is lightly surcharged and flooded with water. Alternatively, if the
swelling pressure is to be measured, the height of the specimen is kept constant by adding
load after the specimen is inundated. The swelling pressure is then defined as the vertical
pressure necessary to maintain zero volume change. Swelling pressures in some expansive
soils may be so large that the loads imposed by lightweight structures or pavements do little

to counteract the swelling.

The use of the one-dimensional swell potential test to evaluate in-situ swell potential of
natural and compacted clay soils has limitations including:

o Lateral swell and lateral confining pressure are not simulated in the laboratory. The
calculated magnitude of swell in the vertical direction may not be a reliable estimate
of soil expansion for structures that are not confined laterally (e.g., bridge

abutments);,

o The rate of swell calculated in the laboratory will not likely be indicative of the rate
of swell experienced in the field. ILaboratory tests cannot simulate the actual

availability of water in the field.

It should be noted that there is a lack of a standard definition of swell potential in the
technical literature based in part on variations in the test procedures, e.g., the condition of the
test specimen (remolded or undisturbed), the magnitude of the surcharge, etc. Therefore the
geotechnical specialist must be sure that the conditions used in the laboratory swell test
simulate those expected in the field. In general, soils classified as CIL. or CH according to the
USCS and A-6 or A-7 according to the AASHTO classification system should be considered

potentially expansive.



Determination of Actual Soil
Expansion
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Basis for Calculations

a. Vertical movement. Methodology for prediction
of the potential total vertical heave requires an as-
sumption of the amount of volume change that occurs
in the vertical direction. The fraction of volumetric
swell N that occurs as heave in the vertical direction
depends on the soil fabric and anisotropy. Vertical
heave of intact soil with few fissures may account for
all of the volumetric swell such that N = 1, while
vertical heave of heavily fissured and isotropic soil
may be aslowasN=1/3 of the volumetric swell.

b. Lateral movement. Lateral movement is very im-
portant in the design of basements and retaining
walls. The problem of lateral expansion against base-
ment walls is best managed by minimizing soil volume
change using procedures described in chapter 7. Other-
wise, the basement wall should be designed to resist
lateral earth pressures that approach those given by

d = K. <K, 4y (5-1)
where

dn = horizontal earth pressure, tons per square
root

K, = lateral coefficient of earth pressure at rest

dy = soil vertical or overburden pressure, tons
per square foot

K, = coefficient of passive earth pressure

The K, that should be used to calculate dy is on the
order of 1 to 2 in expansive soils and often no greater

than 1.3 to 1.6.

a. Basis of calculation. The potential total vertical —
heave at the bottom of the foundation, as shown in fig-
ure 5-1, is determined by

i= NEL
AH= N -DX p3 DELTA()
i= NBX
i= NEL
= N-DX >3 er(l) — eo(i) (5-2)
i= NBX 1+ ei)
where
AH= potential vertical heave at the
bottom of the foundation, feet
N = fraction of volumetric swell that
occurs as heave in the vertical di-
rection
DX = increment of depth, feet
NEL = total number of elements
NBX = number of nodal point at bottom
of the foundation
DELTA(i) = potential volumetric swell of soil
element i, fraction
&(l) = final void ratio of element i
e.(1) = initial void ratio of element i

The AH is the potential vertical heave beneath a flex-
ible, unrestrained foundation. The bottom nodal point
NNP =NEL + 1, and it is often set at the active depth
of heave X,.



Van der Merwe Method

100
Van der Merwe’s Method:
A AF).
=1 (PE)L =
q
w
where w
s
e AH =total change in height, feet or meters J;: VERY HIGH
e ; =layer index [6 50 |—
e n =total number of layers *
. (PiE) ~=inverse swell potential of layer i (see figure at right) g
2 z 6
— = oo (Low) - ¥ ” 0-
5\
— = 48 (Medium) & i m
— = 24 (High) 3 d
= MEDIUM
— = 12 (Very High) 2
e (AD), =thickness of layer i, feet or meters = &
e (F). =reduction factor for layer i 0 LOwW |
. o : 50 100
O ol mitee PERCENT OF CLAY (<24 ) IN WHOLE SAMPLE
— =10"% , D; in meters

FIGURE 4
Volume Change Potential Classification for Clay Soils

— D; =depth of mid-point of layer from surface




@Example of Swell Calculation

* Given * Solution
— Clay soil, PI =40, CF =55 — Compute Activity Indices
e Find » A= PI/CF = 40/55 = 0.72
~ Swell potential * Am = PI/(CF-5) = 40/50 = 0.8

— Obtain swell potential
* From Figure 5-27, High,
approx. 10%
* From van der Merwe’s chart,
Very High
— Compute actual swell using
van der Merwe’s Method
w/1 layer

