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ABSTRACT 

Expansion joints increase both the initial cost and the maintenance 

cost of bridges. Integral abutment bridges provide an attractive design 

alternative because expansion joints are eliwinated from the bridge 

itself. However, the piles in these bridges are subjected to horizontal 

movement as the bridge expands and contracts during temperature changes. 

The objective of this research was to develop a method of designing 

piles for these conditions. 

Separate field tests simulating a pile and a bridge girder were 

conducted for three loading cases: (1) vertical load only, (2) horizontal 

displacement of pile head only, and (3) combined horizontal displacement 

of pile head with subsequent vertical load. Both tests (1) and (3) 

reached the same ultimate vertical load, that is, the horizontal displace- 

ment had nc effect on the vertical load capacity. Several model tests 

were conducted in sand with a scale factor of about 1:lO. Experimental 

results from both the field and model tests were used to develop the 

vertical and horizontal load-displacement properties of the soil. 

These properties were input into the finite element computer program 

Integral Abutment Bridge Two-Dimensional (IABZD) , which was developed 
under a previous research contract. Experimental and analytical results 

compared well for the test cases. 

Two alternative design methods, both based upon the American Associ- 

ation of State Transportation Officials (AASHTO) Specification, were 

developed. Alternative One is quite conservative relative to IAB2D 

results and does not permit plastic redistribution of forces. Alternative 



Two i s  also conservative when compared'to IABZD, but p last ic  redistri-  

bution i s  permitted. To use Alternative Two, the p i l e  cross section 

must have suf f ic ient  inelastic rotation capacity before local buckling 

occurs. A design example for a frictidn p i l e  md an end-beariag p i l e  

i l lustrates both alternatives. 
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NOMENCLATURE 

'=h initial lateral stiffness 

P genetalized soil resistance 

, u 
ultimate lateral soil resistance 

1 n shape parameter 

I Y generalized displacement 

f maximum shear stress between pile and soil 
max 

kv initial vertical stiffness 

&ax maximum bearing stress at the pile tip 

k initial point stiffness 
9 

2 embedded length of the pile 

A effective pile tip area e 

*e rectangular area ' formed by the section depth and the flange 
width 

A horizontal displacement 

'e elastic buckling load 

M plastic moment capacity of the pile reduced for axial load 
PC 

P ultimate load, sometimes called the inelastic buckling load; 
also applied axial load 

elastic buckling load I 'e 

P plastic mechanism load 
P 

p~ 
yield load 

E 
50 

axial strain at one-half peak stress difference from triaxial 
test 

f vertical friction force between pile and soil per unit length of 
pile 

z relative vertical displacement between pile and soil 



Q bearing stress on e f f ec t ive  t i p  area 

B p i l e  width 

Y ef f w t i v e  un i t  s o i l  weight 

depth from s o i l  surface X 

$ angle of in te rna l  f r i c t i o n  
2 k k t an  {4S0 f 4/2) 

P' a 
1 - s in$  

01 +/2 fo r  dense or  medium sand, $13 f o r  loose sled 

J 200 for  loose, 600 f o r  medium,i1500 for  dense sand 

'50 displacement at o n e - b l f  u l t i&te  s o i l  reaction: 2.5  Bes0 
f o r  s o f t  and s t i f f  clay,  2.0 BE 50 fo r  very s t i f f  

C 
U 

undrained cohesion of t he  c lay s o i l ,  approximately 97N 
+ 114(psff 

adhesion between s o i l  and p i l e ,  acu(psf). See Fig. 2.4 fo r  a. 

N averase standard penetration blow count 

z v e r t i c a l  displacement a t  u x i i u  force: 0.4 in .  f o r  sand, 
C 0.25 in .  f o r  clay 

Ncorr corrected standard penetration test blow count a t  depth of 
p i l e  t i p ;  equal t o  N i f  N ( 15 or  15 + 0.5(N - 15) i f  N > 15 

D dead load 

L l i v e  load 

T temperature load 

I impact load 

Ot superstructure mater ia l  coeff ic ient  of thermal expansion 

AT average temperature change 

fa 
applied ax i a l  stress 

b applied beading stress 
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Fa allowable axial stress 
. . 

Fb allowable bending stress 

I F ' e Euler buckling load divided by a factor of safety 

equivaletlt moment factor = 0.6 + 0.4 (M /M2) 2 0.4;  where 

i M and M2 ate the smaller and larger en4 moments, respectively, 
o$ a column with no lateral load or joint translation. The 

f ratio M,/M, is positive for single curvature and negative 

i for reverse curvature 

1 M applied moment 

*s cross-sectional area 

yield stress of the steel 5 
1 Fc r critical buckling stress 

1 Fe 
Euler buckling stress 

I 

MU 
ultimte moment 

full plastic moment 

L a length of the actual pile embedded in the ground 

a e equivalent embedded length, depth from the soil surface to the 
I 
i 

fixed base of the equivalent cantilever 

L total length of the equivalent cantilever, length PU plus % 

1 critical length 

I A horizontal displacement 

K effective length factor 

I H horizontal force 

overturning moment 

1 
p~ 

yield load 

a u length of pile above the ground 
I 

length deducted for lateral displacement an 



yield strength 

i n e l a s t i c  ro ta t ion  demand 

ine l a s t i c  ro ta t ion  capacity reduction fac tor  

e l a s t i c  ro ta t ion  within the p f a s t i c  hinge locatfad 

length of the  p l a s t i c  hinge 

beam curvature corresponding t o  I4 
P 

yie ld  moment 

allowable t o t a l  displacement tons i s ten t  with the i n e l a s t i c  
ro ta t ion  capacity 

horizontal  displacement a t  p i l e  head corresponding t o  the 
formation of a p l a s t i c  mechanism 

i n e l a s t i c  ro ta t ion  capacity 



t 1. INTRODUCTION 

i Traditionally, a system of expansion joints, roller supports, and 

J other structural releases has been provided on bridges to prevent damage 

\ caused by thermal expansion and contraction of the superstructur~ with 

d annual temperature variations (Fig. 1.la). Expansion joints within 
, 

i the superstructure increase the initial cost of a bridge and oftkn do 

: . not function properly after years of service unless they are extensively 

i 
maintained. Thus, integral abutment bridges, which have no expansion 

joints within the span or at supports (Fig. l.lb), provide a design 

alternative that potentially offers lower initial costs and lower main- 

I 
i tenance costs. However, the piles in an integral abutment bridge are 

subjected to horizontal movements as the bridge expands and contracts 
I 

[I1 

I The objective of this research was to develop a rational method 

to design piles suitable for integral abutments, that is, for pile 

1 

1 head movements caused by the expansion or contraction of the superstruc- 

ture. Integral abutments have been used for some time, but their design 

1 is often based on intuitive arguments,or arguments like "How does it 

I I function? We can't say for certain--but it works!" 121. The design . 
v 

method presented in Section 5 was verified with the Integral Abutment 

Bridge Two-Dimensional (IABZD) finite element program. This finite 

I 
element program was developed specifically for this problem, and its 

v results were compared to experimental results by others [I]. The design 
, \ 

method, formulated for use by practicing bridge engineers, is shown to 

give conservative results when compared to the finite element solutions. 
I 

1 

I 

< - - 



EXPANS ION JOINT REINFORCED CONCRETE APPROACH 

U \ BATTERED PI LING 

SLAB 

(b 1 
Figure 1.1. Bridge abutunt types: (a) bridge with expansion jo ints  

(b) bridge with .integral abu2saents. 



I The program has been f u r t h e r  v e r i f i e d  by experiments conducted under 

t h i s  program. S p e c i f i c a l l y ,  co r re la t ions  with th ree  f u l l - s c a l e  f i e l d  

tests and eleven 1/10-scale model t e s t s  a r e  reported i n  Sect ions  3 and 

i 
4, respect ively .  

Other f a c t o r s  t o  be considered i n  determining t h e  allowable length  
i 

i f o r  i n t e g r a l  abutment bridges include (1) the  a x i a l  stresses induced 

i n  the  supers t ructure  t h a t  a r e  caused by the  p a r t i a l l y  r e s t r a i n e d  abutment 

and (2) the  e f f e c t s  of t h e  abutment movement on t h e  i n t e g r i t y  of t h e  

I 
approach s l a b  and b a c k f i l l .  With t h e  proposed design method t h e  forces  

induced i n  the  supers t ruc tu re  by t h e  hor izonta l  r e s t r a i n t  of t h e  p i l e  

1 can now be determined; however, t h e  fo rces  induced by t h e  s o i l  p ressure  
I 

aga ins t  the  abutment were no t  inves t iga ted ,  nor was t h e  behavior of 

t h e  approach s l ab .  



2. PREVIOUS WORX WITH INTEGRAL ABUTMENT BRIDGES 

2.1. State Policies on Integral Abutment Bridges 

The use of integral abutments in bridge design has, so far, been 

accepted by 28 state highway departments and the District Construction 

Office of the Federal Highway Administration (FHWA), Region 15. This 

section summarizes their theory and practice in integral abutment design 

as reflected in the resuls of a 1983 survey. Responses to this survey 

and others concerning the use of integral abutments [ 3 , 4 ]  have indicated 

that most state highway departments have their own limitations and 

criteria in designing integral abutments. The bases of these limitations 

and criteria aze primarily empirical. 
- 

Of the 28 states and the FHWA, only Iowa, South Dakota, and FHWA, 

I Region 15, indicated that piling stresses due to horizontal movement 

are calculated for integral abutment bridges. Alaska and Idaho indicated 

that such calculations are warranted only for integral abutment bridges 

{ 
1 
1 

that involve some unique feature. The remaining states essentially 

neglect piling stresses due to horizontal movement, although some states 
t 
I 
Y (e.g., California) require some type of mitigating construction detail, 

such as driving the piles into predrilled holes. 

Construction details also vary widely from state to state. Pile 

i head conditions may be of the hinge, fixed, or partially restrained 

type. Pile caps may or may not be used. In some states, approach 

slabs are tied to the abutment with dowels, causing these slabs to 

move back and forth with the superstructure, while in other states, an 
, 
I 

expansion joint between approach slab and bridge slab is considered 



necessary to prevent possible maintenance problems. While granular 

material is the material most widely used as backfill, some states 

(e. g. , New Mexico) no longer use specified backfill. Wingwalls may be 

in-line or flared. Some states (e.g., New York) do nat allow U-walls 

because of design uncertainty, backfill compaction difficulty, and the  

additional design details that require attention for the joint between 

the wingwalls and approach slab. New York recommends, avoiding wingwall 

lengths in excess of 10 ft. Tennessee 'requires the designer to use a 

comprehensive analysis if wingwall lengths greater than 12 ft are to 

be used. 

Length limitations for integral abutment bridges have been set, 

for the most part, on the basis of experience and engineering judgment. 

Many of the states (e.g., Tennessee 12-1) have been progressively 

increasing length limitations over the past 30 years, primarily as a 

result of observed satisfactory perfomance in actual installations. 

As of 1983, the length limitations for' nonskewed integral abutment 

bridges were steel: 150 ft to 400 ft; concrete: 150 ft to 800 ft; 

and prestressed concrete: 200 ft to 800 ft. Most'states use the same 

length limitations for skewed integral abutment bridges. 

2.2. Soil Characterization 

The Winkler soil model is used for the analysis of the soil pile 

interaction [ 5 , 6 ] .  The model assumes that the soil can be represented 

as a series of vertical and lateral springs along the length of the 



pile as shown in Fig. 2.1. Also, the model assumes that there is no 

interaction between the different soil springs as the pile is displaced, 

The soil characteristics of each of three types of springs can be 

described by soil resistance and displacement curves: (1) p-y curves, 

I which describe the relationship between the lateral soil pressure (hori- 

i zontal force per unit length of pile) and the corresponding lateral 
I 

pile displacement; (2) f-z curves, which describe the relationship 

I 
\ 

between skin friction (vertical force per unit length of pile) and the 

relative vertical displacement between the pile and the soil; and 

I (3) q-z curves, which describe the relationship between the bearing 

1 stress (vertical force on effective,pile tip area) at the pile tip and 

the pile tip settlement. All three types of curves assume the soil 

behavior to be nonlinear. Again, the Winkler model assumes that these 

springs are uncoupled, that is, that motion at one spring does not 

I affect another. . 
t The modified Ramberg-Osgood model [7] is used to approximate the 
I 
1 

p-y, f-z, and q-z soil resistance and displacement curves for use in 

1 the finite element solution: 
k 



Figure 2.1. Design model of so i l -p i l e  system. 



in which 

kh = initial stiffness 

p = generalized soil resistance 

p u = ultimate soil resistance 

\ n = shape parameter 
1 

i y = generalized displacement 
I Nonlinear behavior models for symmetrical or periodic loadings have 

I been presented by a number of workers [8-131. Figure 2.2 and Eq. (2.1) 

show the modified Ramberg-Osgood curve for a typical p-y curve. Similar 

1 equations for a typical f-z curve (with fmax, the maximum shear stress 

t developed between the pile and soil, and kv, the initial vertical stiff- 
I 
\ - ness) or a typical q-z curve (with %ax, the maximum bearing stress at 

i the pile tip, and k the initial point stiffness) will be used. 
i 9 ' 

Figure 2.3 shows the effect of the shape parameter, n, on the soil 

I resistance and displacement behavior. The constants needed in Eq. (2.1) 

can be empirically determined from basic soil properties as presented 

in Ref. [ I ]  and repeated here as Tables 2.1, 2.2, and 2.3 [6,14-171. 

I Typical values are listed for clay and sand in Tables 2.4 and 2.5, 

respectively, for an HPlO x 42 steel pile. 

I For the design method developed herein a simplified elastic, per- 

I 
fectly plastic behavior will be assumed. This behavior for a typical 

$ p-y curve is shown in Fig. 2.2. The only soil spring properties needed 

I for the design method are the ultimate resistance and the initial stiff- 
\. 

ness. Typical soil parameter values for the design method can also be 



MODIF IEQ RAMBERG-QSGOOD 

P 

u h; 
Figure 2.3 Nondimenoional form of the modified Ramberg-Osgood 

equation. 



Table 2 . 1 .  Parameters for p-y curve. 

Case n pU (use lesser value) hh 
Soft clay and 
'stiff clay 

I 
Very stiff clay 2 . 0  pu = 9cUB 

Sand 3 . 0  pU = yx[~(k* - k,) + xk tanatan$ 9L I P 1.35 
7 

+ xkotan$(tan@ - tano)] 

E Axial strain at one-half peak stress difference from triaxial 50 text; or use 0.02 for soft clay, 0 .01  for stiff clay, or 0.005 
for very stiff clay. 

C 

=u Cohesion from an unconsolidated, undrained test 

i B Pile width 

!! Y Effective unit soil weight 

9 
x Depth from soil surface 

1 5  
1 4' Angle of internal friction 

2 kp,k, = tan (45O f I$/2) 
k 
0 

= 1 - sin$ 
a = @/2 for dense or medium sand, I$/3 for loose sand 

I B = 45O + $/2 
i 

J = 200 for loose sand, 600 for medium sand, 1500 for dense sand 

' 5  0 Displacement at one-half ultimate soil reaction: 2 .5  BcS0 for 
soft and stiff clay, 2 . 0  BcS0 for very stiff clay. 



Table 2.2. Parameters f o r  f-z curve. 

fmax 

Case n H P i l e s  Others k v 

The l e s s e r  of 
lofmax 

Clay 1.0 The l e a s t  of: z 
c o r  c C 

2(d + b f k u  u a 

2(d + 2bf)ca times p i l e  

2(dcU + bfca) perimeter 

0.04N times 
lofmax 

O.OW(P(d + 2bf)) 7 Sand 1.0 
(kl f  p i l e  perim- = c 

e t e r  ( k l f )  

c = k d r a i n e d  cohesion of t h e  c l ay  s o i l ,  approximately 97N 
+ 1 1 4 ( p s f )  

C a = Adhesion between s o i l  and p i l e ,  qcu(psf).  See Fig. 2.4 f o r  0. 

W = Average standard penetra t ion blow count 

= c = Displacement a t  maximum force:  0.4 in. f o r  sand, 0.25 i n .  f o r  
c lay  

d,bf = Depth and flange width, r espec t ive ly ,  of H shape. 

Table 2.3. Parameters f o r  q-z curve. 

Case n %ax k 
Q 

Clay 

1 .o (ksf 
''%ax 

Sand 811corr z c 

'corr Corrected standard penetra t ion test blow count a t  depth of 
p i l e  t i p ;  equal t o  N i f  N 2 15 o r  15 + 0.5(13 - 15) i f  N > 15. 



Table 2.4. S o i l  p roper t i es  and curve parameters f o r  an HPlO x 42 p i l e  
i n  clay.  

I 

Sof t  S t i f f  Very S t i f f  

1 Soi l  Propert ies:  
I 

Blow count, N 4 3 15 40 

\ 
I Ef fect ive  u n i t  weight, 

Y (pcf)  50 60 65 

! Undrained cohesion, 
c (psf)  u 400 1,600 5,000 

I p-y Curve Parameters: 

\ 

PU (k l f )  3.0 o r  12 o r  37 o r  
(use l e s s e r  value) 1.0 + 0 . 2 4 ~  3.9 + 0 . 8 5 ~  12.5 + 1 0 . 1 ~  

kh (ksf)  72 o r  580 o r  2,200 o r  
(use l e s s e r  value) 24 + 5 . 8 ~  190 + 41x 750 + 610x 

i f-z Curve Parameters: 
I 

f ( k l f )  max 

I 
i' q-z Curve Parameters: 

I k (kcf) 1,700 6,700 21,000 
9 



Table 2 . 5 .  Typical s o i l  properties and curve parameters for a n '  
HPlO x 42 p i l e  i n  sand. 

Loose & d i m  Dense 

Soi l  Properties: 

Blow count, N 5  15 30 

Ef feetive wit 
weigbt, y (pcf 55 60 65 

Angle o f  fric- 
tion, Q 

p-y Curve Parameters: 

n 3 .0  3 .0  3.0 

2 2 2 
pU ( k l f )  0.970~ + 0.12~ 0.15~ + 0.17~ 0.26~ + 0.24~ 

I for x 5 20 for x 5 18 for x 5 22 

I. Sx 2.9~ 5 . 9 ~  
for x > 20 for x > 18 %or x > 22 

f -z Curve Paxameters : 

n 1.0 

q-z Curve Parameters: 



Figure 2.4. Reduction factor h [ I ]  . 



For practical purposes, kh is often assumed to be constant or to 

vary linearly with depth. Uncertainty in estimating soil behavior 

from standard soil tests will usually be consistent with the errors 

introduced by the use of such a simple soil modulus versus depth func- 

tion [13]. For the parameters presented in Tables 2.1 through 2.5 ,  the 

subgrade-reaction modules for clay soils are assumed to be constant 

within a soil layer and to vary linearly for granular soils. (The pile 

test reported herein did not use these'asswnptions because a more accurate 

variation was determined. ) 

2.3. Finite Elem&t Pile Model 

To better understand the behavior of the piles in an integral 

abutment bridge, a two-dimensional, nonlinear, finite element program 

(IABZD) has been written previously [I].  It is a nonlinear finite 

eleaent program with materially and geometrically nonlinear, two- 

dimensional beam elements and a nonlinear Winkler soil model for the 

vertical, horizontal, and pile tip springs (Fig. 2.1) .  The program 

assumes that the soil resistance and &isplacement relationahips and 

the pile stress-strain relationship are in the form of Ramberg-Osgood 

curves. The program allows general vitiations in soil and pile proper- 

ties with depth. Any combination of kgiecified loads and displacements 

be assumed. load and displacmtsboundary conditions can be varied 

during an analysis. Output from the program consis$s of nodal displace- 

ments, element forces at each load and displacement increment, and 

final reactions. A three-dimensional version, IAB3D, was also developed. 



E 
Guidelines for using this program were developed on the basis of 

I 

the experience gained during the previous work. In the region of high 

I curvature gradients, a finer mesh is necessary to obtain satisfactory 

solutions. For inelastic problems, high curvature gradients occur in 
I 

! the region of a plastic hinge and a finer mesh is required to achieve 
1 

j comparable accuracy. Also, the mesh must be sufficiently fine to model 
\ 
I changing soil and pile properties. 

I Several numerical example problems were solved by using the computer 

program IAB2D. As mentioned in a previous report [17], a beam-column 

1 problem and a short, thick column problem were first used to check 

geometric and material nonlinearity, respectively. Additional problems 
I 
I 
I were introduced: (1) a snap-through problem, (2) a Williams' toggle 

problem, (3) a two-dimensional frame problem, (4) a thermal problem, 

and (5) a soil problem. The solutions from the finite element program 

I compare very well with the theoretical solutions. 