— Amount of vertical
movement assuming only 1
m of soil 1s significant

|

-={}, 069 m =69 mm




Foundations for Expansive
Soils

Table 6-1. Foundation Systems

Predicted Effective
Differential Plasticity
Movement, inches Index, PI Foundation System Remarks
1/2 <15 Shallow individual Lightly loaded buildings and residences.
Continuous wall
Strip
Reinforced and Residences and lightly loaded structures; on-grade &4-
stiffened thin to 5-in. reinforced concrete slab with stiffening
mat )
at beams; maximum free area between beams 400 ft2; 1/2
percent reinforcing steel; 10- to 12-in.-thick beams;
external beams thickened or deepened, and extra steel
stirrups added to tolerate high edge forces as needed;
dimensions adjusted to resist loading. Beams posi-
tioned beneath corners to reduce slab distortion.
Type of Mat Beam Depth, in. Beam Spacing, ft
1/2 to 1 15 to 25 Light 16 to 20 20 to 15
1 to 2 26 to 40 Medium 20 to 25 15 to 12
2 to 4 >41 Heavy 25 to 30 : 15 to 12
No limit Thick, reinforced Large, heavy structures; mats usually 2 ft or more in
mat thickness.
No limit Deep foundations, Foundations for any light or heavy structure; grade
pile or drilled beams span between piles or shafts 6 to 12 in. above
\ shaft ground level; suspended floors or on-grade slabs iso-

lated from grade beams and walls. Concrete drilled
shafts may be underreamed or straight; reinforced,
and cast in place with 3000-psi concrete of 6-in.
slump.




Shallow Foundations for
Expansive Soils

1/2-IN. ASPHALT IMPREGNATED FELT
(IMPERVIOUS FLEXIBLE JOINT)
CONCRETE SLAB

STRIP FOOTING ~4

»~ FIRST FLOOR

rs CONCRETE SLAB

T
TOP MOLDING
FLEXIBLE
PLENUM

e
ANGLE

PP

INTERIOR

STRIP FOOTING = EXPANSIVE SOIL WAL SUSPENDED SEWER LINE FURNACE
EXPANSIVE SOIL iR EXTERIOR MOVE INTERIOR
[ EXTES IMPERVIOUS EXTERIOR wALL

FLEXIBLE
JOINT

WALL

NONEXPANSIVE STRATUM NONEXPANSIVE STRATUM

a. Suspended Structural Floor b. Floating Floor Slab
(See Figures C-8 and C-9 for Details)

U. S. Army Corps of Engineers

T ry—— | |

CONCRETE SLAB

BASEMENT CONCRETE SLAB

a. Wall Suspended from ili i
Figure 6-2, Footings on nonexpansive stratum. P om Ceiling b. Furnace and Interior Wall Supported on Floor

U. S. Army Corps of Engineers

FOUNDATION: Figure 6-3. Interior joint details for slab-on-grade.

Type: Rebar (Typical)
P.l.: 20

Concrete: 2500 psi

Slab Steel: 6" x 6" No. 6 WWF

Beam Steel: For 24" beams,2-#45 top, 2-#5 bottom
Stirrups: #2 @ 48" on Center

Fill: 4" inert material

Membrane: 6-mil polyethylene 480" FOUNDATION:
Type: Post-tensioned Beam Tendons: 1/2* @
P.I: 301035 (one in perimeter beams)
S Concrete: 3000 psi Fill: 10* sand
4" SLAB 6" X 6" NO. 6 WWF L & Slab Tendons: 1/27 B Membrane: None
| I\ f }-l [ H 1 A (6" on center each way approximate)
—w T . i .
& E ‘ : PLASTIC CHAIRS SUPPORT THE
R - e TENSIONING STRAND
¥ r L I 4" SLAB SLAB TENDON OR STRAND
3 H+B ‘V i t’ I
g— = g =
TOP g, A
E X g:g Bgr | 1 i L J M 67 INTO B Llgogdo R -
J Sl - UNDISTURBED |, - A o g { i
. - ! o o N TN -
FETRA memBRANE m 19n8" 37 24ng 10" SAND
12¢ 13" S HOOK SUPPORTS THE
i A B _ LOWER TENDONS
COMMON
EXTERIOR INTERIOR _WALL GARAGE c D
fDepartment of Housing and Urban
(Department of Housing and Urban A R(;n’;u"‘ e
Development, Region IV, P g
Figure 6-5. Typical conventional rebar slab in Little Rock, Arkansas. for single-family, single-story, minimally loaded frame residence with Figure 6-6. Post-tensioned slab in Lubbock, Texas, for single-fannly. single-story. minfmally loaded frante residence.

11- ta 12-foot wall spacing.

Reinforced
Concrete

a. Wall Without Footing b. Wall with Footing and Void Space
U. S. Army Corps of Engineers

Figure 6-4. Basement walls with slab-on-grade.