The results from four experimental pile tests by others were also 
I 
1 compared to results from the IAB2D program. The experimental tests 

consisted of an axial load test on a point-bearing H-pile, lateral 

load tests on drilled concrete piers and on timber piles, and axial 

1 and combined load tests on a timber pile [18]. In general, the results 

of the finite element program were close to the experimental results. 
I 
1 An exception to this was for the lateral load tests on instrumented 

! timber piles. The main reason for the discrepancy was the inability 

to model the soil adequately; this problem was described in quite general 

I 
i 

terms in the original paper [19]. 
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I \ 

! 
Failure of the soil and pile system can also be associated with 

lateral movement of the pile. This movement activates the lateral 

soil springs. As an example, consider the pile in Fig. 2.5a. (Note: 

the slip mechanism has been eliminated by the bottom support.) This 

1 pile has lateral restraint, representing the abutment, at the pile 

il head. The pile is given a horizontal displacement, A, to simulate the 
i 
1 expansion or contraction of the superstructure. If the movement is 

sufficiently large, a plastic hinge may form near the top of the pile. 

An axial load, P, representing the live load on the bridge, is then 

1 applied to the pile. If geometric instability were the only collapse 

i 
consideration; that is, if the material does not yield, the ultimate 

- 1 load would equal the elastic buckling load, Pe. This is the perfectly 

1 elastic case illustrated on the left in Fig. 2.5b. (The elastic buckling 
I 

load for an initially bent column is equal to the elastic buckling 

load for a straight column provided the initial imperfections are rela- 

I 
tively small [20 ] ) .  On the other.hand, if collapse were due only to 

j -3 
material yielding, that is, no geometric instability, the plastic 

mechanism load, P would occur when a sufficient number of plastic 
P ' 

hinges form to produce a plastic mechanism. The rigid, perfectly plas- 

I 
1 tic case on the right of Fig. 2.5b illustrates this situation. For 

pinned-head piles, the plastic mechanism load is 
i 



Figure 

-,,PERFECTLY ELASTIC 
(UQMETRZ C INsTR~IL~TY ) 

aero, PERFECTLY ~UsTic 
(MATERIAL YIELDING) 

2.5. Jhaaple illusttaf jig la tera l  dechsnisa: ( d )  schematic 
dtartihg sf the p i l e  and soil (b) failate &des ( c )  load- 
dispf acem~nt curves for the p i l e .  



and for all fixed-head piles, it is 

where M is the plastic moment capacity of .the pile reduced for axial 
PC 

load [ 2 1 ] .  For example, for a rectangular cross section this relationship 

i 
where M is the full moment capacity and P is the yield load. Load- 

I P Y 
I displacement curves for each extreme case, namely geometric and material 

i instability, are illustrated in Fig. 2.5~. 

In general, both geometric and material effects interact such 

i that the actual load versus displacement behavior, as observed from 

IAB2D and experimental results, is similar to that illustrated in 

! Fig. 2.5~. The actual curve is bounded by the curves for P P and Pe. 

1 The resulting ultimate load, P, sometimes called the inelastic buckling 

I 
load, is lower than either the elastic buckling load, Pe, or the plas- 

tic mechanism load, P . The design method was not intended to predict 
P 

this complete curve. However, a conservative estimate of the ultimate 

load, 9, was obtained by using the Rankine equation [6,20]. 

I 
I' 

This equation combines both geometric and material instabilities. 

I 
1 



The r e s u l t s  obtained when using t h e  Rankine e q u t i o b  are compared 

with those obtained using the  f i n i t e  element program f1ABid) i n  Fig. 2.6 

11). For a l l  t he  examples an W10 x 42 p i l e  was used. The p i l e  was 

bea t  about t he  weak ax i s  and had r modulus of e l a s t i c i t y  of 29,000 k s i  

and a y i e ld  s t r e s s  of 50 k d i .  Etna though the &oil types with patameters 

equal t o  1/5 6f t he  values for l o f t  c lay  a r e  u i l rea l i r t i e ,  these patam- 

e t e r s  were used t o  check the  Rankiae equation f o r  a greater  range sf 

s o i l  parameters. Because of conservative approximations made i n  deter-  

mining Eqs. (2,4) and (2 .5) ,  the  p l a s t i c  .aechaaism irrad, % , is con- 

se rva t ive  (see po in t s  near the  ordinate  i n  the f igure) .  T B  f igure  

a l so  shows t h a t  p l a s t i c i t y  effectr) tend t o  dominate the t)eha+ior of 

p i l e s  i n  r e a l i s t i c  s o i l  types And that  e las t ic  buekliog is  udlikeiy t o  

occur; t h a t  i s ,  t h e  points tend t d  be i n  t h e  upper 1 6 f t  cornet of t he  

f igure .  

One geason for  the developm~&t of tbr! dedigri hlethod t o  be presented 

i n  Section 5 i s  t h a t  th iRd8kine equation (Eq. (2.7)) is: tbo c6nserva- 

t i v e ,  p a r t i c u l a r l y  for  small hotieontal.displac&&otb. For example, 

f o r  a co lum with A equal t o  zero, t he  mechanism load, P B' fs equal t o  

the yie ld  load ,  P (Te see t h i s ,  multiply Eq. (2.4) By A. If A i s  
9 ' 

equal t o  zero ,  M must be equal t o  cdr9. The quant i ty  Ff w i l l  equal 
PC PC 

zero only i f  t h e  a x i a l  ldad i d  e p u l  60 the y i e ld  isad. )  Equation 

(2.7) can then be res ta ted  ib the  iuli6wing form: 



Figure 2.6. Camparison of Rankine equation and finite element 
results [ I ] .  



On the other hand, the AASB'TtJ Specification Eq. (10-151) [22]. for short 

and intermediate length- C Q E  can. be zewrittea, withaut a fac tor  of 

s a f e t y ,  as 

For P /P equal t o  f .(l, the vahes af PfP from Eqs. (2 .&I and (2.9) 
Y e Y 

are 0.5 and 0;75., respectkveliy. Hence, for t h i s  case the result front 

the Rankine eqrrat$on: &. (2.8))' is 53% mare eonsewative than that 

from the MIEQ equcrf ion. 



3 .  FIELD TESTS 

3.1. Objective and Scope 

1 A full-scale field testing program was established for isolated 

I steel HP-shaped friction piles to determine whether the longitudinal 

I 
expansion and contraction of the bridge superstructure affects the 

I vertica1,load capacity of the abutment piling. The experimental testing 

was also developed to substantiate pile behavior predicted by analytical 

1 modeling involving finite element techniques. Three independent loading 

1 conditions were applied to instrumented test piles. First, a vertical 

I load test was performed to determine pile behavior and to establish 

modified Ramberg-Osgood soil response characteristics involving skin 

friction and vertical displacement (f-z curves) and bearing and tip 
\ 

[ displacement (q-z curves) relationships. A second field test consisted 

'f of applying a horizontal load on another steel test pile to establish 

pile behavior for lateral loads and to establish modified Ramberg-Osgood 

soil response characteristics involving lateral resistance and lateral 

displacement (p-y curves) relationships. A third field test involving 

I 
I a vertical load test on a horizontally displaced pile was conducted to 

I compare experimentally and analytically derived pile displacements and 
i internal pile forces. Also, the combined load test provided a direct 

experimental comparison with the vertical load test, since both tests 

were performed on the same test pile. 
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3.2. Field Test Program 

3.2.1. Test S i t e  

The s i t e  fo r  the p i l e  f i e l d  t e s t s  was located adjacent t o  the 

S t ruc tura l  Engineering Laboratory on the northwest corner of the Iowa 

S ta t e  University campus. A subsurface s o i l  investigation was conducted 

by d r i l l i n g  two SO-ft-deep borinss t o  obtain Shelby tube samples for  

laboratory tes t ing ,  t o  perfom standard penetration t e s t s  by s p l i t  

spoon sampling, t o  determine general s o i l z c l a s s i f i u t i o n ,  t o  determine 

the depth t o  the  water table,  and t o  confirm tha t  bedrock did not occur 

within 10 f e e t  below the  bottom of t h e  t e s t  pi les .  The boring records 

along with the laboratory s o i l  test r e i u l t s  and a more detai led s i t e  

descr ipt ion can be found i n  Section 10.1.1 of Appendix A. The substrata -- 

consisted of weathered and ~ w e a t h e r e d  g lac ia l  till, which was composed 

of silt and clay with sand and gravel inclusions b a t  had a s t i f f  t o  

hard consisteqcy. 

3.2.2. Test Framework 

An elaborate t e s t  framework consisting of anchor beauts, girders ,  

and spreader beams, a s  shown i n  Figs. 10.1-10.5, was designed t o  accoe- 

modate the  three f i e l d  tests conducted on two P I 0  x 42 t e s t  p i l e s  

(Pi les  PI and P6). The frame was designed t o  r e s i s t  uplift forces of 

up t o  400 kips and l a t e r a l  thrust forces of up to 50 kips.  The applied 

v e r t i c a l  loads f o r  the f i r s t  and the Lhird f i e ld  t e s t s  were res i s ted  

by a 200-ton-capacity jackiag beam, provided by the Iowa W T ,  t h a t  

transferred the u p l i f t  forces t o  four HPlO X 42 v e r t i c a l  reaction p i les .  

The applied horizontal loads . for  the  'second f i e l d  test of another 



I W 1 0  x 42 test pile were resisted by the weak-axis bending strength of 

the same four vertical reaction piles. For the third field test involving 

I combined loading on the first test pile, the applied lateral loads 

were resisted by the strong-axis bending strength of the second test 
1 
! pile. The locations for the test and reaction piles were established 

to comply with the spacing requirements specified by the ASTM standards 
I 

for vertical load tests [23] and lateral load tests [24]. A more de- 
1 

I 
I 

tailed description of the testing frame and load system can be found 

in Section 10.1.2 of Appendix A. 

1 3.2.3. Instrumentation Framework 

J The instrumentation required to monitor the displacements of the 

two test piles was mounted on steel beams spanning between short 

HPlO x 42 steel piling. The support piles were located beyond the 

recognized zone of influence of the test and reaction piling for both 

vertical [23] and lateral loading [24] to minimize any detectable move- 

I ment of the instrumentation framework, which would introduce errors 

I 
into the measured displacements. Also, the instrumentation beams were 

positioned within a covered trench to prevent extreme temperature vari- 

ations that would significantly change the length of the instrumentation 
I 
I beam and to protect the beam from wind-induced lateral displacements 

or oscillations during the testing. Section 10.1.3 in Appendix A provides 
1 

additional information on the instrumentation framework and supports. 

1 3.2.4. Test Pile Descriptions 
i 

The two 50-ft-long HPlO x 42 test piles had electrical resistance 
1 
i strain gages mounted along their length. To protect the gages and the 

I 

I wire leads, embossed sheet metal cover plates and conduits were fabricated 



and welded t o  the  t e s t  p i l e s  a f t e r  waterproof coatings had been applied 

to the gages and wire lead connections. The wires were fastened t o  

the  p i l e  within the  length of the conduits and near t he  top of the 

p i l e  within a sheet metal enclosure. Tbe elaborate protection system 

f o r  the s t r a i n  gages and wire leads was required t o  minimize damage 

caused by the  p i l e  driving operations. Specific de ta i l s  of the t e s t  

p i l e  preparation is given i n  Section 10.1.4 of Appendix A. 

The t e s t  p i l e s  were driven with a 5700-lb gravity hamet t ha t  

produced a hammer energy of 19.95 f t - tms  from a drop height of 7 f t .  

A p i l e  driving log  was made by personnel from the  Materials Division 

of the Iowa ROT t o  obtain a bearing capacity fo r  the  p i l e s  at various 

penetration depths. &t the selected 40-ft embedment depth far each 

t e s t  p i l e ,  the calculated allowable p i le  bearing capaci t ies  were 38.7 

tons and 39.7 tons f o r  Test P i les  PI mdP6, respect ivc~y.  The p i l e  

formula 1251 used t o  determine these bearing loads is given by E ~ .  (3.1). 

where  P i s  the safe bearing load (tons), W is t he  weight of the hammer 

(tons), H is the hammer f r e e f a l l  height ( f t ) ,  S is  the  average penetra- 

. t i on  of the p i l e  fo r  the  Iaat five blows (in./blow), and M i s  the  p i l e  

weight plus the p i l e  cap weight (tans); 

3.2.5. Vertical Load Test 

The axia l  compression test oi Test P i l e  PI was aos&+ed on 

October 3, 1986, approximatelp 26 weeks a f t e r  the p i l e s  were driven. 

The t e s t ing  procedure and meosuremciit techniques d i scused  in Section 



10.2.1 of Appendix A are similar to the Standard Loading Procedure of 

the ASTM Standard [23]. The axial lbad was applied in increments of 

20 kips by a 300-kip hydraulic ram. At each load level, a convergence 

settlement rate of 0.01 in./hr was satisfied, while the applied load 

was maintained, before the load was considered to be resisted successfully. 

Throughout the test, pile strains and displacements were monitored. 

The ultimate axial load was 280 kips, approximately 3.5 times the safe 

bearing capacity evaluated from the pile formula (Eq. (3.1). An attempt 

to increase the test pile load to 290 kips resulted in a pile settlement 

of over 2.5 in. The entire vertical load test took 17 hours to complete. 

3.2.6. Lateral Load Test 

On October 16, 1986, approximately 18 weeks after the piles were 

driven, a lateral load test was performed on Test Pile P6. Section 

10.2.2 of Appendix A contains a description of the test procedure. 

The test was conducted with displacement control, since pile response 

for a given lateral displacement was desired. Therefore, for each 

displacement increment the horizontal load was adjusted to maintain 

the specified total horizontal movement. This method of testing was 

quite sensitive to soil deformations, especially the relaxation of 

lateral soil pressures. Additionally, since the lateral load mechanism 

(see Section 10.1.2 of Appendix A) was attached to a horizontal girder, 

any changes in the girder length due to temperature fluctuations required 

adjustment of the lateral load to maintain the specified lateral 

displacement. 

Before conducting the test, the maximum lateral displacement was 

I 
established at approximately 2 in. This magnitude of movement was 



considered to be comparable to the amoirot of expansion or contraction 

anticipated at one end of a long integral abutment bridge. The experi- 

mental results revealed that a horizontal force of 25 kips Located 

20.5 in. above the ground le+el caused the WlO x 42 test pile to dis- 

place 2.06 in. laterally at the ground surface. The complete lateral 

load test lasted about 30 hours. 

3.2.7. Combined Load Test 

A vertical load test on a laterally displaced pile (Test Pile PI) 

was performed November 19-21, 1986. This test involved the testing 

procedures and instrumentation associated with the first two field 

tests. (Additional comments are in Section 10.2.3 of Appendix A.) 

The lateral loading portion of the test was caaducted with displacement 
-- 

control, while the vertical load phase was performed with load control. 

A light snowfall during the application of lateral displacements 

kept the air temperature constant; therefore, this portion of the test 

proceeded without any delays. However, during the process of changing 

from lateral load to vertical load, a t e ~ t  mdfunction caused a complete 

loss of the lateral load. The lateral displacemat was reapplied in 

approximately four equal amounts. An.applied lateral load of 19.9 kips 

induced a lateral pile displacement of 1.93 in. at the ground surface. 

As the vertical laad was applied to the test pile, the lateral 

displacement increased slightly. At t& ultimate vertical load of 

280 kips, which was the same msximum toad resisted when only a vertical 

load was applied to the test pile, th lrteral pile displrcement 

increased to 2.40 in. and the horizontal load decreaeed to 14.7 kips. 

The unloading of the test pile was acctx~plishcd in the reverse order 



1 of the load application, following the same unloading sequences specified 

I fbr the vertical and lateral h a d  tedts. The combined load test took 

1 approximately 48 hours to complete. 
1 

3.2.8. E ' i d d  Test Comparisons 

! A summary of the three field tests is given in Table 3.1. The 

i most significant observation involves the magnitude of the experimentally 

determined ultimate vertical load capacity for the friction test pile. 

The 2-in.-lateral displacement did not appear to affect the vertical 

pile capacity. Both the vertical load test and the combined load test, 

1 conducted on the same test pile, reached an ultimate vertical load 

capacity of 280 kips. 1 

I Strain gage and displacement reductions for analytical comparisons 

are discussed in the following sections. 

i 3.3. Test Comparisons with IAB2D 

3.3.1. Reasons for Comparisons 

The computer program IAB2D was written during a previous phase of 

integral abutment bridge research to provide an analytical method that 

describes the behavior of a pile subjected to vertical and lateral 

1 
loads. As discussed in Section 2, the soil medium was idealized by 

I 
/ isolated, nonlinear springs located at the pile element nodes. The 

vertical and horizontal springs along the pile and the vertical spring 

at the pile tip represent the skin friction and lateral load resistances 

and the end-bearing resistance, respectively. The behavior for each 



Table 3.1. 2ie.1d testing sumnary. 

Vertical Test Zateral Test Combi~ed Test 
Pile P1 Pile P6 Pile P1 

Pile orientation N.A.* strew :axis Weak-axis 

iread candition P i ~ n e d  Fxse Caatinuity 
horiz~oSally wi&b 

horizontal 
girder 

Test control b d  SispSacement Vert. load 
and hot. 

dinp lacement 

a x .  vertical 
load 280 kips N.A. 280 kips 

Vertical disp. 

Max. hot i z ~ n t  a 1 
load 

0.44 la. 

N.A. 

Horiz. disp. N.A. 2.06 in. 

19.9 kips to 
14.1 kips 

2.04 io. to 
2.40 in. 



of the three types of soil springs was assumed to be uncoupled and 
I 

described by a modified Ramberg-Osgood equation. 

I The finite element model has been confixined previously by solving 

both theoretical and experimental problems [I] . To further substantiate 

I the validity of the IAB2D computer model, comparisons have been made 

I between the results from the three field tests conducted during this 

phase of research and the predicted behavior obtained from IAB21). In 

! Section 4 similar comparisons have been presented between the scale- 

model pile tests and the computer solutions. 
1 

3 .3 .2 .  Vertical Load Test and IAB2D 
h ,  

I The axial compressive load capacity of a vertical friction pile 

4 
is provided by skin friction along the pile length and end-bearing 

I resistance at the pile tip. The relationship between the skin friction 

resistance, f, and the relative vertical displacement, z, is represented 
I 

1 mathematically by the modified Ramberg-Osgood expression given in 

1 Eq. (3 .2 ) .  

where 

L max = -  
"u kv 

The three parameters establishing the soil response 

vertical stiffness, kv; the maximum friction force, 

f 

(3 3) 

are the initial 

%ax and the shape 



fac tor ,  n. These design parmetere a r e  required t o  model the nonlinear, 

ve r t i ca l  s o i l  springs along the p i l e  lehgth ip. IABZD. Curves of the  

modified Ramberg-Osgood equation eqresging  the f-z so i l  relationship 

a t  three s o i l  depths with n equal t o  unity and the variat ion i n  kv and 

fmax along the length fo r  Test P i le  P1 were developed and a r t  discussed 

i n  Section 10.3.2 of Appendix A.  

To matbenaticallg model the s o i l  b'ehavior st the p i l e  t i p ,  the 

bearing s t ress ,  q, and the t i p  s e t t l e s a t ,  zr  relationship was repre- 

sented by the modified Ramberg-Oggood &pression 

where 

The three parameters tha t  estabgish the s t r e s s  and displacement rela-  

t ionship are  the i n i t i a l  point st iffmi~i. . ,  k , the m a 2 C i ~ ~  be@ring @tress ,  
9 

Clmax* and the shape fac tor ,  n. The s o i l  response a t  the p i l e  t i p  was 

revised as discussed i n  S e c t i ~ n  10.3.3 of Appendix A because the axial  

load a t  the bottom of the  p i l e  was -unavailable. A revised s o i l  bea r im 

s t r e s s ,  q', t ha t  includes the skin f r i c t i o n  resistance f o r  the bottom 

5.5 f t  of the p i l e  i n  addition to the t i p  bcrring stress was developed. 

The revised p i l e  displacement c o r r e s p d i n g  t o  q' i s  z', which i s  the 



I pile displacement at 5.5 ft from the pile bottom. With these revisions, 

Eqs. (3.4) and (3.5) become 

1 
I 

and 

The three parameters describing the modified soil spring at a point 

5.5 ft above the actual pile tip are the initial modified point stiff- 

I ness, k;l, the maximum modified bearing stress, GaX, and the shape 

I 
factor, n. From the curve fit of the modified Ramberg-Osgood equation 

(Eq. (3.6) with n equal to unity) to the qt -z' data (Fig. 10.19), the 

I values for kt and Gax were established at 20.4 k/in.3 and 135 ksf, 
q 

respectively. 

The finite element model shown in Fig. 3.1 was used to analyze 

the test pile in the vertical load field test. Since the same element 

mesh was used to model the pile for the first and third field tests, 

I shorter element lengths were required in the upper portion of the pile 

where the bending strains were greatest in the third field test. A 

! supplemental study on the effect of mesh size was performed by comparing 

analytical results using the 32-element m s h  shown in Fig. 3.1 to results 

1 obtained by eliminating every other node. A slight variation existed 

I between the two solutions; therefore, the finer mesh was selected. 



NODES 1 - 33 

YE R f  I CBL 
P O f K f  SPRING f *5 

Figure 3.1. IABZD model for  vertical load t e s t .  



I 
The soil behavior was modeled by three types of nonlinear springs 

attached at the pile nodes, as shown in Fig. 3 . 1 .  For the vertical 

I springs, corresponding to the skin friction resistance, the soil param- 

eters fmax and kV were obtained from Appendix A ,  Figs. 10.16 and 10.17, 

1 respectively. Soil parameters pU and kh for the lateral springs, repre- 

I 
senting the lateral resistance of the soil, were obtained from the 

lateral load phase of the combined load test (Figs. 10.26 and 10.27) 

I on Test Pile PI. The vertical point spring at the bottom of the pile 

was characterized by soil parameters GaX and k' discussed in Eqs. (3.6) 
\ '2 
1 and ( 3 . 7 ) .  

I Figure 3.2 shows a graph of applied axial compressive load versus 

4 vertical displacement of the pile at the ground surface that was generated 

I by IAB2D with increasing magnitudes of applied vertical load at the 

top of the pile. Close correlation exists between the analytical solu- 
I 

1 tions and the experimental results. The ultimate load predicted by 

IAB2D was about 278 kips as found by the method described in Ref. [26]; 

while the maximum load obtained during the vertical load field test 

was 280 kips. 

Analytical and experimental axial pile forces along the length of 

the pile are compared for three magnitudes of applied vertical load in 

Fig. 3 . 3 .  The experimental axial force at the strain gage locations 

were computed by multiplying the axial strains (Fig. 10.10) by the 

axial rigidity of the pile, AE. The composite cross-sectional area 
I 

of the test pile included the sheet metal conduits. Considering the 

load versus displacement and the axial load distribution results, the 
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Figure 3.2. Axial load versus vertical displacement at grade 
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3.3 .  IAl32D and experimental axial forces for vertical load test. 



computer program IAB2D provided an accurate representation of the test 

pile behavior for the vertical load field test. 

I 3.3.3. Lateral Load Test and IAB2D 

The lateral load capacity of a pile is provided by the flexural 
I 
1 strength of the pile and the resistance of the soil to lateral displace- 

ment. To analytically model the lateral resistance, p, and corresponding 

lateral displacement, y, of the soil, the modified Ramberg-Osgood ex- 

pression, given by Eq. (3.8), was selected to represent the nonlinear 

soil behavior. 

I This lateral soil response is characterized by three parameters. They 

are the initial lateral stiffness, kg, the ultimate lateral resistance, 

pu, and the shape factor, n. The modified Ramberg-Osgood equation 

1 parameters , pu and kg, needed to express the p-y soil relationship at 
I any depth for Test Pile P2 were developed with n equal to two and are 

I discussed in Section 10.3.4 of Appendix A, Figs. 10.26 and 10.27. 

The analytical study of the lateral load test was performed with 
1 

1 a finite element model that was similar to the model shown in Fig. 3.1. 

I 
The element lengths were modified to locate every other node at a strain 



gage station on the test pile. The vertical soil behavior, f-z and 

q'-z', was assumed to be the same as the vertical load test. To provide 

for application of the lateral load, the analytical pile model was 

extended 25 in, above the ground surface to match the load location 

for the field test pile. The bottom of the pile model was 34.5-ft 

deep, corresponding to the modified point spring location used in the 

model for the first field test. 

Figure 3.4 shows the lateral load and displacement relationship 

for both the experimental and analytical studies of the second field 

test. The lateral displacement was at the ground surface. As shown 

in the figure, the analytical results closely match the measured experi- 

mental values. 

The distributions for the pile bending moment at three magnitudes 

of lateral load are shown in Fig. 3.5. Both the analytical and experi- 

mental results showed that the maximum moment occurred at a depth of 

approximately 6 ft below the ground surface. The difference between 

the IAB2D and the test results in the bending moment at a particular 

depth were considered to be acceptable. Since reasonable agreement 

existed between the analytical study and the actual test results, the 

computer program IAB2D provided an accurate representation of the test 

pile behavior for the lateral load field test. 

3.3.4. Combined Load Test and IA02D 

The IAB2D pile soil model for the vertical load test described in 

Section 3.3.2 was modified to analyze the pile during the combined 

load test. The majority of the finite clement mesh spacing for the 

pile was kept the same as shown in Fig. 3.1; however, since the combined 
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load test involved restraint at the top of .the pile, several elements 

were added to the pile above the soil surface and the two I-shaped 

bridge beams that were bolted to the test pile flanges at the top of 

the pile (Fig. 10.5) were included in .the f in-ite elem nt model. The P. 
vertical soil springs describing the sbil behavior for the f-z 

(Figs. 10.16 and 10.17) and q-z (Fig. 10.18) responses were identical 

with those used for the vertical load pile test analysis. The lateral 

soil springs were modeled by the p-y (Figs. 10.26 and 10.27) behavior 

established during the lateral load phase of the 'combined load test. 

The load program for the IA32D mddel followed the experimental 

load program. That is, the node at the west end of the horizontal 

girder was moved horizontally an amount equal to the experimentally 
- - 

applied lateral displacement. To si&ate the second phase of the 

combined load test, a downward vertical force was applied to the node 

at the top pile. During the modelingLof the vertical load phase of 

the combined load test, the analytical horizontal displacement was 

adjusted to match the measured experbental values. 

The horizontal load versus horizontal displacement relationship 

is shown in Fig. 3.6 for both the experimental and IABPD results. 

Good correlation occurred between the measured and analytical results, 

including the portion on the right where the horizontal force decreased 

as the displacements became greater than 2 in. This region represents 

the second phase of the test where the vertical loading was applied. 

The experimental data points and analytical vertical load versus dis- 

placement curve for the second phaae of the combined load test is pre- 
3. sented in Fig. 3.7. Pornin +ha e o w ~ l s ~ n t  between 
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Figure 3 . 6 .  Lateral load versus l a t e r a l  displacement a t  13 i n .  above 
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computed behavior is  qui te  good. A s  shown i n  the figure,  there  i s  a 

s l i g h t  i n i t i a l  o f f se t  t o  the  experimental data and the ana ly t ica l  curve. 

The measured v e r t i c a l  displacements indicated tha t  the  t e s t  p i l e  moved 

upward during the l a t e r a l  load phase of the  combined load test, while 

the  ana ly t ica l  study predicted t h a t  the  t e s t  p i l e  would displace downward. 

This apparent discrepancy i n  the v e r t i c a l  displacement i s  a t t r ibu ted  

t o  t h e  rapid loss  of l a t e r a l  load a s  discussed i n  Section 3.2.7. The 

experimental and ana ly t ica l  ult imate loads compare very well and, a s  

mentioned in Section 3.2.8, a r e  very close t o  the resu l t s  f o r  the  f i r s t  

t e s t  w i th ,ve r t i ca l  load onJy. 

The experimental and aqa ly t ica l  s t r a i n s  i n  the p i l e  flanges a t  

the  s t r a i n  gage locations f o r  several  loading cases a re  i l l u s t r a t e d  i n  

Fig. 3.8 fo r  t he  l a t e r a l  load phase and i n  Fig. 3.9 fo r  the  v e r t i c a l  

load phase of the  combined load test. These figures show the  t o t a l  

s t r a i n s  i n  the  ea s t  and west f lange oi Test P i l e  PI. I n  the l a t e r a l  

load phase (Fig. 3 . 8 ) ,  IAB2D tends t o  underestimate the p i l e  s t r a i n  by 

10% t o  20%. On the  other hand, IA32D t'ends t o  overestimate the  p i l e  

s t r a i n s  near t he  end of the  v e r t i c a l  foad phase (Fig. 3.9 (d)) . IA32D 

seems t o  exaggerate the  secondary bending .oments t h a t  a r e  associated 

with beam-column behavior (combined ax ia l  load and l a t e r a l  displacement). 

The experimental t e s t  r e su l t s  showed l i t t l e  evidence of increased bending 

s t r a i n s  with t h e  application of ax ia l - load .  The experimental bend& 

s t r a i n s ,  obtained as  the  difference between the e a s t  and west t o t a l  

f lange s t r a i n s  i n  Fig. 3.9(a) through Fig. 3.9(d) a r e  about equal fo r  

a l l  values of the v e r t i c a l  load. 
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Figure 3.8. Continued. 
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I 
The a n a l y s i s  of t h e  p i l e  behavior i n  t h e  combined load t e s t  was 

I s e n s i t i v e  t o  t h e  l a t e r a l  s o i l  r e s i s t a n c e  and displacement r e l a t i o n s h i p .  

I 
Variat ions between t h e  experimental and a n a l y t i c a l  t o t a l  p i l e  s t r a i n s  

resu l t ed  w h ~ h  ihe p-y s o i l  behavior from Tes t  P i l e  P6 (Figs. 10.26 and 

I 10.27) was appl ied  t o  the  a n a l y t i c a l  model f o r  Tes t  P i l e  PI.  Cor re la t ion  

between t h e  experimental and a n a l y t i c a l  r e s u l t s  f o r  P i l e  PI was achieved 

I only 'when t h e $ p - y  s o i l  behavior obtained from the  l a t e r a l  load phase 

I of the  combined t e s t  was incorporated i n t o  t h e  a n a l y t i c a l  model. A s  

I discussed i n  Appendix A ,  t h e  d i f fe rences  i n  t h e  p-y s o i l  behavior f o r  

I P i l e  P1 and P6 were a t t r i b u t e d  t o  t h e  l a t e r a l  bear ing surfaces  of t h e  

p i l e  aga ins t  t h e  s o i l ,  t h a t  i s j  f lange f a c e  (P i l e  P6) bearing versus  
I 

J f lange edge ( P i l e  PI) bearing. 

I According t o  t h e  IAB2D r e s u l t s ,  y i e l d i n g  of t h e  s t e e l  occurred 

i over a s i g n i f i c a n t  p i l e  length  a t  t h e  t o p  of  the  p i l e  where it was 

I r i g i d l y  a t tached t o  t h e  hor izon ta l  g i r d e r .  S t r a i n  gages were no t  mounted 

a t  t h i s  l o c a t i o n  on P i l e  P1 t o  confirm experimental ly t h i s  s t a t e  of 

I s t r e s s .  I f  such y ie ld ing  occurred,  a  p l a s t i c  hinge was p a r t i a l l y  o r  
' 

1 
completely formed a t  t h e  p i l e   head^. Since t h e r e  was no experimental 

I evidence of l o c a l  f lange buckling o r  hinge r o t a t i o n ,  t h e  HPlO x 42 had 

i s u f f i c i e n t  i n e l a s t i c  r o t a t i o n  capac i ty  t o  maintain i t s  f u l l  p l a s t i c  
I 

moment. 

I Although one t e s t  i s  i n s u f f i c i e n t  t o  draw f i rm conclusions,  t h e  

s t r a i n s  i n  t h e  lower por t ion  of t h e  p i l e  (Fig.  3.9) i l l u s t r a t e  t h a t  a  
I 

poss ib le  coupling e x i s t s  between t h e  h o r i z o n t a l  and v e r t i c a l  r e s i s t a n c e  

of t h e  s o i l .  , In  t h e  lower por t ion  of  t h e  p i l e ,  t h e  s t r a i n s  on both  

f langes  were about equal;  the re fo re ,  p r i m a r i l y  a x i a l  load was present .  



The experimental s t r a i n s  were consis tent ly  l a rger  than t he  ana ly t i c a l  

s t r a i n s ,  ind ica t ing  t h a t  the  lower phr t ion of the  p i l e  ca r r ied  more 

ax i a l  load than IAB2D predicted. From another viewpoint, the  upper 

por t ion of t h e  p i l e  carr ied l e s s  a x i a l  load than predicted.  . This could 

suggest t h a t  t he  v e r t i c a l  f r i c t i o n a l  res i s tance  i n  t h e  upper por t ion 

of the  p i l e  embeddment has been degraded by t he  l a t e r a l  displacement. 

IAB2D does not consider coupling ofs the  s o i l  res is tance.  Insofar a s .  

p i l e  design is  concerned, t he  degraded f r i c t i o n a l  s o i l  r es i s tance  i s  

discussed again i n  Section 5.3. 

3.3.5. Suomtary of IABZD/Field Test Correlat ion 

In  summary, IAB2D s a t i s f a c t o r i l y  predic ted the  p i l e  s t r a i n s  i n  

the  f i e l d  t e s t s ,  and the  p i l e  behavior r e s u l t s  a r e  s ens i t i ve  t o  the  

experimental s o i l  proper t ies .  



I 
4. MODEL TESTS 

4.1. Objective and Scope 

I A scale model testing program was developed to study the effects 

different pile head, load, and soil conditions had on the behavior of 

1 a single pile subjected to vertical, lateral, and combined loads. The 

laboratory testing program was performed to substantiate the underlying 

I assumptions of pile and soil interaction used in the development of 

I the analytical model, IABZD. The pile strains at various locations 
1 

along the pile length were measured to establish the soil response 

I characteristics (f-z, q-z, and p-y), as described in Section 3, for 

I the two sand densities in the model tests. The test program contained 

4 seven test groups involving from one test to three tests each. The 

I applied load at the pile head was either a vertical, lateral, or 

combined load. Each particular test sequence was performed to examine 

1 experimentally pile behavior related to a particular test parameter. 

I 
The test parameters that were considered were classified into four 

areas : (1) pile types (friction and end-bearing) , (2) pile head types 

I (pinned, fixed, abutment, and predrilled hole), (3) load types (vertical, 

lateral, combined, and lateral cyclic), and (4) soil types (loose sand 

1 and dense sand). In total, 40 laboratory model tests were conducted 

I 
to establish testing procedures, calibration of equipment, sensitivity 

characteristics, and pile and soil behavior. Eleven of these tests 

I were analyzed by the finite element computer model, IABZD. A test 

matrix for these 11 laboratory tests is given in Table 11.2. A more 

I 



detailed description of the model tests can be found in Section 11.2.1 

of Appendix B. 

4.2. Model Test Program 

A scaling factor equal to 1/10 39s selected for the development 

of the scale model pile test program. As discussed in Section 11.1.1, 

complete similitude between a prototype system and a scale model was 

not required. The primary model con$onents are the pile and soil medium. 

To model the HPlO x 42 pile that was used in the full-scale field tests 

(Sections 3 and lo), a 1-in. -square by 60-in. -long steel tube was selected. 

The vertical load tests, which were performed to determine vertical 

soil characteristics involving skin friction and vertical displacement 

(f-z curves) and tip bearing and tip displacement (q-z curves), require 

a emall cross-sectional area to improve the sensitivity of the axial 

pile strains when vertical loads were applied at the pile head'. 'The 

lateral load tests, which were condukted to determine lateral soil ' 

resistance and displacement (p-y curves) relationships, require a large 

bending stiffness characterized by ; relatively thick wall thickness. 
As a compromise, a wall thickness of'0.032 in. was used for subsequent 

vertical, lateral, and combined loaded tests. 

A fine, uniformly graded, dry, masonry sand wrs used for the mo,del 

soil. The sand, obtained from a lo&l supplier, was pnalyqed by labora- 

tory tests as noted in Section 11.1.1 of Appendix B. A soil bin measuring 



I 
18-in. wide by 36-in. long by 72-in. high was used to contain the soil 

I during tests. 

I 
The tests were constructed by positioning the pile in the soil 

bin and placifig the soil around the pile. A soil placement technique 

I was developed to produce soil structures that would be relatively con- 

sistent among similar tests. The placement technique was based upon 
1 

I the raining technique described by Monzoori et al. 1271. In-situ soil 
I 

I 
densities were calculated by measuring the volume of the known weight 

of each soil lift placed in the soil bin. 

I Additional discussion of the scale model components and a descrip- 

tion of the test framework and pile instrumentation is contained in 

J Sections 11.1.1, 11.1.2, and 11.1.3, respectively. 

1 4.3. Model Test Comparisons with IAB2D 

1 4.3.1. Reasons for Comparisons 

I To further substantiate the validity of the computer model, IAB2D, 

I comparisons have been made between the experimental results for the 

I model tests and the predicted behavior obtained from IAB2D. The labora- 

tory model tests involved pile conditions that were not present in the 

1 full-scale field tests. 

I 4.3.2. Vertical Load Tests and IABZD 

I Two model pile tests with vertical compressive loads applied to 

t the top of the test pile are reported herein. These laboratory tests 

included Test Sequences A - 1  and D-I, which are described in Sections 

11.2.1 and 11.2.2. The pile strains from these tests were analyzed to 



detenuine cha rac t e r i s t i c  s o i l  parameters (fmax and lcV fo r  Eq. (3.2) 

and %x and k f o r  Eq. (3.4)) according t o  the  procedure described i n  
Q 

Sections 11.3.2 and 11.3a.3. These parameters along with the corres- 

ponding shape parameters, a, were used 'in the analyt ical  model IAB2D 

t o  define the  behavior of the nonlinear v e r t i c a l  s o i l  spr ings  along 

the  length of t he  p i l e  and a t  the  p i l e  t i p .  

The f i n i t e  element models f o r  the  t e s t s  a r e  shorn i n  Fig. 4.1. 

For the v e r t i c a l  s o i l  springs, corr.esponding t o  the  skin f r i c t i o n  res i s -  

tance, the  s o i l  parameters fmax anddkv were obtained from Figs. 11.13 

and 11.14 f o r  loose sand and Figs. 11.15 and 11.16 f o r  dense sand, 

respectively.  To provide l a t e r a l  s t i b i l i t y  a t  the  nodes below the 

sand surface,  horizontal  s o i l  springs t h a t  represent the  l a t e r a l  s o i l  

res is tance were incorporated in to  the ana ly t i ca l  p i l e  model. The s o i l  

parameters p and % f o r  these l a t e r a l  s o i l  springs were obtained from u 

the r e su l t s  f o r  Test No. 3 of the  corresponding t e s t  group, shown i n  

Figs.  11.18 and 11.19 f o r  loose sand and Figs. ' ll .PO and 11.21 fo r  

dense sand, respectively ( i . e . ,  t he  p-y re la t ionship fo r  Test Sequence 

A-1 was obtained from the r e su l t s  f o r  Test Sequence A-3). The v e r t i c a l  

point  spring a t  the  bottom of the  ana ly t ica l  p i l e  model, which i s  charac- 

te r ized  by the  s o i l  parameters eax ;pnd  k given i n  Table 11.3, was 
. Q 

obtained from f igures  s imilar  t o  Fig.. 11.17. The horizontal  load beam 

shown i n  Fig. 4.1 was attached t o  t6e t e s t  p i l e  during the laboratory 

t e s t s ,  t o  provide l a t e r a l  s t a b i l i t y  during loading; therefore,  t h i s  

beam was included i n  the  ana ly t ica l  model. 

Figures 4.2 and 4.3 show the  v e r t i c a l  load versus v e r t i c a l  displace- 

ment a t  the  s o i l  surface f o r  a model t e s t  p i l e  i n  loose (Test Sequence 
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A- 1) and dense sand (Test Sequence D-1) , respectively. The analytical 

solutions from IABPD involved camputet analyses for increasing magnitudes 

of vertical load. Close correlation occurred between the experimental 

and analytical e&$tiI€s for the pinned-head, model test pile in loose 

sand, while the computer solution overestimated the vertical load 

capacity of the fixed-head, predrilled hole, model test pile in dense 

sand. 

Both the laboratory test and analytical study of a friction pile 

in loose sand revealed that the vertical slippage failure occurred at 

approximately 90 lb of applied vertical load. This small compressive 

load induced small axial pile strains throughout the length of the 

pile, as shown in Fig. 4.4. The fluctuation in the axial strain can 

be attributed to the'normal scatter associated with strain gage measure- 

ments having small magnitudes. Figure 4.5 shows axial strain versus 

depth for the fixed-head pile with a predrilled hole in dense sand. 

The increase in the experimental axial strains between the bottom of 

the predrilled hole and a depth of 14 in. implies negative frictional 

resistance that physically should not have occurred. Since the test 

pile head was essentially fixed against rotation, vertical displacement 

of the pile head induced bending strains in the top of the pile. As 

discussed in Section 11.3.2, the sensitivity of the strain measurements 

did not provide the accuracy necessary to separate the axial strain 

from the total measured strains in regions of high bending moment. As 

seen in Figs. 4.4 and 4.5, the analytical solution adequately predicted 

the model test pile behavior, considering the scatter associated with 

the experimental testing program. 
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4.3.3. Lateral Load Tests and IAB2D 

Two model pile tests (Test Sequences C-2 and D-2) are reported 

here to establish lateral (p-y) soil behavior. The modified Ramberg- 

Osgood exprcsbiaii (Eq. (3.8)) was used to describe the stiffness of 

the lateral soil springs for the finite element model (Fig. 4.1). The 

characteristic soil parameters for the maximum lateral resistance, pU, 

and initial lateral stiffness, %, (Figs. 11.20 and 11.21) were developed 

in Section 11.3.4 of Appendix B for loose and dense sand. The two 

sand densities produced two shape parameter values (n = 1 for loose 

sand and n = 1/3 for dense sand) from a visual curve fit of the modified 

Ramberg-Osgood equation. To complete the analytical model, the vertical 

soil behavior along the pile length and at the pile tip was represented 

by the f-z and q-z'relationships, respectively, that were established 

from the results for the vertical load phase of Test No. 3 of the corres- 

ponding test group (Test Sequences C-3 or D-3). The magnitudes for 

the maximum friction force, fmar, and initial vertical stiffness, kV, 

were obtained from Figs. 11.13 and 11.14 or Figs. 11.15 and 11.16, 

respectively; while the values for the maximum bearing stress, %ax * 
and initial point stiffness, k , were obtained from Table 11.3. 