Use of Drainage Techniques

T ) NONEXPANSIVE
BACKFILL

WATERTIGHT SEAL 4” TO 6" DIAMETER
WITH MEMBRANE PERFORATED PIPE

GRANULAR
DRAIN IMPERVIOUS
MATERIAL MEMBRANE NATURAL
\ EXPANSIVE
SOIL

ON EXCAVATION

DISTANCE DEPENDS ON
SURFACE SSPACE REQUIRED FOR
COMPACTION AND OTHER
( EQUIPMENT

U. S. Army Corps of Engineers

Figure 7-1. Drainage trench around outside of structure.



Belled Bases for Drilled Shatts

@ Use of an enlarged base,
In conjunction with the
shaft resistance of the
straight portfion, Is @ e :

common way of dealing voriyingissil iayers
with expansive soils for iy expanansiasl)
major structures f
® Enlarged bases offer
addifional uplift capacity P Founding stratum A
® Only applicable to clays, since — g
sands would usually collapse EZAN @

@® Difficult fo quantify

(a) (b)




Upward Load Capacity of
Belled Shafts

@ Variables for uplift capacity

p) p) ® (P,.adl. = Ullimate/unfactored
J[{ Bb — Bs) upward load capacity

(Pupward a 4 S, Nu @® s,=average undrained shear strength
of the cohesive soil between the base
Unﬁssured Cla . of the bell and 2B, above the base
Y- @® O, = totalstress at the bottom of the
7 Db base
Nu = 7B <9 @® B, =diameter of the enlarged base
b @® B, =diameter of the shaft
Fissured Clay: ® D, =depth of embedment of
enlarged base into bearing stratum
7D,

— <9 @ Uplift of base only




Example of Uplift Capacity

24 in. Diameter S

T ST Silty Clay
121t 7 105 Ib/fi®
=1600 Ib/fi®
T
i
Stiff Clay
25 ft v= 108 Ib/ft®
s, = 1400 Th/ii?

60-in. Diameter Bell

® Given
@® Drilled Shaft as shown

@ Find
@ Uplift capacity of shaft

@ Assume

@ Factor of safety =5

@ Very stiff clay at toe is
fissured

® Include weight of
foundation



Compute Shaft Friction and N

Layer Layer Start Layer End Thickness, ft. su, psf alpha fs, psf As, sq. ft. fsAs, kips
1 0] 5 5 1600 o 0] 31.42 0.00
2 5 12 7 1600 0.55 880 43.98 38.70
3 12 37 25 1400 0.55 770 157.08 120.95
4 37 52 15 4000 0.48 1920 94.25 180.96
5 52 62 10 4000 o 0] 62.83 0.00
Total Shaft
Resistance 340.61
Shaft Diameter 2 | feet
Perimeter 6.28 | feet Different from compression
Top Segment to Equal to twice the diameter of the
be Ignored 5 | feet
~ belled toe
Toe Segment to / e
be Ignored 10 | feet —




Compute Uplift Capacity

* Compute Ultimate Uplift * Compute Weight of

Capacity of Bell Foundation and Total
Uplitt Capacity
|ij =H|E§_B§|N S 2 H(ﬂz
“ 4 o w =12 5554 1.5/0.150
n(5,-2; B ki
|Pw:'ﬂ= | 4 (4)(3.29] | 34.5::421_.?:-;3.?{521? .
P wardla= = =101.4 kips

P s, =217 kips

 '
Iy

—5 for uplift




Questions




	ENCE 4610 Foundation Analysis and Design
	Overview of the Section
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Changes in Soil During Driven Pile Installation
	Slide 9
	Slide 10
	Static Load Testing of Deep Foundations
	Evaluation Method for Deep Foundations
	Slide 13
	Slide 14
	Slide 15
	Dead Load Test
	Reaction Pile Systems
	Slide 18
	Slide 19
	Static Load Tests: Advantages and Disadvantages
	Use of Telltales
	Slide 22
	Davisson’s Method
	Slide 24
	Slide 25
	Load Transfer Evaluations
	Slide 27
	Slide 28
	Slide 29
	Weaknesses in Static Load Capacity Approach
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Gates Formula
	Weaknesses of Dynamic Formulae
	The Wave Equation
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	TAMWAVE
	16” Concrete Pile Example
	16” Concrete Pile Example (2)
	16” Concrete Pile Example (3)
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Dynamic Testing
	Integration of Acceleration to Velocity Energy Obtained from Fo
	Slide 60
	Data Output of Pile Driving Analyzer
	Slide 62
	Case Method for Pile Analysis
	Case Method for Pile Analysis (2)
	Case Method for Pile Analysis (3)
	Slide 66
	Case Method Example
	Case Method Example (2)
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Activity Index
	Slide 84
	Slide 85
	Swell Potential
	Swell Potential (2)
	Slide 88
	Slide 89
	Slide 90
	Example of Swell Calculation
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100