Test Sequences C-2 and D-2 involved lateral loads on a fixed-head 

friction pile in loose sand and dense sand, respectively. The latter 

test contained a predrilled hole for the upper 8 in. of pile length. 

Comparisons between the experimental and analytical results for these 

tests are shown graphically in Figs. 4.6 through 4.9. Figures 4.6 and 

4.7 show the lateral load and the corresponding lateral displacement 

at the soil surface for each test. IABZD consistently underestimated 
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I 

l a t e r a l  load f o r  a given l a t e r a l  displacement (or overestimated the 

l a t e r a l  displacement fo r  a given ma&tude of l a t e r a i  load) for the 

p i l e  i n  loose sand (Fig. 4 . 6 ) ,  while- the analyt ical  solution more c losely 

matched the  experimental behavior f o r  t he  p i l e  i n  dense sand (Fig. 4.7). 

The maximum l a t e r a l  displacement of tihe p i l e ,  which was ateasured a t  

the  s o i l  surface,  was approrimatelg 314 i n .  and 112 i n .  f o r  Test Sequences 

C-2 and D-2, respectively. 

The p i l e  s t r a i n s  obtained from the  laboratory measurements and 

fromi IAB2D a re  compared f o r  the  two l a t e r a l  load t e s t s ,  with an applied 

horizontal  force of 135 l b  f o r  each test, in Figs. 4.8 and 4.9. The 

maximum bending s t r a i n  t h a t  was predicted by the ana ly t ica l  solut ion 

closely matched the experimental r e su l t s  f o r  both tests. The r e su l t s  

f o r  the  l a t e r a l  load p i l e  t e s t  in-dehse sand (Fig. 4.9) show excel lent  

cor re la t ion  between the measured and theore t ica l  bending s t r a i n s  through- 

out the  p i l e  length. 

4 . 3 . 4 .  Combined Load Tests and IAB2D 

Comparisons between the experini=ntal and ana ly t ica l  r e su l t s  f o r  

the seven model t e s t s  involving combined loads (Test Sequences A-3 

through 6-31 were made t o  provide addi t ional  evidence t h a t  substantiated 

the accuracy of the ana ly t ica l  model, IABZD. The p i l e  s t r a i n s  and 

displacement measurements obtained during the l a t e r a l  displacement 

phase of each t e s t  group ( ~ a b i e  11.2) were used t o  develop the l a t e r a l  
. . 

s o i l  behavior (p-y relationships).  The technique $or eqtablishing the  

maximum l a t e r a l  resistance,  pU, and i n i t i a l  l a t e r a l  ntiffness., \, a re  

described i n  Section 11.3.4. n e s e  parmeters were obtained from 



Figs. 11.18 and 11.19 for loose sand conditions (n equal unity) or 

ftom Figs. 11.20 and 11.21 for denae s a d  conditions (n equal to 1/3). 

The pile strains and displacement measurements obtained during 

the vertical ioad phase of the combined load tests were used to develop 

the vertical soil behavior along the pile length (f-z relationships) 

and at the pile tip (q-z relationship). The methods that establish 
I 

the maximum friction force, fmax, and initial vertical stiffness, kv, 

are discussed in Section 11.3.2; and the approach used to develop the 

maximum bearing stress, %ax, and initial point stiffness, k is pre- 
q ' 

sented in Section 11.3.3 of Appendix B. The values of fmax and kv 

were obtained from Figs. 11.13 and 11.14, respectively, for loose sand, 

or from Figs. 11.15 and 11,16, respectively, for dense sand, to represent 

the analytical vertical soil springs along the pile length. The vertical 

support condition at the pile tip for the friction piles was described 

by the soil parameters n, and k obtained from Table 11-2. For 

the end-bearing pile in Test Sequence G-3, the vertical restraint at 

the pile tip was modeled as a stiff spring to simulate the bottom of 

the test bin. 

Test Sequence A-3 involved combined loading on a friction pile in 
i 

loose sand. The pile head was not significantly restrained against 

rotation by the small lateral load beam; therefore, the pile head was 

essentially pinned. Figures 4.10 through 4.12 show comparisons between 

the experimental and analytical results for this test. The lateral 

load and corresponding lateral displacement relationship during the 

lateral displacement phase and the vertical load and corresponding 

vertical displacement during the vertical load phase of the combined 
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load t e s t ,  both determined a t  the s o i l  surface, a r e  shown i n  Fig. 4.10 

and 4.11, respectively. Both f igures  show good cor re la t ion  between 

experimental values and pred ic t  ana ly t ica l  valuee, with IA82D s l i g h t l y  

u n d e r e s t h t i n g  l a t e r a l  s t i f f n e s s  of t he  s o i l  (Fig. 4.10) and overesti-  

mating v e r t i c a l  p i l e  capacity (Fig. 4.11) .  Comparisans of t he  experi- 

mental and ana ly t i ca l  t o t a l  p i l e ' s t r a i n s  with a v e r t i c a l  load of 15% l b  

a r e  shown in  Fig. 4.12. IAB2D accurately predicts  t he  p i l e  behavior 

along the upper portion of the  p i l e ,  where the t o t a l  s t r a i n  values a r e  

r e l a t i ve ly  large.   he experimental b t ra in  shown a t  a depth of approxi- 

mately 3 in .  from the  s o i l  sur'face 6n t he  north face of the p i l e  i s  i n  

e r ro r  due t o  an e r r a t i c  gage behavior a t  t h i s  load point. The ana ly t ica l  

solut ion indicates  t h a t  an in f l ec t ion  point  should occur a t  a depth of 

approximately 37 in . ;  however, the experimental r e su l t s  d id  not substan- 

t i a t e  t h i s  behavior. This var ia t ion  between the r e su l t s  is not  of 

s ign i f i can t  concern, s ince ' t he  small t o t a l  p i l e  s t r a i n s  i n  the  lower 

portions of the p i l e  length do not e f f e c t  the p i l e  design. 

Test Sequence B-3 involved combined loading on a f r i c t i o n  p i l e  i n  

dense sand. The p i l e  head ro ta t ion  i n  t he  plane of l a t e r a l  displacement 

war e s sen t i a l l y  fixed by the large i a t e r a l  load beam. Figures 4.13 

through 4.15 show displacement and 6ile s t r a i n  r e s u l t s  f o r  both the  

laboratory model test and IAB2D. The p i l e  response a t  the  s o i l  surface 

is  i l l u s t r a t e d  by t h e  l a t e r a l  load and corresponding l a t e r a l  displacement 

re la t ionship (Fig. 4.13) and by the v e r t i c a l  load and cqgresponding 

v e r t i c a l  displacement relationship (Fig. 4.14). The experimental r e s u l t s  

shown i n  Fig. 4.14 indicate  t h a t  the-vertical road res i s tance  of the 

model test p i l e  appeared t o  experience an increase i n  a x i a l  s t i f f n e s s  
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i after a vertical displacement of approximately 0.5 in. This behavior 

ib tinexplained. Figures 4.13 and 4 14 fcveal that IAB2D slightly under- 
I 

1 estimated the lateral soil resistance and slightly overestimated the 

i vertical load of the model test pile. Figure 4.15 shows 

i 
d 

measured and calculated total pile strains along the pile length with 
I 

I an applied 701-lb vertical load. Some irregularities in the measured 

experimental strains occurred in the north face of the pile at the 

1 soil surface. IAB2D accurately predicted the magnitude of the maximum 

total pile strain; however, the location wai about 4 in. below the 
I 

I location indicated by the experimental results. The location where 

the maximum bending strain occurs and the depths to points of reverse 

curvature (inflection points) are sensitive to the soil properties 

(p-y relationship) : . Soils that exhibit relatively stiff lateral resis- 

tance will cause the maximum pile strain location and the inflection 

point locations to occur closer to the top of the pile than soils that 

exhibit flexible lateral resistance. As discussed in Section 11.3.4, 

the p-y soil behavior developed from the experimental pile strains 

were slightly underestimated. Therefore, the IAB2D results (Fig. 4.15) 

for the total pile strain were shifted toward the pile tip when compared 
6 

to the experimentally measured strains. As shown in Fig. 4.15, IABZD I 

confirmed the experimental result that three inflection points would 

occur along the pile length. 

Test Sequence C-3 involved a fixed-head friction pile in loose 

sand. The experimental and analytical results for this combined load 

test are illustrated in the load versus displacement and total pile 

strain relationships given in Figs. 4.16 through 4.18. These figures 
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show that the finite element model IABZD adequately predicted the pile 

displacement and strain behavior. 

A comparison of the test results for a fixed-head friction pile 

in dense and loose sands (Test Sequences B-3 and C-3, respectively) 

reveals some of the effects that soil stiffness has on pile behavior. 

As expected, the lateral and vertical pile displacements at the soil 

surface, for the same magnitude of applied force at the pile head, are 

substantially smaller for a pile in dense sand (Figs. 4.13 and 4,. 14) 

than for a pile in loose *and (Figs. 4.16 and 4.17). Considering pile 

strains, the locations of the point of maximum total strain and inflec- 

tion points are closer to the top of 'the pile for the dense sand medium 

(Fig. 4.15) than for the loose sand litdium (Fig. 4.18). 

Test Sequence D-3 was conducted on a fixed-head friction pile 

in dense sand. A predrilled hole in the soil provided greater flexibility 

for the top of the model pile. Figures 4.19 through 4.21 show close 

correlation between the experimental and IABZD results regarding load 

versus displacement and total pile strain versus depth relationships. 

The soil placement techniques produced similar sand densities for 

the three laboratory tests of Test Group D (Test Sequences D-1, D-2, 

and D-3); therefore, some general comparisons can be made between these 

tests. A comparison of the lateral load behavior for the lateral load 

phase of Test Sequence D-3 (Fig. 4.19) with Test Sequence D-2 (~ig. 4.7) 

reveals that the pile behavior is essentially identical for the two 

tests. Observations of the pile strains for the combined load test 

(Fig. 4.21) and lateral load test (Fig. 4.9) show that the inflection 

points occur at approximately 5 in.'and 32 in. below the soil surface 
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in both instances, indicating very similar lateral behavior for the 

soil. for Test Sequence D-3 and D-2. The experimentally measured vertical 

load and corresponding vertical displacement relationship for the vertical 

load phase of Test Sequence D-3 (Fig. 4.20) is quite similar to the 

behavior obtained for Test Sequence D-1 (Fig. 4.3). The vertical load 

i capacity for a given vertical displacement was approximately the same 

for each test. Therefore, the lateral displacement of the pile head 

in the combined load test (Test Sequence D-3) did not significantly 

affect the vertical load resistance for the model pile when compared 

to the resistance provided by the pile in Test Sequence D-1, which did 

not involve a lateral displacement of the pile head. The full-scale 

field tests reported in Section 3.3.4 illustrated a similar vertical 

load behavior. 

Test Sequence E-3 investigated the effects of cyclic lateral loads 

on the behavior of a fixed-head friction pile in dense sand. Figure 

4.22 shows the experimental and analytical results for the lateral 

load and corresponding lateral displacement for the first two hysteresis 

loops. The measured total pile strains induced during the initial 

application of lateral load for the first load cycle (Fig. 4.22a)  were 

! used to establish the lateral soil resistance, p-y, relationships. 

These p-y relationships were assumed to be applicable for the entire 

cyclic response modeled by IAB2D. The analytical model has an algorithm 

to account for cyclic p-y soil behavior. Instead of using the modified 

Ramberg-Osgood expression (Eq. (3.8)) a modified Ramberg-Osgood cyclic 

model (I] given by Eq. (4.1) was incorporated into the analytical solution. 
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I where 

t 
'1 

1 
in which pc and yc are the soil resistance and displacement at the 

I 
I last reversal, respectively, and the parameters pU, kh, and n are the 

same as those in the noncyclic model. The hysteresis loops were ana- 

lytically established by applying two rules presented by Pyke [12]. 

First, the tangent modulus for each load reversal was set equal to the 

initial tangent modulus for the previously completed load application. 

Second, the shape of an unloading or reloading curve was essentially 

the same as the initial loading curve, except that the new curve has , 
been enlarged in scale by the factor C. The first term in Eq. (4.2) 

is positive for reloading and negative for unloading. The maximum and 

minimum values for p and y are bounded by pU and yU. Comparing the 

4 analytical and experimental results presented in Fig. 4.22, reveals 

that IABZD accurately predicted the model pile behavior for the initial 

loading stage of the first load cycle and provided reasonable correlation 

with the experimental behavior for the remaining portions of the lateral 

load versus lateral displacement relationship. After the lateral cyclic 

loading had completed two cycles, the model pile was displaced laterally 

for the last time and vertical loading was applied to the top of the 



test pile. Figure 4.23 shows the vertical load and corresponding verti- 

cal displacement results for the laboratory test and for the finite 

element solution. IAB2.D accurately Eiredicted the vertical load capacity 

and provided reasonable agreement with the experimental results throughout 

the entire range of load versus displacement. 

Test Sequence F-3 was conducted on a fixed-head friction pile 

that had a model abutment mounted above the top of the model pile. 

The pile installation procedure, described in Section 11.1.1, produced 

a dense sail medium for the volume of sand below the first strain gage 

station on the pile and a loose soil medium for the sand backfill: . 

This test was conducted to investigate pile and abutment behavior due 

to passive soil pressure exerted on the abutment and backwall by the 

backfill material as the model bridge superstructure expanded. Since 

more complex soil behavior occurs with the abutment,' wingwall and pile 

system, the experimental pile strains measured in this test sequence 

were not used to obtain the soil parameters required in the analytical 

model. Instead, soil parameters derived from Test Sequence D-3 were i 

used for the dense sand around the pile, and soil parameters derived 

from Test Sequence C-3 were used for the loose sand behind the .abutment, 

backwall, and wingwalls. 

The analytical model shown in Fig. 4.1 was used to analyze the 

experimental model. Since pieces of foam rubber were inserted around 

the load cell and under the pile cap plate to reduce the bearing capacity 

of these areas, vertical and lateral soil springs were not included in 

the finite element model at Nodes 8 through 10. As shown in Fig. 4,24, 

the analytical model provided an accurate representation of the 
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experimental lateral load versus lateral displacement pile behavior 

for the combined load test. The lateral displacement was measured at 

the top of the abutment. The lateral load, which was applied by the 

horizontal load beam, caused the abutment to be pushed against the 

backfill. This movement created passive soil pressures against tbe 

abutment, backwall, and wingwalls. The location of the resultant hori- 

zontal soil pressure was below the center of gravity for the horizontal 

load beam (model bridge girder). The eccentricity between the compres- 

sive force in the horizontal load beam and the resultant passive soil 

pressure force induced a moment that was resisted by a vertical force 

couple that consisted of an upward end reaction on the horizontal load 

beam and a downward or an axial compressive force in the abutment pile. 

This behavior was predicted in an earlier study [ I ] .  Figure 4.25 shows 

this induced axial compression force in the model pile versus horizontal 

displacement of the abutment. The analytical model underestimated the 

magnitude of the experimental pile force. The discrepancy was attributed 

to the fact that the soil parameters used in IAB2D for the soil pressure 

on the abutment were derived from other model pile tests, which had no 

abutment. The existence of an induced pile axial load, which was caused 

by horizontal abutment movement, is clearly evident in both the experi- 

mental and analytical results. 

Test Sequence G-3 involved a combined load test of an end-bearing 

pile in loose sand. The model test pile head was espen$$ally fixed 

with respect to bending in the plane formed by the pile and the stiff 

horizontal load beam. The model pile was effectively pinned in the 
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transverse direction, since the pile was guided by vertical rollers 

that restmined only transverse displacement of the pile head. 

The analytical investigation of this experimental test reqwired 

establishing geometric conditions and soil characteristics that reasonably 

represented the laboratory test. An inspection of the testing apparatus 

and the mo&1 test pile revealed that the axial l06d was slightly mis- 

aligned from the center of gravity of the pile and that the test pile 

had a slight camber prior to testing. These imperfections can signifi- 

cantly &ffect the behavior of end-bearing piles; therefore, they were 

both accounted for in the analytical model by applying the vertical 

load with a 1-in. eccentricity. As describe& in Section 11.2.2, the 

pile tip was placed against steel nptwer that  waa supported by the 

soil test bin floon. Since the E3-r of the bin displaced vertically 

during application of the vertical load, the vertical point spring 

stiffness in the analytical model was aajosted to account for the flexi- 

bility of the bin and test fixture. The soil parameters for the vertical 

friction resistance were assumed to be the same as those determined 

' for Test Sequence C-3, which also involved a loose sand density. The 

maximum friction force, fmax, and initial vertical stiffness, k,, could 

not be experimentally determined for Test Sequence 6-3, since the rela- 

tive vertical pile displacements are extremely small for an end-bearing 

pile. The soil parameters for the lateral resistance were computed 

for Test Sequence 6-3 by the same techniques discussed for the other 

model tests involving lateral loads. 

The ultimate vertical load capacity of this combined load test 

was obtained when the model pile buikled transverse to the plane of 



lateral displacement at a vertical load of about 2600 lb. Failure was 

evidenced by a bending failure of the tube section at the soil surface. 

Since the two-dimensional computer model IAB2D can only predict pile 

behavior in one plane, the pile was analyzed in the transverse plane. 

The head condition was considered pinned for that direction. Figure 

4.26 shows the vertical load and corresponding vertical displacement 

relationship for both the experimental and analytical investigations. 

The pile behavior predicted by the finite element model reasonably 

matched the experimental results. IAB2D overestimated the vertical 

pile displacement; however, the analytical failure load was only slightly 

smaller than the experimental load. . , 

4 . 3 . 5 .  Summary of IAB2D and Model Test Correlations 

In summary, IAB2D satisfactorily predicted the model pile behavior 

for all 11 experimental laboratory tests that were analyzed. Reasonable 

correlation existed between the load and displacement relationships 

and between the.pile strains for the vertical, lateral, and combined 

load tests. 
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5. DESIGN RECOHHENDATIONS 

5.1. AASHTO Design Specification 

I 
This section summarizes the provisions of the AASHTO Standard 

! Specifications for Highway Bridges [22] that affect the design of the 

piling for an integral abutment bridge. These provisions will be used 
I 
1 as a basis for the design method. Articles referenced in this Section 

i are from the AASHTO Specification. 
I 
I 

The Specification (Art. 3.16) requires that stresses or movements 
I 
I 
I due to temperature variations be taken into account in design. In an 

integral abutment bridge any change in bridge length that is due to 

temperature changes introduces forces into t'he piling and' the super- 

structure. AASHTO (Art. 3.22) provides three loading groups that include 

temperature: Group IV, Group V, and Group VI. For this research the 

terms of interest include dead load (D), live load (L), and temperature 

(T). Load Group IV gives the smallest basic unit stress for service 

load design and the largest load factor for load factor design: 

Service Load Design, Group IV 

D + (L + I) + T at 125% of allowable stress 

Load Factor Design, Group IV 

Live load stresses produced from H or HS loading must include impact, 

I. The impact is required for portions of steel pile above the ground 

liae that are rigidly c o ~ e c t e d  to the superstructure as in a frame or 

continuous structure (Art. 3.8.1). The following values for the 



superstructure material coeff ic ient  of thermal expansion, a,  and the 

average temperature change, AT (Art. 3.16), a re  given by the Specification: 

a = 0.000006 /OF normal weight concrete 

= 0.0000065 /OF s t ruc tura l  s t e e l  

ATaVe = 60°F moderate climate, metal s t ructures  

= 75OF cold climate, metal s t ructures  

= 35OF moderate climate, concrete s t ructures  

= 40°F cold climate, concrete s t ructures  

The design load fo r  a p i l e  is  controlled by the minimum of the 

following cases (Art. 4.3.4.1): 

Case A: Capacity of the p i l e  as  a s t ruc tura l  member. 

Case B: Capacity of the  p i l e  t o  t ransfer  load t o  ground. 

Case C: C a p a c i t y o f t h e  ground t o  support the  load. . 

The Load Factor Design method i s  t o  be used only f o r  proportioning 

s t ruc tura l  members and not fo r  d e s i e i n g  foundations ( s o i l  pressure, 

p i l e  loads, e tc .  ) (Art. 3.22.3). Therefore, the capacity of Case B 

and Case C cannot be determined by using t h i s  design method. 

The capacity of the p i l e  as  a s t ruc tu ra l  member, Case A ,  is  deter- 

mined as t h a t  of a column (Art. 4.3.12.4). I t  includes any length of 

p i l e ,  whether i n  a i r ,  water, o r  s o i l ,  that i s  not capable of providing 

~ i g n i f i c a n t  l a t e r a l  support (Art. 4.3.4.2). For t h i s  case the p r o v i s i ~ n s  

for  compression members apply; f o r  e x q l e ,  provisions i n  MSmo Chapter 



10 apply for structural steel. For Service Load Design, the interaction 

equations for a beam-column with behdixig about one axis are (Art. 10.36) 
I 
I 

I 
I and 

where 

fa = applied axial stress 

fb = applied bending stress 

= yield stress of the steel 

Fa = allowable axial stress 

Fb = allowable bending stress 

F' = Euler buckling load divided by a factor of safety e 

Cm = equivalent moment factor = 0.6 + 0.4 (Ml/M2) > 0.4; where - 
Ml and M are the smaller and larger end moments, 2 

respectively, of a column with no lateral load or joint 

translation. The ratio M1/M2 is positive for single 

: curvature end negative for reverse curvature. 

For Load Factor Design, the interaction equations for a beam-column 

are (Art. 10.54.2) 



and 

where 

P = applied axial load 

M = applied moment 

As = cross-sectional area 

5 = yield stress of the steel 

Fcr = critical buckling stress 

Fe = Euler buckling stress 

F$ = ultimate moment 

M~ 
= full plastic moment 

Equations (5.1) and (5.3) are often referred to as the stability equa- 

tions and Eqs . (5.2) and (5.4) aa the yield equations [28]. 

The capacity of the pile to transfer the load to the soil, Case 

B, is subdivided into two categories: point-bearing and friction piles. 

Point-bearing piles transfer the load through direct bearing at the 

tip of the pile. The pile must be driven into mafpri~l capable of 

developing this bearing capacity. For .tee1 H-piles the bearing stress 

must not exceed 9000 psi over the c$om-sectional area of the pile tip 

(Art. 4.3.4.3.1). Friction piles transfer the load along the length 



of the pile through friction between the pile and surrounding soil and 

by point bearing. The capacity of a friction pile must be determined 

by one of the following methods (Art. 4 .3 .4 .3 .2 )  : 

1. Drivirig and load testing piles (Art. 3.6.2). 

2 .  Pile-driving experience in the vicinity. 

3. Adequate tests of the soil strata through which the pile is 

to be driven. 

The capacity of the ground to support the load, Case C, is deter- 

mined by load testing or a subgrade investigation. For point-bearing 

piles, group action should be considered and the capacity reduced when 

the pile rests on a thin stratum of hard material over a thick stratum 

of soft or yielding material. For friction piles borings must be 

carried well below the tip of the piles and soil mechanics methods 

must be used to determine the capacity of the material below the tip. 

A single row of friction piles is not considered to act as a group 

provided the center-to-center spacing is more than 2-112 times the 

nominal dimension of the piles (Art. 4 . 3 . 4 . 4 ) .  

5.2. Case A, Capacity as a Structural Member 

In the following sections, a method is developed to analyze the 
I 

pile in an integral abutment bridge as a structural member. Two altef- 
I 

native design criteria, both based on the beam-column interaction equa- 

tions,, are presented in the following sections. The first of these 

alternatives accounts for the stresses produced by the horizontal thermal 

displacement. The second alternative neglects the stresses produced 



from thermal expansion or contraction of the superstructure but accounts 

for the thermal displacement at the head. Both alternatives are compared 

with the IABZD finite element program. 

The deformation of a pile, due to the displacement of the dutment, 

will generally be confined to the upper portion of the pile and will 

seldom exceed a length of ten pile diameters below the eoil surface 

[ S ] .  This has led to the idealization of the pile as an equivalent 

cantilever of some effective length with boundary conditions at the 

head being the s a ~ e  as those for the actual system. The length of 

this equivalent cantilever kill be developed. The Winkler soil model 

is used to represent the soil. Typical values for the soil parameters 

are given in Tables 2.4 and 2.5. 

5.2.1. Equivalent Cantilever Idealizatioa 

Embedded piles can be reprdsented, ushg the equivalent cantilever 

method, as a column with a base fried at some distasloc below the ground 

surface (Fig. 5.1). The notation is the same for both the fixed and 

pinned-head conditions. The length of the actual pile embedded in the 

ground is represented as 2 ,  and the length abode the ground is PU. 

The equivalent embedded length, 4, is the depth fro. 'the soil surface 
to the fixed base of the equivalent cantflever. The total length of 

the equivalent cantilever is the length f plus i, represented by I. 
For a long pile embedded in soil, there is a depth below which the 

hoiizontal displacements at the pile head have neg~i~iblc effects. A 

critical length, LC, which r&cennt; &is depth, can be calculateh. 

Beyond this length, lateral displacd.ulti and bendin8 m r n t s  are a 

small percentage (about 4%) of those at the pile head. If a pile is 



EQUIVALENT 
CANTILEVER 

EQUIVALENT 
CANTILEVER 

Figure 5.1. Cantilever idealization of the pile: (a) fixed-head 
condition (b) pinned-head condition. 



longer than PC, the pile behaves as if it is infinitely long. For a 

soil with a uniform subgrade-reaction modulus, the critical length 

f5,6,29] is selected as 

in which the relative stiffness factor R is 

Host piles used in practice are longer than their critical length and 

behave as "flexible" piles,. Note that q is a parameter of the pile 
and soil system and is not a physically identifiable length. 

' Equivalent cantilevers can be used to calculate the forces in the 

pile and the bridge superstructure [30]. For example, an equivalent 

cantilever can be determined such that its maximum -t would be 

equal to the maximum moment in real pile. Bowever, the complete moment 

diagram below the ground surface could not be detenined with the same 

equivalent cantilever. Three different'equivalencies were considered 

in the development of the design method. They are based on (1) the 

horizontal stiffness of the soil-pile system, (2) the maximum moment 

in the pile, and (3) the elastic buckling load of the pile. For each 

equivalency, the boundary condition at the pile head was either fixed 

(no rotation) or pinned (no merit) . The horf zon&#\ (lisplacement, L, 

at the top of the equivalent systea~ corresponds to the loneitudincl 

expansion or contraction of the bridge uuperstructure et ,the integral 

abutment (Fig. 5.1). 



The development of the equations for determining the equivalent 

embedded length are found in Section 12 (Appendix C). These equations 

axe plotted in a nondimensional form for fixed-head and pinned-head 

piles embedded ih P ttniform soil in Figs. 5.2 and 5.3, respectively. 

The horizontal axis is the ratio of the length of pile above.the ground, 

aU, 
to the critical length of the soil-pile system, LC, Eq. (5.5). 

The vertical axis is the ratio of the equivalent embedded length, \, 
to the critical length. The equivalent embedded length, determined 

from Figs. 5.2 and 5.3 (or the equations in Appendix C), are added to 

the length of pile above the surface to obtain the total length of the 

equivalent cantilever. As can be seen from Fig. 5.2 and 5.3, an unfilled 

predrilled hole significantly reduces the equivalent embedded length 

until the hole is approximately 4 deep, that is, PU/Pc equals approxi- 
mately one. Below that depth, the effective length remains essentially 

constant over the range used for most integral abutment bridges. 

For piles embedded in a non-uniform soil, the equivalent soil 

stiffness developed in Section 12 is used with Figs. 5.2 and 5.3 to 

determine the equivalent cantilevers. 

5.2.2. Pile Behavior 

The behavior of the equivalent cantilever is governed by a complex 

interaction of material and geometric instabilities often called inelas- 

tic buckling. Sot explanation purposes, it is usually described by 

considering the two extreme cases of material instability (plastic 

collapse) and geometric instability (elastic buckling) . (See Section 

2.4 and Fig. 2.5.) 



b 

Figure 5.2. Equivalent cantilevers for fixed-head piles embedded in 
a uniform soil. 

Figure 5.3. Equivalent cantilevers for pimedohead piles embedded in 
a uniform soil. 



During plastic collapse, a plastic mechanism is formed as the 

udkerial yields in a sufficient b.uihb~i: of locations. For a complete 

mechanism, sufficient ductility must be present to permit a full redis- 

tribution of fofce?, that is, sufficient rotation capacity must exist 

at plastic hinge locations. For example, local and lateral buckling 

must be prevented in steel HP sections. For a perfectly straight column, 

plastic collapse would occur when the axial load reaches the yield 

load: 

In first-order plastic theory involving small displacements, the plastic ' 

collapse load is not affected by residual stress, thermal stress, 

imperfect fit or, as in this case, support movement (31,321. Hence, 

the first-order plastic collapse load for the equivalent cantilever is 

not reduced by the horizontal motion at its head. 

At the other extreme, the elastic buckling strength of a column 

is alsb not affected by residual stress or support motion. Hence, the 

elastic buckling strength of the equivalent cantilever with a given 

horizontal displacement is the same as an initially straight column, 

that is, 

where K is the effective length factor. (The discussion in Section 13 

(Appendix D) verifies this. ) 
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However, between these two extremes, inelastic buckling occurs 

I. and the buckling strength is affected'by support motion and residual 

stresses,. Within this regiree, geometric and material instabilities , . 

interact to produce failure of the coluam. Typically, the-c~mplex 

behavior in this region is approximated by some sort of transition 

curve between plastic collapse and elastic buckling [22,31,33], such as 

Eq. (2.8) (Rankine) or Eq. (2.9). As described in Section 2.4, the 

Rankine equation is a conservative method for representing this transi- 

tion. The finite element analysis, s b r i z e d  in Section 2.3 and veri- 

fied by the experimental work, adequately predicts this complex behavior 

and will be used to evaluate the design equations. 

5.2.3. Design Alternatives 

As stated in the sumnary of the *WETO Specification (Section 

5.1, the capacity of a pile as a structural member, Case A, is to be 

determined using the beam-column intekaction equations, Eqs . (5.1) 
thru (5.4). To compare these equations with the finite element solution, 

the factors of safety will be removed from the interaction equations. 

Additionally, lateral-torsional buckling and local buckling of the 

compression elements, which must be cbkidered in design, will not be 

considered now. However, these factors will be incorporated into 

the actual design equations. Equatibns (5.1) and (5.3) are modified 

to become 

P - +  (5 -9 )  



I 1  

,end Eqs. (5.2) and (5.4) b e c m  . 

- 
+ *  

The expression for Pcr is found in the ABSHTO Specification (221 

(Eqs. (10-151) thru (10-154)) 

for 

for 

Equation (5.11) corresponds to Eq. (2.9) and Eq. (5.12) corresponds to 

Eq. (5.8). In the following sections two alternatives for the applied 

moment, M, are considered and compared with the finite element solution. 

5.2.3.1. Alternative One 

Alternative One accounts for the first-order stresses induced in 

the pile caused by thermal expansion or contraction of the superstructure. 

The pile is considered an equivalent cantilever with a horizontal 



pile-head displacement, A, as described in Section 5.2.1. This displace- 

ment produces first-order elastic d n t s  that do not take into account ' 

any plastic redistribution of intem.1 forces. Far a fixed-head pile 

the maximum moment is 

and for a pinned-head pile is . 

Ductility of the pile material is not.taken into account; therefore, 

failure is assumed to occur when the ipternal forces reach their yield 

values. Hence, unlike the plastic collapse theory where support move- 

ments do not affect member strength, Alternative One can be expected 

to show a drastic reduction in the pile capacity caused by the horizontal 

displacement, A. 

The differential equation solution in Section 13 (Appendix D) 

shows that the elastic buckling load, which will be used in the moment 

amplification t e n  of Eq. (5.91, can'bc taken as 



for the fixed-head and pinned-head piles, respectively. The corresponding 

values of the moment gradient factdr, C, for the equivalent cantilevers 

in Eq. (5.9) are 0.4 and 0.6. The recommended effective length factor, 

K, for design pu@b~ks are 0.65 and 0.8 for the fixed-head and pinned- 

head'piles, respectively. 

5.2.3.2. Alternative Two 

Alternative Two assumes that the stresses in the pile due to the 

longitudinal displacement of the superstructure have no significant 

effect on the pile capacity; however, this alternate accounts for the 

secondary PA effect. As stated in Section 2.1, 28 states and the Federal 

Highway Administration, Region 15, have used integral abutment bridges. 

Of these, 26 states neglect stresses due to the longitudinal displacement, 

although 2 of these states do calculate stresses if the bridge has 

some type of unique feature. The effect of essentially neglecting 

these stresses will be studied by comparing the results of Alternative 

Two to the finLte element results. 

Discussion in Section 5.2.2 poipts out another motivation for 

Alternative Two, that is, support movement and thermal stresses do not 

affect either the plastic collapse load or the elastic buckling load. 

However, the system must have sufficient ductility to develop a mechanism 

with the associated plastic hinge rotations. For example, steel sections 

must be sufficiently compact (AASHTO Art. 10.48.1) and sufficiently 

braced to prevent both local and lateral buckling as the plastic hinge 

undergoes inelastit rotation. 



1 For an eqpivalent cantilever with a horizontal head disiplacement, 

A, (Fig. 5 . 4 ) ,  the combined effects  of moment, M, and shear, &, balance 

the  overturning moment, PA [341.  For the fixed-head p i l e ,  

P A = E + 2 H  (5.17) 

and for  the pinned-head p i l e ,  

P A = E + M  (5.18) 

For our case, one useful and conseruative bound will be t o  assume that 

the  PA effects  are resisted ent i re ly  by the  moment, tha t  is, 

PA M = - 
2 €5.19) 

ahd 

M = PA (5.20) 

for  the  fixed-head p i l e  and pinned-head p i l e ,  reepectively, 

By using Eqs. (5.19) and (5.20) the moments associated with Alter- 

native One (Eqs. (5.13) and (5.14)) are  neglected. Thia amouts t o  

assuming the p i l e  t o  be i n  h stress-free s t a t e  a f t e r  the thermal movement 

of the superstructure. 

As with Alternative he, Stct ian $3 dwwe that thr elastic buckl%ng 

load to. be used i n  the  amplif ieat ion bf Eq. €5. $1 is the same as is 

given i n  Eqs. (5.15) and (3.16) fog the f ixeb and girmed-head conditions, 

and the corresponding values of & i n  Eq. (5.0) ere Q,4 and 0.6. 
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I 
I 5.2.3.3. Comparison with Finite Element 

Design Alternative One and Alternative Two will be compared with 

the results from the finite element program. Three columns or equivalent 

cantilevers, of length 10, 20, and 30 ft were analyzed (Fig. 5.4). 
I 

The column is an HPlO x 42 pile (F of 36 ksi) bending about its weak 
47 

axis. For the finite element analysis, the column material stress-strain 

curve was approximated by the modified Ramberg-Osgood equation using 

a shape factor, n, of five to simulate the effects of residual stresses 

(351. The initially straight column was given a specified horizontal 

head displacement and then displaced vertically until its peak axial 

compressive load was reached. This peak load was compared with the 

design equation results without safety factors, local buckling, or 

lateral-torsional buckling (Eqs. (5.9) and (5.10)). 

Figures 5.5 through 5.10 coeare the finite element results and 

results to the design equations using the two design alternatives for 

fixed or pinned-head columns. Also, finite element results were presented 

in Ref. [I] for piles totally embedded in different soils. The tabulated 

values for the finite element results are presented in Tables 5.1 and 

5.2 for the embedded piles and columns, respectively. Case A, B, C, D, 

and E are defined in the tables to identify Figs. 5.5 through 5.10. The 

vertical axis is the ratio of the ultimate axial load, P, to the yield 

load, P The horizontal axis is the ratio of the yield load to the 
Y' 

elastic buckling load, Pe, Eq. (5.8). Hence, the horizontal axis is 

proportional to the square of the slenderness of the column (KL/r). 

Figures 5.5 and 5.6 show the results for a pile that is not hori- 

zontally displaced. Since there is no moment from lateral loading, 



5 . 4 .  Equivalent cantilevers : ( a )  f ixed-head conditions 
(b) pinned-heed conditimxs. 



Figure 5.5. Finite element and the design equations for a HPlO x 42 
pile with a fixed-head and A = 0. (see Table 5.2 for 
Case identification). 

Figure 5.6. Comparison of finite element and the design equations 
for a HPlO x 42 pile with a pinned-head and A = 0. 
(see Table 5.2 for Case identification). 



Py/Pe 

Figure 5.7. Comparison of finite element and the &sign equations 
for a HPlO X 42 pile with a fixed-head and A = 1 in. 
(see Table 5.2 for Case identification). 

Py/Pe 

Figure 5.8. Comparispn of finite clement and the design equations 
for a ~ P l 0  42 p i l e  with a pinned-bead and A = 1 in, 
(see Table 5.1 for Case identification). 
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Figure 5.9. Comparison of finite element and the design equations 

for a HPlO x 42 pile with a fixed-head and A = 2 in. 
(see Tables 5.1 and 5 . 2  for Case identification). 
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Figure 5.10. Comparison of finite element and the design equations 
for a HPlO x 42 pile with a pinned-head and A = 2 in. 
(see Tables 5.1 and 5.2 for Case identification). 



Table 5.1. Elas t ic  buckling load, P , and ultimate load, P, f a r  
combined loading of pild i n  s o i l  [I] .  

P (kips) 
P ( f i n i t e  

Case Soi l  Types f k i h )  element) 

A 
A = 1 in .  (Pinned- very s t i f f  clay 11352 580 
head, pinned support s o f t  clay 2036 537 
a t  p i l e  t i p )  1/5 s o f t  'clay 909 437 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B very s t i f f .  clay 11352 564 
A = 2 in .  (Pinned- s o f t  clay 2036 483 
head, pinned support 1/5 s o f t  clay 909 35 7 
a t  p i l e  t i p )  twice dense sand 5260 590 

medium sand 2201 548 
1/2 loose sand 1156 485 

C 
A = 2 in .  (Fixed- very s t i f f  clay 14190 602 
head, pinned support s o f t  clay 2545 538 
a t  p i l e  t i p )  1/5 s o f t  clay 1136 45 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D 
A = 2 in. (Pinned- very s t i f f  clay 18781 7 40 
head, wlvertical  s o f t  clay 3370 584 
springs, no support 115 s o f t  clay 1504 500 
a t  p i l e  t i p )  

Table 5.2. Elas t ic  buckling load, Pe, a d  ultimate load, P, fo r  
combined loading of columas (Case E) .  

, P (kips) ( f i n i t e  element) 
Head Length P 

Conditions ( f t )  ( k i h  ) h a 0  A = 1 in.  A = 2 in. 

Fixed 10 5696 427 424 424 
2 0 1424 '-406 404 399 
30 633 380 374 366 

P & ~ e d  10 2906 422 400 387 
20 726 373 338 316 
30 323 290 247 229 



both design alternatives give the same result, that is, Eqs. (5.11) or 

(5,12) predict the column will fail at Pcr. Additionally, the finite 

element results compare well with the design equations, demonstrating 

that the shape factor of five in the modified Ramberg-Osgood equation 

adequately accounts for residual stresses and other imperfections. 

Figures 5.7, 5.8, 5.9, and 5.10 compare piles with various horizontal 

head displacements. Both alternatives give conservative estimates of 

the finite element results, except for a single point for a very long 

pinned-head column with a 2-in. horizontal displacement, which falls 

only slightly below the Alternative One design equation. This case 

corresponds to a pile with a small elastic buckling load in a very 

flexible soil. 

The ascending portion of the Alternative One design equation (on 

the left in the figures) is controlled by the strength equation Eq. (5.10). 

As mentioned in Section 5.2.3.1, this alternative predicts that.the 

horizontal displacement causes a drastic reduction in the capacity 

because there is no allowance for plastic redistribution., Yielding 

occurs in bending for a small horizontal motion and no elastic reserve 

is available for the axial load. The finite element results indicate 
f 

significant redistribution occurs. 

Alternative Two is conservative for all of the finite element 

results. The yield equation, Eq.-(5.10), again controls the horizontal 

portion of the curve to the left in the figures, but the reduction in 

this region is not nearly as drastic as Alternative One, since the 

stresses due to temperature have been essentially neglected. In effect, 
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5.3. Case B, Capacity to Transfer Load to Ground 

Case B considers the transfer of load through the interface between 

the pile and the soil. There are two mechanism that transfer load: 

skin friction (cohesion and adhesion) along the length of the pile and 

bearing at the pile tip (see Section 2.4). For a pile embedded in a 

layered soil, the friction capacity will be the sum of the friction 

capacity in each layer. The capacity of the frictional interface can 

be affected by horizontal motion [ 5 ] .  As seen in Fig. 5.11, a gap may 

form between the pile and the soil near the ground surface, particularly, 

during cyclic loading. This gap would certainly destroy the frictional 

capacity of the soil .near the surface. Even if no visible gap develops, 

the frictional capacity could be reduced near the top. Although not 

conclusively proven, an indication of this phenomenon was present in 

the third field test, Sec. 3.3.4. The reduced friction capacity near 

the top of the pile reduces the length of the pile that is effective 

in transferring the load from the pile to the soil through friction. 

A pile displacement, ymax, which represents the maximum lateral 

displacement below which the friction capacity is unaffected, will be 

determined. At lateral displacements above ymax, the frictional capacity 

is assumed to be zero. Factors that affect the depth at which ymax 

occurs include (1) boundary condition at the pile head, (2) soil-pile 

relative stiffness, (3) number of horizontal load cycles, and (4) magni- 

tude of the horizontal displacement at the pile head. Since the hori- 
I 

zontal displacement of the pile head is an a ~ u a l  occurrence, the number 

of load cycles will be relatively small. 



Figure 5.11. Formation of a gap'between the p i l e  and the s o i l  
because of cycl ic  horizontal load. 



The development of equations f o r  determining t he  length  t h a t  should 
I 

I 
be heglected f o r  f r i c t i o n  capaci ty  i$ presented i n  Section 12 (Appendix 

C ) .  These equations were developed f o r  t he  system shown i n  Fig. 5 . 1 2 ;  

t he  notatio$r is the  same f o r  both f ixed and pinned-head p i l e s .  The 

length of p i l e  remaining t o  r e s i s t  the  v e r t i c a l  load by f r i c t i o n ,  a ' ,  I 

i n  which en i s  t he  length of p i l e  t h a t  is  taken t o  be i ne f f ec t i ve  f o r  1 
I 

f r i c t i o n .  

Figures 5 . 1 3  and.5.14 a r e  p l o t s  developed i n  Section 12 f o r  fixed- 

head and pinned-head p i l e s  embedded i n  a uniform s o i l .  The hor izontal  

ax i s  i s  t he  r a t i o  of t he  length of p i l e  above the  ground, Qu, t o  the  

c r i t i c a l  length of t he  s o i l  and p i l e  system, PC, Eg. (5.5). The v e r t i c a l  

ax i s  i s  t he  r a t i o  of the  length ,  an, t o  t he  c r i t i c a l  length .  The length 

2 can be determined from Fig. 5.13 o r  5 . 1 4  f o r  a se lec ted  value of n 

Ymax A Two percent of the  p i l e  diameter i s  suggested i n  Ref. [S]  f o r  

Ymax . ' This amount corresponds t o  a hor izontal  displacement of approxi- 

mately 0.2 inches f o r  an HPlO x 42 p i l e .  I f  A is  1 inch,  the re  w i l l  

be l i t t l e ,  i f  any, e f f e c t  on t h e  v e r t i c a l  capacity f o r  a p i l e  i n  an 

un f i l l ed  p r ed r i l l ed  hole with PU/ac g rea te r  than one, s ince  Ln/ac 

equals zero when ymax/A equals 0.2. 

For p i l e s  embedded i n  a nonuniform s o i l ,  the  equivalent  s o i l  

s t i f f n e s s  developed i n  Section 12 i s  used with Figs.  5 . 1 3  and 5 . 1 4  t o  
I 

determine t he  length,  %. 
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End bearing piles are not affected by the gap described above. 

Fat steel H-piles involving Case B desigh, the AASHTO Specification 

[22] limits the pile stress to 9000 psi over the cross-sectional area 

uf the pile ti$. 

5 . 4 ,  Case C, Capacity of Ground to Support Load 

Case C deals with the capacity of the soil around and below the 

pile to support the load. The capacity of a pile in a group may be 

reduced from the capacity of a single isolated pile. Instead of the 

piles failing individually, they fail as a group. This type of failure 

is generally associated with a close spacing of the piles. 

For friction piles, the group failure is associated with the soil 

between the piles displacing with the piles. The AASHTO Specification 

[22] states that for friction pilee the group effect for vertical 

capacity can be neglected as long as the piles are spaced, center-to- 

center, at least 2-1/2 times their nominal diameter or dimension 

{Section 5.1). If the piles are spaced closer than the above limit, 

the specification reconmends decreasing the efficiency of the piles. 

5 A method is provided in the AASHTO Specification (Art. 4.3.4.7) for 

determining the reduction for a single pile capacity when used in a 

group. A center-to-center spacing of three times the nominal diameter 

or dimension is sufficient to neglect group effects for horizontal 

loading [36]. 

For point-bearing piles the material below the tip of the piles 

must be able to develop the poinewbearing forces from the group of 
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6. DESIGN EXAHPLES 

To illustrate .the design procedure described in Section 5, a pile 

will be designed to support a 50-kip load (D + L + I) for the case 

shown in Fig. 6.1. The pile is an HPlO x 42 with a yield strength, 

F of 36 ksi. There are eight piles per abutment, as shown in Fig. 6.2, 
Y' 
spaced 6 ft-4 in. center-to-center. The piles were driven in an 8-ft- 

deep predrilled, oversized hole that was filled with loose sand. The 

existing soil.consists of an initial 12 ft of stiff clay underlain by 

very stiff clay. The integral abutment bridge is a seven-girder, five- 

span structure (60-80-80-80-60 ft) having a total length of 360 ft. 

The end spans are 60-ft long with AASHTO Type I11 bridge girders. 

. . 
. . 

6.1. Friction Pile 

First, a preliminary design is performed to determine what length 

is required to carry the vertical load as a friction pile. The allowable 

design, vertical load for the pile is 50 kips or 25 tons. Then, the 

effect of the horizontal abutment displacement on the pile will be 

checked. Both Alternative One and Two are considered. 

a Perform preliminary design: 

The estimated allowable resistance value for the steel 

friction pile will be taken as 0.8 tonsift and 1.2 tonsift 

for the stiff and very stiff clay, respectively. These 

values correspond to "Firm silty glacial clay" and "Firm- 

very firm glacial clay" from the Iowa D.O.T. Foundation 

Soils Information chart, revised Jute 1976. AASHTO Load 
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Figure 6.1. Section through abutment and rofl  profi le .  
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Group I, Case B is assumed to mntrol for this preliminary 

design. The length of the embedbent, !12, into the very 

stiff clay can be found from 

0.8 tonslft (8 ft) + 1.2 tons/ft (A2) = 25 tons 

solving, 

!12 = 15.5 ft 

Rounding up this length to 16 ft, the total embedded length 

below the bottom of the predrilled hole becomes 24 ft. The 

contribution of the sand in the predrilled hole has been 

neglected, including possible negative skin friction effects. 

Determine the equivalent uniform stiffness, he, of the soil: 

The top eight feet of pile is surrounded by loose sand in 

a predrilled hole, which has been bored in the granular% 

backfill and stiff clay. The lateral soil stiffness is 

difficult to estimate in this region. It is not as flexible 

as loose sand because the predrilled hole has only a 2-foot 

diameter and the zone of influence of the pile is up to 

six pile diameters, about 5 ft. The stiffness will be 

assumed as shown in Fig. 6.3, which corresponds to loose- 

medium sand in Table 2.5. The value of stiff clay in 

Table 2.4 will be used to approximate the existing soil 

stiffness. Following the procedure in Section 12 





l ~ p p a d i x  C f ,  ke is a s s d  to be egual t~ 40 &sf (Step 

1). Ibrs, establish thc active length, Lo, of Che p i l e  in 

bead* frem Eq, (12.401 (Step 2) 

me integral Ik (Eq. (12.u)) is fowd wing Big. 12.3 

Ik = s f  [ + (B,~! + (1.72 f t )  2 ]  

Establish a neu ke v a l w  (Step 4) as 

Tbe w x t  series of iterations converges t o  

ke = 38.8 ksf 46.6) 

I 

From Eqs. (5 .5)  and ( 5 . 6 ) ,  the cr i t ica l  length parsmeter, 

(As discussed in Section 5 .2 .1 ,  the cr i t i ca l  length parametex, 

ac, is the length beyond which the pile can be considered f lex ib le . )  



Determine the length of the equivalent cantilever: 

From Fig. 5.2, assuming the pile head is fixed against 

rotation and taking lU/Pc equal zero, 

0.5 ac = 0.5 (17.6) = 8.8 ft (stiffness) 

i 0.6 rc = 0.6 (17.6) = 10.6 ft (moment) e 

1.1 lc = 1.1 (17.6) = 19.4 ft (buckling) 

(6.8) 

Since kU equals zero, the total equivalent cantilever 

length, L, equals fie. A different effective length is 

required to calculate stiffness, moment, and buckling. 

Now, if the loose sand in the predrilled hole is completely 

neglected, the equivalent soil stiffness in the stiff 

clay is 580 ksf. The critical length, ac, is 8.9 ft. 

From Fig. 5.2, with PU/Lc equal to 8 ft/8.9 ft or 0.9, one 

obtains an equivalent embedded length, fie, of 3.6 ft. 

The total equivalent cantilever length, L, would become 

11.6 ft. In this case, the cantilever length, L, is about 

the same for stiffness, moment, and buckling. The equivalent 

! cantilever for the pile in loose sand should not be 

reasonably longer than this. Hence, the following total 

equivalent lengths will be used: 

8.8 ft or 106 in. (stiffness) 

10.6 ft or 127 in. (moment) (6.9) 

11.6 ft or 139 in. (buckling) 



Since so i l  parameters can seldom be established w ' i t k  csttairrtp, 

s designer may reasonably choose t o  estimate upper dl 

lower bounds of the par-ters and check the pile &sf@ 

for b t h  bounds. 

8 Perfarst structural analysis ob bridge/piEe:/sofP systeml for 

live em3 dead load: 

SiPce the composite bending stiffness af the sewn girders 

is  a t  least POQ times the bending stiffaesr af the eight 
> 

pi l e s ,  the r o t a t i a d  rhstraint provided by the. piles is ,  

negligible. Even though the bridge stqerrtrwture is  con- 

tin- a t  the first pier, this crsrztfnuity can be consetva- 

t i re ly  neglected w h  the girder r ~ t s t t o a  a t  the- abutment 

is being considered. Therefore, t k  girder span can be 

assatedto be simply s p o ~ t e d  a t  both ends. For a unid 

forarEy distributed load, the total  girder load, W ,  corre- 

spoadiag to the SQ-Hp p i le  load (D + L * I)' is 

w. 3. 8 pi le  (50 Mp)l = l l h  kip 
7 girder 

Far t h i s  loading, the ro&xtion, eW, a t  the left end is 



I I ABUTMENT 

Figure 6.4. Idealized abutment foundation and girder endspan: 
(a) approximate structural model (b) free body diagram 
with passive soil pressure. 



Since the top of the p i l e  is  rigidly romected tw the 

i a t r y a l  abutment, the pile head w i l l  rotate by Then, 

the induced mameqt, $, in the equivalent cantilever due 

$9. src?rtlcal load i s  

L(29OOQ ks i )  (31.7 Ln. 4 
- - 'ao*6 f ~ ) ( ~ ~ i ~ , / f r j  ' (0.00143 rad.1 = 107 k-in 

The above awlysis is spprvxhate a98 can be wrrwed itr  

several ways. For example, it i s  pcrsstble that only a 

portion of the &ad lord and ell of thc l ive  load n o t  the 

cotire a - 1  load w i l l  cause p i l e  rolatiw. Also the 

assumption Q£ a simple support et $be right end need not 

be aade ;in a more complete analyeis involving girder can- 

timity. However, this analysis ell serve for this example. 

a Perfom s structural analysis for the thermal eapaosion: 

The horizontal di~placaoaent a t  each abutment i s  

where the bridge leogth, h, equals 360 f t .  Pron Sec. 5 .1 . ,  

the coefficient of thermal expansion for a concrete supcr- 

structure is 



Assuming that the bridge is constructed in the middle of 

the 80° F temperature range, one-half of the total antici- 

pated change in temperature is 

i 
Substituting these terms into the expression (Eq. (6.13)) 

for the horizontal displacement at each abutment, 

A = -  (0.000006 /OF) (40°F) [ (360 ft) (12 in. /ft)] 2 

= 0.52 in. (6.15) 

(Note: Research funded by the Iowa Department of Transporta- 

tion is currently underway at Iowa State University to 

measure the actual movement of two bridges: a prestressed 

. concrete superstructure and a steel superstructure. Pre- 

liminary indications are that u may be as low as $.000004 /OF. 

Predicted horizontal motions will be refined in that 

research. ) 

The moment, FIT, (Eq. (5.13)) induced by the lateral dis- 

placement of 0.52 in. at.the top of the pile is 

where the equivalent length for the moment (Eq. 6.9) has 



been used. The corresponding horizontal fosce, , . %, 
(Eq. (12.7)) a t  the top of the p i l e  i s  

4 

3%- 
12(290Q@ lu1)(71.7 in. l(0.52 in.? , 

kip 
' (106 ie.13 

uhtre the ewivafcnt  Log th  f o r  tb borisont@l s t i f fness  

[Eq. 6,9) has been used. The t o t a l  w s ~ w t  and axial force 

in I9-a aevep bridge g i r C t s  wilk be eight times the % 
and valuer. (Ncte tli.t k+ cannot exceed the p la s t i c  

moment capacity of the pi le  nor can % exceed the value 

associated with a plasac prechaeim..) 

As ver i f ied  by the laboratory scale  kdcl tests involving 

mdel Test Sequence F-3 (Section 4) and by ckputa t ions  with 

IAB?D, a horizontel ioree  oa the back aide of the heb~tmr 

occurs as the b~idge expands. This Porce esn be estimated 

conservatively ca the p u t i v e  r e s i s t n c e  of the  s o i l  behind 

the abutment, P P Usin4 ao. elementarg: s o i l  model for a 

grandular material  [3?&, 

where y is the wit roil+ wei@t, B is the a b u t m e  height, 

.nd $ is the sail. E r i c t l ~ ~ .  q l e .  For thi8 example, the 

passive s o i l  pressure elan8 an abutment Ie~pth equal t o  

the  pile  spacing i s  . , 



1 + sin 3S0 P, = $ (130 lb/ft3)(7.5 ft12(6.33 ft) 

= 85.4 kip (6.19) 
I 

where the pile spacing (Fig. 6.2) is 6.33 ft. Again, 

assuming that the bridge girder end span is simply supported, 
1 

the axial force in the pile, PT, is found by summing moments 

about the right end in the free body diagram of Fig. 6.4(b). 

- ~ ~ ( 5 . 0  ft) + 5(7.5 ft) + q 
P~ - 60 ft (6.20) 

Substituting values for P,  5, and Pp from Eq. 6.16, 
6.17, and 6.19, respectively, the induced axial compression 

force in the pile is 

P, 19.04 kip (6.21) 

As with the previous analysis for the girder load, the 

analysis for 'thermal expansion is approximate ; however, 

it serves the purposes of this example. 

6.1.1. Case A Capacity 

is Determine the capacity of the pile as a structural member using 

Service Load Design as expressed by Eqs. (5.1) and (5.2). 

a Determine the effective length factor, K, for buckling of .the 

equivalent cantilever: 

Even though horizontal movement at the pile bend was cased 

by the expansion or contraction of the bridge superstructure 

further lateral displacement at the top of the piles is 



pzevented. Therefore, the tap of the @vtt3@ santblevex 

i s  e~asidered braced wainst the sidesway. FOX Fig. 6 . 5 ,  

the nomagrsph desigxwtim fo r  end -con&tf~1?s i s  =pressed as 

A t  -*be beact of the egui~aIerx% raakikwer., .stslposite 

flatrtsl rigidity, EI, for the sexen b-e @sders and 

the -flswraE rigidicy fa% the eight Hfes P i g .  6.11 is 

BE the base of the equivalent cantilever, shoe it is 

thcorc~icrlly fixed (by definition of the eqwiivlent casti- 

lever], G = 0. From reading the nomograph, the effective 

length factox is 

Therefoze, the sssuaqtian of  a f a d - b a d - p i l i e  'used in  

determining q and in the wrarirrte stmctural analyses 

is valid. Tbe value a-f IE & *reas& t o  d.65 for design 

(AMBO,  Table C-I). 



Figure 6 . 5 .  Alignment chart for  e f f e c t i v e  length o f  columns 
continuous frames, braced against  sidesway [28]. 



e Detemine allowable axia l  s t ress :  

The governing slenderness r a t io  is 

Now, following AASIITO Table 10.32.1A 
# 

Therefore, ine las t i c  column buckling gstrerns the allowable 

axia l  s t r e s s  

(6.26) 

Where, the  1.25 factor  represents tfre al la table  stress 

increase for  AASHTO Group IV loading. 

I Oetermine the  e l a s t i c  buckling stress ( M H T O  Eg. ( 1 0 - 4 3 ) )  : 

Note t h a t  the elastic:  buckling s t r e s s  was also increased 

f o r  Group I V  ljoading. 

8 Detetminr? the allowable bending stress: 

Table 10.32.1A of the AASffTO 5pecifimt.isa l i ~ t s  an allowable 

bending .tress of 0.55 F .Y* No mention is made specifically 

t o  weak axis  bending, -The AISC Allowable Stress  DesQa 

(AW) Specification A&;ticle 1.5.1.4.1 €331 a c d s  m 

a l l ~ w a b l c  bending s t r e s s  of o.M F Y for stroqg axis beading 



of compact sections. For weak axis bending of compact 

sections, the AISC Specification Article 1.5.1.4.3 permits 

I an increase in the allowable bending stress to 0.75 F 
Y 

bkraiise of the larger percentage of increase in the plastic 

i moment capacity over the yield moment capacity for bending 

about this axis. AASHTO also does not explicitly address 

local buckling of the flange for weak axis bending, that 

is, flange compactness. According to the AISC Specifica- 

tion, the flange is considered to be compact for weak 

axis bending if the width-thickness ratio, bf/2tf, of the  

unstiffened flange element is equal to or less than 65/@ 
Y' 

The dimensions bf and tf are the flange width and thickness, 

respectively. If bf/2tf is greater than this limit but 

less than 9 5 / F ,  the flange is considered to be partially 
Y 

compact and the AISC Eq. (1.5-5b) applies. The AISC Load 

and Resistance Factor Design (LRFD) Specification and 

Commentary, Section B.5 [38],  uses the term noncompact 

rather than partially compact. Decreasing the AISC allow- 

able bending stresses in AISC Article 1.5.1.4.3 by the 

ratio of 0.55 to 0.66 produces the following allowable 

bending stress for weak axis bending 

Fb = 0.625 F 
Y 

(6.28) 

when . 

bf - 65 c- 
2tf - fly 



For an aPlO x 42 p i l e ,  the width-thichcas rat io  for the 

flange is 

bf 10.025in. =12.0 - =  
2t, Z(0.42 in.) 

Fdr A36  steel (F = 36 kg), the lh&tatSuas ol;s the width- 
Y 

thickness ratias become 

and 

Therefore, the P l O  x 42 ~ b p e  Ir acrt ec#opac$ with respect 

t o  the flange. AppJotz,~ Eq. ($.29) and includ&ng the 



allowable s t r e s s  increase permitted f o r  AASIITO Group I V  

loading, the allowable bending s t r e s s  becomes 

Fb 36 ksi[0.896 - 0.0042(12.0)fi](1.25) = 26.7 k s i  

Note t h a t  l a t e r a l  bracing i s  not required since bending 

occurs about the  weak axis  (AISC Commentary Ar t ic le  

a Determine the applied ax ia l  stress: 

The sum of the  ax i a l  force due t o  the  v e r t i c a l  load of 

50 kip and the thermal expansion (Eq. 6.21) i s  

P = 50 kip + 9.04 kip = 59.0 kip (6.34) 

The corresponding ax ia l  s t r e s s  i s  

- 59.O = 4.76 ksi 
12.4 i n .  2 

6.1.1.1. Alternative One 

Determine the  applied bending s t r e s s :  

a 
The moment a t  t he  top of the  p i l e  f o r  Alternative One i s  

the  sum of the  moment due t o  v e r t i c a l  load (Eq. 6.12) and 

thermal expansion (Eq. 6.16) 

M = 107 k-in + 402 k-in = 509 k-in 



The resul t ing extreme f ibe r  f lexural  s t reso  i s  

509 i n .  , 35.8 ksi f b  = 
14.2 i n .  3 

which is just below the minimum specified yield s t r e s s  of 

tlte steel. 

Check the ' i t a b i l i t y  equation 

For the equivalent fixed-ended beam-coLwm, the moment 

gradient f ac to r ,  E, equals 0.60 (See Cmdcfini t ion with 

Eg. 5.1). Since the' real  p i l e  is subjected to trangv=rse 

loadr ( s o i l  pressures), one could argue conservatively 

tha t  a Cm value of 0.05 by be more appropriate (AISC 

Comnlentary Article Sec . 1.6.1). Substituting the appro- 

p r i a t e  terms i n t o  Eg. (5.1) , 

4.76 k s i  + 4 = =1,42 , 1 
20.3 ks i  ksi ) (26.7 ksi)  (1 - L6.o rsi 

Therefore, the  s t a b i l i t y  criteria is  i e e t  satisfied. The 

inteat of the momeat uplification t e a  (Cm/(l - f ' 1) 

i s  not t o  permit the primary bending stress, f b ,  t o  exceed 

the a1lowable bendiag stress, Fb fAISC Cerentary  Art ic le  



a Check the yield equation: 

Substituting the Bppropriate stresses into Eq. (5.2) and 

increasing the allowable axial stress by 25% for AASHTO 

Group IV loading, 

4.76 ksi + 35.8 ksi = 1.56 > 1 (6.39) 
0.472(36 ksi)(1.25) 26.7 ksi 

As expected, strength is not adequate, since f is greater b 

than Fb. Therefore, an D l 0  x 42 pile cannot be used in 

this bridge with an integral abutment according to Alterna- 

tive One. However, if the bridge were shorter or if deeper 

pre-bored holes were used, Alternative One might provide 

an acceptable design. 
. . 

6.1.1.2. ~lternative Two 

Find the applied bending stress: 

For Alternative Two, the moment due to thermal expansion 

is equal to PA/2 (Eq. (5.19)). Consistent with the arguments 

made for Alternative Two, that is, redistribution of forces 

through inelastic rotation, the stresses introduced into 

the pile by both the horizontal motion and by the rotation 

of the girder under vertical load are neglected. Therefore, 

the extreme fiber bending stress becomes 

- 59 kips(0.52 in.) = ksi *b - 3 (6.40) 
2114.2 in. ) 



9 Check kke s t a b i l i t y  equatiao, Zq.. (5.1); 

S tab i l i t y  i s  adequate. 

a Check the yield equation, Eq. {5.2): 

4.76 k s i  t ksi = 0.26 < 1 
0.172(36 ksi)(1.25] 26.'7ksi 

(.6 .42) 

Strength is  adequate. 

e %$ermine p la s t i c  hinge rotat ion dmand: 

Alternative Two requires swfficiept p l a s t i c  b a e  rotation 

capacity of the p i l e .  The ine las t ic  rotafaom dem8nd, 

OiD, tha t  w i l l  be required of the p i l e  as it$ ,hod i s  

displaced l a t e r a l l y  mst be l e s s  than the i n s l ~ ~ $ j c  rotat ion 

capacit,y of the section, BiC. Figure 6.5 w i l l  be used to 

calculate the  i w l a s t i c ' r ~ t o t i o n  demand. The idealized 

.equivnkat cant i lever ,  involviqg a perfeccly elss-tic-plastic 

material, W a v e s  e l a s t i c a l l y  un t i l  the end moments teach 

the p las t ic  moment capacity, tl . A mechanism is f o m d  
P 

(Fig. 6.6b) and the momeq$s  remain constant as ai~ w e -  

strained rotat ion,  Bi, occurs a t  each plast ic  hinge loca- 

t i .  Substituting th; values from Fig.  6.68 iu to  the 

basic slope-def lec t ion  equation [32 1 ~ i v e s  



Figure 6.6. Inelastic rotation of equivalent cantilever: (a) elastic 
(b) inelastic (c) idealized moment-rotation relationship. 



where A is  the l a t e r a l  displcement a t  the  p i l e  head. 

Solving f o r  the i n e l a s t i c  ro ta t ion  during the f i r s t  

por t ion of the displacement cycle,  

The re la t ionship between the moment and rotat ion i s  shown 

i n  Fig. 6.6 (c) . The liohit of e l a s t i c  behavior is  indicated 

as  Point A where the e l a s t i c  rota t ion within the length 

of the  p l a s t i c  hinge is  0 For an idealized moment- 
P ' 

curvature relationship,  

where Jl i s  the length of t he  p l a s t i c  hinge, which i s  approxi- 
P 

mately equal t o  the  length within which the moment i s  

grea te r  than the  yield  moment. For weak axis  bending of 

an HP-shape, M is  about 1.5 times the yield  moment. 
P  

Since the  moment diagram i n  Fig. 6.5b is  l inear ,  the  p l a s t i c  

hinge length i s  equal t o  L/6. Substi tuting t h i s  length 



The inelastic rotation from Eq. (6.44) is represented by 

Point B. As the bridge cycles into another season of the 

year, the temperature change is a -40° F (Eq. (6.14b)). 

k i n g  this period, the pile moves to the left of its 

or-iginal position by a displacement A (Fig. 6.6(b)). The 
1 

pile first unloads elastically from Point B to C in 

F i g  6.6(c) and, then, inelastically to Point D. During 

continued seasonal temperature changes, the pile will 

follow the path D to E to B to C and back to D again. 

The rotation from C to D and from E to B represent the 

total ineastic rotation demand of the plastic hinge. For 

this example, 

SubstitutXng Eq. (6.44) into Eq. (6.47), 

If A was not the same in both directions, in other words, 

f the displacement to the left, 4, is not the same as the 
displacement to the right, +, the inelastic rotation demand 
for the thermal movements would be 



Note tha t  t h e  end rotat ion of the girder due t o  ve r t i ca l  

load induces an additional rotation OW (Eq. (6.11)) a t  

the p i l e  head, represented by Point 0' i n  Figl 6.6(c). 

The rotat ion OW w i l l  add t o  the rotation demand during 

the f i r s t  p;orti@n of the  displacement cycle. Therefore, 

Point B w i l l  move t o  'the r ight  [to point 3') by the amount 

BW. During the  f i r s t  de rma l  loading, the ro ta t ion  demand 

w l l  be equal t o  OW plus -ei. Also, Poiat. C and D w i l l  

move 8n equal amount t o  the  r ight  ( to  Points C '  and D', 

retipectively). Therefore, the t o t a l  ro ta t ion  capacity 

w i l l  s t i l l  be equal t o  L Bi, unless % i s  greater  than 

Bi3 i n  which case 

Id s-ary, the ro ta t ion  demand w i l l  be given by the  larger  

of Eq. (6.49) and Bp. (6.50). If % and 4( a re  equal, 

Eq. (6.48) replaces gq. (6.49). 

a Determine p l a s t i c  hinge to ta t ion  capacPty: 

According t o  the  commentary fn the AISC LRFD Specification 

and ~olamehtary Section 8.5 1381, campact sections with a 

bf/2tf r a t i o  equal t a  6 5 / p  have? a inelastic rotation 
Y 

capacity of three,  that is, BiC equal t o  39 Noncompact 
P 

sections with a bf/2tf t a t i o  equal r~ ~ g k f l  have ilo 
Y 

i ne l a s t i c  ro ta t ion  capici*. {Rote that t h e  limit 9 5 / F  Y 

i s  given i n  AISC LWD Table 85.1 fo r  pure compression 

loading. Larger liniu' rrr given fo r  pure flexure. ) 



Between the two limits of 6 5 / p  and 9 5 / c ,  the inelastic 
Y 

rotation capacity, 8 , can be assumed to vary linearly, iC 

following the same reasoning used for Eq. (6.29), that is 

in which an inelastic rotation capacity reduction factor, 

Ci, is expressed as 

When bf/2tf equals 6 5 / q ,  Ci equals unity; and when 
Y 

bf/2tf equals 9 5 1 6  Ci equals zero. 
Y 

Combining Eq. (6.46) and (6.51), the inelastic rotation 

capacity can be expressed as 

a Check plastic hinge rotation: 

Sufficient plastic hinge rotation capacity will be present 

In the case that 8" is less than Bi, Eq. (6.48) applies 

for BiD. With Eq. (6.53) the rotation capacity criterion 

can be written as 



where A is the lateral displacement at the pile head 
P 

that corresponds to the formation of a plastic mechanism. 

Since Service Load Design is being utilized in this example, 

the service level ca-nditions will be use6 for the displace- 

ment demand A and, hence, the rotational. capacities must 

be reduced by the factor of safety. As a Service Load 

Design criteria, Eq. 6.55 can be rewritten as 

in which Ai is the aIlowable total lateral displacement 

consistent with the inelastic rotation capacity of the 

pile. Dividing A of Eq. 6.55 by the AASHTO bending factor 
B 

of safety, Ai can be eqkessed as 

in which A,, is the displacement corresponding to the allow- 

able service load smornenb, F S For a fixed-head pile, 
b Y' 

the lateral displacement 2s 

Note that a pinned-head p$Be b&&ves aimilar to the lower 

half of the fixed-head pile; therefore, the earresponding 

displacement would be 



For the HPlO x 42 equivalent cantilever in this example, 

the inelastic rotation capacity reduction factor given by 

Eq. (6.52) equals 

The lateral displacement corresponding to the allowable 

bending stress (Eq. (6.58)) is 

3 2 26.7 hi(14.2 in. ) (127 in. = .49 in. (6.61) 

4 = 6 6(2.08 x 10 k-in.2) 

Substituting the values for Ci and % into Eq. (6.57), 

*i = 0.49 [l + f (0.77)] = 1.06 in. (6.62) 

Since the lateral displacement demand A due to thermal 

expansion is only 0.52 in., the HPlO x 42 pile has more 
d 

than sufficient ductility for this example. (As discussed 

in Sec. 3.3.4, the HPlO x 42 test pile had sufficient 

ductility for the combined load field test.) 

Therefore, the HPlO x 42 pile satisfies all of the criteria for 

Alternative Two, Case A. This example demonstrates the proposed design 

method for piles in an integral abutment bridge. The conservatism of 

Alternate One, Case A, is illustrated, since the beam-column behavior 



is not satisfied by a .@ib k 42 b i l e .  'i\ltttnatlve Tuib, b s e  A ,  which 

takes stress redistribukion into rccouiir, ks katiskked by a6 x 42 

p i l e  because sufficient ductilikq i s  present. 

?he ef feet o t  the IioiiesjnCiil d~spi~c:iiscnk an Eke t3patity of the 

p i l e  to  transhr the lbaa t o  Ckik gto-iilia ii now ih'ekhed to verify the 

Deteidine l+i?hbth to dMiitt f o t  ikictibodl E6h2.rTbbkiw: 

As rhehtionecl i'n bet idn 5 . 3 ,  the maxihbih 1zlt;ekQI dispfacerdent, 

y.. . below which bhe Erietioiiiii ka#akii:y i s  udkfected max * 
i s  approxim&tely i);a iL. ht tke HPld k 92 s i i b ;  therefdre, 

2 . = a,irB - -  
b 0.52 in .  

From Fig. 5.13 93th &..i!= e@al k6 zero, t6C ll?ngth of 

Since 8 f k of &iri&ibiitii ' 6cjhkf ~btitirid hiri &lr&Ldy been 

nef lee&!& becSlHe! d i  d& @iddrilled h61#, dn additidnal 

deduttion i& 1166 i!i&~&iliiff'; 'Fhe iiiij.art8ie S t t i k a l  ca$$city 



P = I(0.8 tons/ft)(8 ft) + (1.2 tons/ft)(l6 ft)]1.25 

= 32 tons (6.66) 

which is greater than the applied load of 59 kips (Eq. (6.34). 

Therefote, the'preliminary design is adequate for Case B. Note that 

Case B is not controlled by the thermal movement of the abutment, Load 

!i 
Group IV, but is controlled by Load Group I, as assumed in the pre- 

liminary design. 

6.1.3. Case C Capacity 

The horizontal displacement does not affect the capacity of the 

ground to supp0r.t the load. Since the spacing of the piles (6 ft-4 in. 

center-to-center) is greater than three times the pile dimension (Section 

5.4), Case C capacity is adequate. 

6.1.4. Summary of Friction Pile Design Example 

For this example, Case B involving AASHTO Group I loading controls 

the entire pile design, that is, the integral abutment lateral displace- 

ment caused by a thermal expansion and contraction of 0.52 in. for the 

360-ft bridge did not detract from the strength of the pile. In fact, 

the lateral displacement of the pile could be as large as 1.06 in. 

(Eq. (6.62)) before the integral abutment design would detract from 

1 the pile allowable load, indicating that the bridge could be about 

twice as long. 

6.2. End-Bearing Pile 

The example will now be reexamined assuming that the pile is bearing 

on rock 15 ft below the existing ground line in Fig. 6.1. Therefore, 



the pile is .carbcdded d y  11 ft belaw the bottom of & gre-dzilied 

Bole that is f i l l e d  with loose s a d .  

For tht pnlWnary  desi-, usme b a t  Cue % md AASITO 

Load Or- I eoverns, TIE allowatP%e tdp bearing stmss 

is 9Q00 psi as aU$ed ia AASSTO 4.3.6.3.1 rnrd s;b9 I w a  

9.0.T. Foundation Infonnbtioa Chaxt, revised June l 1976. 

T b  applied axia l  stress i s  

- 50 kips + 9.04 Lips 
fa - ' . = 4.75 ksi (6.671 

12.4 inq2 - , -.. - 

which is l e s s  than the  allow&le bearing stress. The 
8 

W10 x 42 p i l e  appears s a t i s f ac to ry  for  tbis appl icat ion,  

D c t e a i n c  the  equivalent unifoa, s t i f f n e s s ,  +,, o f  the s o i l :  

The u l c u l a t i o n s  f o r  ke are iden t ica l  t o  those shown fo r  

the f r i c t i o n  p i l e  example i n  Section 6. I; therefore ,  ke 

is equal t o  38.8 ksf and the c r i t i c a l  length, LC, i s ' equa l  

t o  2 7 . 6  ft. As s t a t ed  in Secfioos 5 and 12, the developed 

p i l e  behaviox i n  t h i s  .tidy relate. t o  pile. t h a t  ire 

f lexihle ,  that i s ,  thei r  I q t b  m u s t  bc longer than the  

c r i t i c a l  length, a,, given by Bq. (5.5). For this 

t h e  p i l e  abedment length equals 19 f t .  The lrpper 8 ft of 

this length i s  i n  the l o a c  sand o f  tpc p t ~ P ~ i l l a d  hole and 

the  lower 11 ft of the pile was driven throu& c s i s t i n ~  so i l .  

Therefore, the pile  i s , c w i d e r e d  fxeziblt and the  eqqations 



herein apply. The equivalent cantilever lengths, Pe, will 

be the same for both the end bearing and friction pile 

examples. 

6.2.1. Case! A Capacity 

I All of the calculations presented for Case A for the friction 

pile example, Section 6.1.1, apply here for this bearing pile example, 

because the equivalent cantilever is identical. Therefore, for Alterna- 

tive One, the pile will be overstressed and not acceptable. However, 

the pile will be acceptable under Alternative Two, since it has suffi- 

cient ductility. 

1 6.2.2. Case B Capacity 

As described in Section 5.3, end-bearing allowable stresses for 
I 

Case B are not affected by lateral motion. Therefore, the preliminary 

design controls, that is, Load Group I, Case B. 

6.2.3. Case C Capacity 

The Case C capacity is not affected by lateral motion. (The bedrock 

should be checked for group action of all eight piles that bear on it,) 

6.2.4. Summary of Bearing Pile Design Example 

As with the friction pile, the pile design is controlled by Load 
i 

F 
Group I and Case B. The lateral displacement of the integral abutment 

caused by thermal movements did not reduce the pile strength in this 

example. 



7. SUMMARY, CONCLUSIONS, DESIGN RECOMMENDATIONS, AND 
RECOMMENDATIONS FOR FURTHER WORK 

7.1. Summary 

17.1.1. Overview 

Integral abutment bridges have been constructed in many states, 

D including Iowa and the District of Columbia. The length limitations 

and design considerations for these types of bridges vary considerably 

between the representative agencies responsible for bridge design. 

Thermal expansion and contraction of the bridge superstructure induces 

stresses in the abutment piles. By understanding the behavior of these 

structures, proper design approaches can be formulated. 

The objective of this research project was to develop a simplified 

and rational design method for the abutment piles in integral abutment 

bridges. To accomplish this task, experimental and analytical studies 

were conducted to determine the pile and soil responses when vertical, 

lateral, or combined loads were applied to the top of a pile. The 

experimental investigations involved both full-scale, field tests 

and l/ 10-scale model, laboratory tests. Analytical investigations of 

the experimental tests were accomplished with a two-dimensional finite 

i element model, IAB2D, which was developed in a previous research 

project [I].  . 

7.1.2. Field Tests 

The full-scale field test program (Sections 3 and 10) consisted of 

three tests on HPlO x 42 steel piles. The first test, involving only 

vertical compressive loads, was conducted to determine the soil behavior 

due to vertical pile loads and to establish the ultimate vertical capacity 



of an isolated friction pile. Pile strains at discrete points along the 

pile length, applied vertical load, and vertical displacement =re recorded. 

For each magnitude of applied load, axial pile strains were analyzed to 

determine the variation of soil skin-friction forces, f, and the corres- 

panding relative pile displacement, z. Pfodified Ramberg-Osgood expressions 

fit through these data points provide continuaus f-z relationships for 

use in the analytical model, IAB2D. 

The soil response at the pile tip could not be determined due to 

the sensitivity and availability of the pile strain data at the last 

strain gage station. TQ represent the pile tip behavior, the strain 

gage station 5 . 5  ft above the end of the pile was considered as a modifted 

pile tip location. The skin friction resistance along the bottom 5 . 5  ft 

of pile length and the actual end-bearing resistance were combined to 

form a modified end-bearing soil response. The axial force in the pile 

at 5 . 5  ft from the bottom was defined as the modified pile tip resistance, 

qt , and the modified pile tip displacement, z' , was obtained front an 
integration of the axial pile strains. These qt-2 '  data point pairs 

established the pile.tip soil respoase that was mathematically repre- 

sented by a modified Rderg-Osgood expression. 

The second field test involved a lateral displacement test of another 

test pile. This test defined the lateral load and displacement 

behavior of the soil and pile. The measured pile strains, were azhlyzed 

using the conventional beam theory to determine the 1 a t ~ ~ @ l  soil pressures, 

p, and corresponding lateral soil displacement, y ,  at the strain gage 

depths along the pile length. To obtain a continuous p-y relatiasship, a 



modified Ramberg-Osgood expression was curve fit to the p-y data point 

pairs. 

The third field test, involving a combined load test on the test 

pile used in the vertical load test, was conducted to determine the 

effects of lateral displacement of the pile on vertical load capacity. 

1 The soil responses (p-y curves), induced by the lateral displacement at 
I 

the pile head during the first portion of the combined load test, were 

established by the techniques developed for the second field test. 

The f-z and ql-z' curves established for this pile in the first test 

were also used in the third test. 

7.1.3. Model Tests 

The l/l0-scale model test program (Sections 4 and 11) was conducted 

to investigate experimentally and analytically the pile and soil behavior 

for a variety of geometric, loading, and soil density conditions. The 

model piles were steel tubes 1-in. square by 60-in. long with electrical 

resistance strain gages mounted along their length. A total of 40 

scale-model laboratory tests were conducted to establish the test apparatus 

design, testing procedures, soil and pile responses, and geometric 

conditions. From these 40 tests, a test matrix was established that 
3 

f included 11 test sequences involving two pinned-head friction piles, 

eight fixed-head friction piles, and one fixed-head bearing pile. 

Other test matrix parameters were considered: dense and loose sand, a 

pre-drilled hole, and an abutment. Four loading conditions at the 

pile head were considered. The vertical load tests and the vertical 

load phase of the 'combined load tests established the soil f-z and q-z 

relationships; while the lateral load tests and the lateral load phase 



of the combined load tests established the soil p-y relationships. A 

cyclic lateral load with a subsequent vertical load was applied to a 

model pile to evaluate response for cyclic loading. 

The techniques used to obtain the soil behav5o.r parameters for 

the modified Ramberg-Osgood expressions were essentially the same as 

for the full-scale field tests. 

7.1.4. Finite Element Model, IAB2D 

The experimental test results for the 11 l/l0-scale model tests, 

included in the test matrix, and the three full-scale field tests were 

investigated further by performing an analytical study with a previously 

developed { 1] two-dimensional, nonlinear, finite element model, IA82D. 

The analytical model (Sections 2, 3, and 4) represented the lateral 

and vertical soil resistance by nonlinear Winkler-type springs described 

by the modified Ramberg-Osgood expressions. The cotnputer ~olutions 

provided a method to verify the pile design recommendations. 

7.1.5. Pile Design Requirements 

The design requirements (Section 53 for the piles in integral 

abutment bridges are based on the provisions of the AASHTO Specification, 

which requires that the capacity of the pile be controlled by the minimum 

of (1) the capacity of the pile as a' structural member (Case A), (2) the 
i 

capacity of the pile to transfer load to ground (Case B), and (3) the 

capacity of the ground to support the load (Case C). For Case A, the 

beam-column interaction equations for Service Load Des$gn or Load Factor 

Design are used, Eqs. (5.1) and (5.2) or (5.3) and ( 5 . 4 ) ,  respectively. 

To simplify the complex beam-column behavior for the pile, the concept 

of an equivalent cantilever idealization (Section 12) was presented. 



The differential equations for the elastic buckling of four equivalent 

cantilevers (beam-columns) with different boundary conditions were 

solved, and the solution compared to those of the finite element model, 

IABZD (Sectiod 13). 

I 
Two alternatives were presented for determining the capacity of 

the pile as a structural member (Case A). Alternative One accounts 

for the stresses produced by the horizontal displacement of the abutment 

and the stresses induced by the vertical load. Alternative Two neglects 

I stresses produced by the horizontal displacement but considers stresses 

caused by the vertical load on the displaced pile. Alternative Two 

relies on the plastic redistribution of forces; therefore, the pile 

crass section must be ductile and capable of plastic hinge rotation. 

To make a comparison between the beam-column interaction equations and 

the finite element solution, the load factors, local element buckling, 

and lateral torsiopal buckling considerations were removed from the 

Load Factor Design equations. The pile capacities obtained from these 

revised interaction equations for both Alternates One and Two were 

compared with the pile capacities predicted by IABZD. 

The capacity of the pile to transfer load to the ground (Case B) 

4 is subdivided into point-bearing and friction piles. Point-bearing 

piles are limited to 9000 psi over the cross-sectional area of the 

pile tip and are unaffected by the horizontal displacement. For friction 

piles, the ability of the load to be transferred to the soil near the 

ground surface can be affected by the horizontal movement. This inter- 

action of vertical load resistance and lateral displacement is accounted 

for in the design procedure by a reduced frictional length. 



The capacity of the ground to support the load (Case C) was assumed 

to be unaffected by the horizontal displacement. 

To illustrate the pile design requirements, two design examples 

were presented (Section 6). For both the friction and end-bearing 

pile examples, the designs are illustrated for Alternates One and Two. 

In each example, the design for Alternate One resulted in the piIe 

being significantly overstressed; while for Alternate Two, the pile 

was understressed and had sufficient inelastic rotation capacity. 

Therefore, the pile was unacceptable according to Alternate One and 
. .  , 

acceptable according to Alternate Two. 

7.2.1. Field Tests 

The measured ultimate vertical load capacity was 280 kips for 

both the vertical load and the vertical load phase of the combined 

load field tests of the same test pile. The lateral displacement of 

approximately two inches did not appear to affect the vertical resistance 

of the test pile. 

The soil behavior determined from the lateral load test involving 

strong-axis pile bending was not thkbame as the soil behavior determined 

from the lateral load phase of the combined load test involving weak-axis 

pile bending. For strong-axis bendiqg, the entire flange width develops 

the passive soil resistance; but, for weak-axis bending, primarily the 

flange tips bear against the soil. The soil between the flanges of 

the test pile had been disturbed during the pile driving, such that 

the web did not develop significant bearing. 

i 



7.2.2. Model Tests 

The accuracy of the measured pile strains did not permit an accurate 

evaluation of the axial strains in regions of large bending strains, 

such as in the upper portion of the piles with lateral load. A small 

error in the measured total strain caused a small error in the computed 

i bending strain, but unfortunately, a large error in the computed axial 

strain. 

The end-bearing capacity of the model friction piles was sometimes 

as large as 50% of the total vertical load capacity. In addition, the 

vertical frictional resistance of the lower portion of the test piles 

was significantly larger than the upper portion. Therefore, although 

the lateral displacements of the combined load tests caused a reduction 

in the friction resistance along the upper portion, the total vertical 

load capacity of the pile was not significantly affected. 

Soil placement for the model pile tests involved an elaborate 

technique that significantly reduced the amount of variability in sand 

structure between the various experimental tests. However, a comparison 

of results for presumably identical tests revealed that the same soil 

structure could not be repeated with enough consistency to reproduce 

i identical pile responses. 

7.2.3. Comparisons Between Experimental and IAB2D Results 

A comparison of the experimental and analytical tests results, 

involving pile strains, axial force and bending moment along the length 

of the test pile, and load versus displacement relationships at the 

soil surface for each of the three full-scale field tests and 11 1/10- 

scale laboratory tests, showed that IAB2D correctly predicted pile 



behavior. Tht accuracy of the analytical results eoro9Ldered 

acceptable, coasickring narmal test scatter, sensitivity: aE measured 

pile strain data including. data scssdrint$ teduziqw, art& sensitivity 

of mathemati caX1p; f omulated sail reqoaae behavior. 

During the analytical investiptions of bth the diela and lahora- 

tory tests, the pile response predicted by IB2D. wals sensitive to the 

parameters selected to rep~esent the vertical and lateral resistance 

and disp1ocewm;t relationships for the sail. Therefore, an accurate 

evaluation of the sail parameters was required to predict pile response 

adequately. 

7.2.4. Comparisuns Between Design Mtematives for Case A and IM32D 

When horiroatal displacement of t k  pile head was prevented, Alcer- 

natives One and Two desis approaches far Case A gave identical results 

which closely rnetched the IAB2D results. When the pile head was displaced 

horizontally, both design alternatives gave conservative results relative 

to the finite element model. Alternative One results were much more 

canservative than Alternative Two when a pile had tt high elastic 

buckling load relative to its yield.load. Both alternatives and the 

finite element model predicted a decrease in Case A axial load capacity 

with an increase in horizontal displacement. The IAB2D analyses demon- 

strated that plastic redistribution "occurred if the pile had sufficient 

ductility, which is recognized only by the Alternative Two criteria. 

The approximate mpliciation factor in thr? h e ( ~ ~ - s o l ~  stability 

equation overestimates the secondary bending momenta (PA effects). This 

consenratisin was verified by the f&te element model aod the differential 

equation safution that gave essentially the same results. These ~ o ~ ~ u t i o n s  



have shown that the elastic buckling load is not affected by the horizontal 

displacement of the pile head, 

7.3. Design ~ecomendations 

i The use of a predrilled hole is recommended as a pile construction 

detail to reduce the pile stresses significantly when horizontal dis- 

placements of the pile occur. 

When the design of an abutment pile in an integral abutment bridge 

is governed by the capacity of the pile as a structural member (Case A), 

two alternative design approaches have been proposed. Alternative One 

is recommended for piles that have a limited amount of ductility, such 

as timber, concrete, and steel sections having insufficient moment- 

rotation capacity. Alternative Two is recommended when the piles have . 

a moment-rotztion capacity that exceeds the moment-rotation demand at 

the plastic hinge locations. Steel piles do not have to be classified 

as compact sections to meet moment-rotation requirement. Alternative Two 

will permit the safe design of integral abutment bridges that are several 

times longer than those designed using Alternative One. 

7.4. Recomendatioas for Further Work 

Additional research into the behavior of integral abutment bridges 

could include the following topics: 

1. Effects of the horizontal displacement on the approach slab 

and backfill and the passive soil resistance behind the abutment. 



2. Effects of lateral displacement on the friction capacity of the 

pile, that is, ym, (Section 5.3). 

3.  Ductility capacity of timber and concrete piles. 

4. Forces in the bridge supersfructure. 

5 .  Design details at the junction of the girders, piles, abutment, 

and approach slab. 
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i 10. APPENDIX A: FULL-SCALE PILE TESTS AND DATA REDUCTION 

10.1. Development 

10.1.1. Site Description 

'The original proposed test site was an actual integral abutment 

bridge construction site. The specific location in Iowa would have 

i 1 been determined from construction scheduling at various bridge sites. 

The field tests were relocated to a site adjacent to the Structural 

Engineering Laboratory located in the Town Engineering Building of 

I Iowa State University to eliminate coordination, accessibility, and 
I 

flexibility problems associated with a remote bridge construction site, 

The selected site was essentially level and free of surface obstruc- 

tions. A subsurface soil investigation was performed by drilling two 
i 

1 . 50-ft-deep bore holes with a track-mounted Central Mine Equipment CME-45 

I drill rig using 4.5-in.-diameter continuous flight augers. Stabilization 

drilling techniques were not required. Split-spoon soil samples, desig- 

nated as "Dl1 on the boring logs (Tables 10.1 and 10.2), were taken according 

to ASTM D1586-67 [39], using a 2.0-in.-O.D. split-spoon sampler. The 

I Shelby tube samples, designated as "U" on the boring logs, were taken 

I according to ASTMD1587-74 [40], using a 3.0-in.-O.D. thin-walled sampler. 
I, 

The split-spoon samples were placed in glass jars, while the Shelby 

tube samples were extruded into plastic lined cardboard tubes. All 

samples were then placed in a moist room until the laboratory tests 

were conducted. 

The blow count shown on the boring logs represents the sum of the 

hammer blow counts needed to drive the split-spoon sampler from a 







pene"tation of 6 i n .  t o  18 i n .  a t  t h e  spec i f i ed  depth i n  t h e  bore hole. 

Table 10.3 summarizes t h e  r e s u l t s  of t h e  standard penet ra t ion  t e s t s .  

I The borings revealed t h a t  the  s i t e  contained t h r e e  major s o i l  
\ 

s t r a t a  below t h e  t o p s o i l  f i l l  t h a t  was approximately 2 - f t  t h i c k .  These 

s t r a t a  consisted of weathered and unweathered g l a c i a l  till with consis- 

t e n c i e s  f o r  the  s i l t  and c l a y  s o i l  ranging from s t i f f  t o  hard. The 

water l e v e l  was around 18 f t  and 24 f t  during d r i l l i n g  f o r  Boring Nos. 1 

and 2, respectively.  Approximately 24 hours a f t e r  d r i l l i n g ,  the  water 

t a b l e  had r i s e n  t o  about 8 f t  i n  both bore holes.  

Unconsolidated, unconfined, t r i a i i a l  shear t e s t s  f o r  each of t h e  

major s o i l  s t r a t a  were conducted on t h e  Shelby tube sampler; t o  ob ta in  

unconfined compressive s t rengths .  Atterberg limits., bulk d e n s i t i e s ,  

and s o i l  moistures were a l s o  measured. The r e s u l t s  of these  t e s t s  a r e  

given i n  Table 10.4. 

10.1.2. Test ing Frame and Load Systems 

The overa l l  dimensions of t h e  test framework, shown i n  Figs .  10.1- 

10.5,  were es tab l i shed  t o  comply with t h e  minimum p i l e  spacing require-  
. . 

ments provided i n  t h e  ASTIl s tandards [23,24]. For an  a x i a l  compression 
. . 

t e s t  of a v e r t i c a l  p i l e ,  t h e  c l e a r  d i s t ance  between t h e  t e s t  p i l e  and 

an anchor p i l e  should no t  be less tdan e i t h e r  5 p i l e  diameters o r  7 

f t .  For a l a t e r a l  load test  of v e r t i c a l l y  driven p i l e s ,  t h e  c l e a r  

d i s t ance  i n  t h e  d i r e c t i o n  of the  applied movement between the  t e s t  and 

reac t ion  p i l e s  should not  be less &aF e i t h e r  20 pile d i ~ e t e r s  o r  

20 f t .  These same c learances  rpply"between the pile.  a d  t h e  founda- 
r 

t i o n s  f o r  t h e  beams t h a t  s u p p o ~ t  the . ipe t rumenta t ion.  



Table 10.3. Blow counts. 

Boring Sample Depth Actual Blow N-Value as  Reported 
No. No. ( f t )  Count on Boring Logs 



Table 10.4.  Laboratory test results  of s o i l .  

Shelby Qu C u Spl i t -  
Tube Spoon 

Sample (ksf  1 (1bYfcf) s ample w% Lid PL PI 
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I 1 0  + MC 6 I N  TRENCH 

PILE DESCRIPTION 
P1  VERTICAL AND COMeINED LOAD 

TEST P I L E  
P2-P5 REACTION PILES 
P6 LATERAL LOAD TEST P I L E  
P7-PI0 INSTRUMENTATION SUPPORT- P I L  

Figure 10.1. Test framework plan. 
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r HANGER BRACKET I 

Figure 10 .2 .  Elevati~n sf test frame aad jacking beam for. vertical 
load test, 

Figure 10.3 .  Ekevation of teat  frame and b r i z o n t a l  girder for 
vertical load t e s t ,  



r BEAM 

Figure 10.4.  Elevation of  t e s t  framework and horizontal girder for 
l a t e r a l  load t e s t .  

W249 

BEAM 

Figure 10 .5 .  Elevation of  t e s t  framework and horizontal girder for  
combined load t e s t .  



The primary t e s t  frame members t h a t  r e s i s t e d  the appl ied  v e r t i c a l  

load on Test  P i l e  PI, shown i n  Fig.  10.1, consis ted  of four 50-ft-long 

HPlO x 42 v e r t i c a l  r eac t ion  p i l e s  [P i l e s  P2-P5) t h a t  were dr iven t o  a 

depth of 37.5 f t  i n  t h e  corners of a  5 - f t  by 18- i t  r ec tang le ;  two W24 x 76 

spreader beams spannihg 5 f t  between the  react ion p i l e s  ; a i d  a 20-ft-long, . - 

200-ton-capacity, Iowa WT, jacking bsam shown i n  Fig .  10.2. An under- 

ground obst ruct ion was s t r u c k  while dr iv ing  of the reac t ion  p i l e  P2, 

causing t h e  p i l e  t o  t w i s t  and displrCe s i g n i f i c a n t l y  6ut of plumb. 

The plumbness of th is  misaligned p i l e  was p a r t i a l l y  correc ted  by c u t t i n g  

t h e  f langes  below grade t e  within  about 1 i n .  of t h e  web, bending the 

p i l e  about an a x i s  i n  t h e  p lane  of t h e  web, and welding a s p l i c e  p l a t e  

t o  each f lange t o  r e s t o r e  t h e  a x i a l  capaci ty  of t h e  p i l e .  Since the  

t w i s t  and o f f s e t  could a o t  be t o t a l l y  el iminated,  a skewed connection 

a t  both ends of t h e  W24 X 76 spreader beam had t o  be designed and f i e l d  

fabr ica ted  f o r  attachment t o  t h e  reac t ton  p i l e s  P2 aad P3- 

A v e r t i c a l  guide system was designed i n t o  t h e  t e s t  framework t o  

provide l a t e r a l  s t a b i l i t y  f o r  t h e  top  of t h e  v e r t i c a l  load t e s t  p i l e ,  

which projec ted  approxlmat&lg 4 f t  above grade t o  accommodate the connec- 

t i o n  between t h e  t e s t  p i l e  and hor izonta l  g i rde r  f o r  t h e  combined load 

test  shown i n  Fig.  10.5. A steel cci1i.r with four  r o l l e r s  r c s t r a i n j n g  I 

only l a t e r a l  movement of t h e  t e a t  p i l e  f l aager  and ~ e b  was bol ted  t o  

t h e  top  of a  hor izon ta l  g i rde r  cons i s t ing  of two 127 x 85 beams. As 

shown i n  Fig.  10.3, t h i s  g i r d e r ,  which was fabricated by blocking o u t  

por t ions  of both f l aages  t o  s t r a d d l e  the v e r t i c a l  lead tes t  p i l e  and 

the  l a t e r a l  l o r d  test  p i l e ,  was supported by a hanger bracket  at tached 

t o  a W30 x 108 beam that spanned 18 ft b e t w e e  v e r t i c a l  r eac t ion  P i l e s  



i 
P3 and P5 and by a  concrete pad posi t ioned about 24 f t  from t h e  v e r t i c a l  

t e s t  p i l e .  The hor izonta l  g i r d e r  d id  not  provide any r e s i s t a n c e  t o  

t h e  v e r t i c a l  movement of the  t e s t  p i l e  f o r  t h e  v e r t i c a l  load t e s t .  

Ver t i ca l  loads were applied t o  t h e  t e s t  p i l e  by a  400-kip-capacity 

hydraul ic  ram t h a t  was posi t ioned between a  2.5-in.- thick p i l e  cap 

p l a t e  t h a t  was welded t o  the  top  of t h e  t e s t  p i l e  and a  2- in . - th ick  

beam bearing p l a t e  t h a t  was posi t ioned on t h e  underside of t h e  200-ton 

capac i ty  jacking beam. Before any loads were applied,  t h e  hydraul ic  

ram, a  v e r t i c a l  load c e l l  t o  monitor load,  and t h e  jacking beam were 

centered over t h e  t e s t  p i l e .  

For t h e  second f i e l d  t e s t ,  a l a t e r a l  load p i l e  test  was conducted 

1 on Test P i l e  P6 located  30 f t  west of t h e  v e r t i c a l  load t e s t  p i l e  a s  
L 

shown i n  Figs ,  10.1 and 10.4. The primary t e s t  frame members t h a t  
I 

\ r e s i s t e d  the  l a t e r a l  load were e s s e n t i a l l y  t h e  same members t h a t  r e s i s t e d  

t h e  v e r t i c a l  load and provided l a t e r a l  s t a b i l i t y  t o  Tes t  P i l e  P1 used 
! 

i n  t h e  v e r t i c a l  load t e s t .  However, t h e  s t e e l  c o l l a r  used i n  t h e  f i r s t  

f i e l d  t e s t  was removed; the re fo re ,  l a t e r a l  movement of t h e  g i r d e r  would 
I 

no t  be r e s i s t e d  by Test  P i l e  PI.  The s t e e l  framework conta in ing t h e  

f o u r  v e r t i c a l  r eac t ion  p i l e s  r e s i s t e d  t h e  l a t e r a l  fo rce  t h a t  was appl ied  

1 
t o  Tes t  P i l e  P6 by a  l a t e r a l  load mechanism cons i s t ing  of a  2-in.-diameter 

tens ion rod, a  diaphragm i n  t h e  h o r i z o n t a l  g i r d e r ,  and a  60-kip capaci ty ,  

hollow core ,  hydraulic ram. The l o c a t i o n  of t h e  t ens ion  rod.and ram 

f o r  t h e  l a t e r a l  load test  caused t h e  hor izon ta l  g i r d e r  t o  be subjected  

t o  a  compression force  and t h e  l a t e r a l  load test  p i l e  t o  d i s p l a c e  toward 

t h e  r i g h t  i n  Fig.  10.4. 
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Since t h e  l a t e r a l  load t e s t  p i l e  was o r i en ta ted  f o r  s t rong  a x i s  

bending, t h e  t e s t  p i l e  was f i e l d  fabr ica ted  by removing t h e  e n t i r e  web 

p l a t e  over a  s p e c i f i c  length  and by cu t t ing  a  hole through t h e  center  

of both f langes t o  accommodate t h e  tens ion rod. S tee l  p l a t e s  were 

welded on and between both f langes  t o  ' res tore  the  p i l e  shear  and f l e x u r a l  

C s t reng th  a t  t h e  tens ion rod locat ion.  

The same s t e e l  frame was used f o r  t h e  t h i r d  f i e l d  t e s t ,  which 

involved a  v e r t i c a l  load t e s t  on a  hor izonta l ly  displaced p i l e .  The. 

test  p i l e  f o r  t h e  combined loading was Test P i l e  PI. For t h i s  t e s t ,  

t h e  webs of t h e  hor izonta l  g i r d e r  were bolted t o  t h e  f langes  of t h e  

t e s t  p i l e  t o  provide moment cont inui ty ,  a s  shown i n  Fig.  10.5. The 

v e r t i c a l  and longi tudinal  support of the  g i rde r  by t h e  W30 x 100 beam 

was el iminated;  the re fo re ,  only t h e  t e s t  p i l e  and t h e  concrete pad . 

provided v e r t i c a l  support f o r  t h e  hor izonta l  g i rder .  The r o t a t i o n a l  

r e s t r a i n t ,  a t  t h e  top  of t h e  t e s t  p i l e  provided by t h e  g i r d e r ,  simulated 

t h e  f l e x u r a l  s t i f f n e s s  of br idge  g i rde r s  i n  i n t e g r a l  abutment br idges .  

The loca t ion  of t h e  hydraulic r i m  and tens ion rod t h a t  applied 

t h e  l a t e r a l  fo rce  t o  Tes t  P i l e  P1 was changed from t h e  loca t ion  used 

i n  t h e  l a t e r a l  load t e s t .  The new p b s i t i o n  of t h e  load apparatus shown 

i n  Fig .  10.5 caused Test  P i l e s  P1 and P6 t o  be pul led  toward each other  

and induced a  tens ion fo rce  i n  t h e  hor izonta l  g i rde r  when a  l a t e r a l  

load was applied.  

10.1.3. Instrumentat ion Framework and Support 

I n  order t o  monitor accura te ly  p i l e  displacements, t h e  d i a l  gages 
, G  

and d i r e c t  current  displacement transducers (DCDTs) must be mounted on 

a  frame t h a t  is supported beyond t h e  zone of s o i l  movement due t o  p i l e  



displacement of both the test and reaction piling. Since both vertical 

and lateral forces were applied to the test piles, the location of the 

instrumentation framework supports (Piles P7 - PI0 shown in Fig. 10.1) 
were establf shed t o  c'omply with the ASTM Standards (23,241. Structural 

I steel members were selected for the instrumentation beams and supports 

I to provide adequate flexural rigidity. The supports were short sections 
j 

of a HPlO x 42 piling embedded approximately 5 ft into the ground. 

The instrumentation for the vertical and combined load tests on 
I 

Test Pile P1 was mounted at the end of the overhang of a 20-ft-long 

box beam fabricated from two channel shapes. This beam was pinned at 

Pile P8 and had a longitudinal roller support at Pile P7. The instru- 

mentation beam for the lateral load test of Pile P6 had an 18-ft simple 

span between the two support piles (Piles P9 and PI0 shown in Fig. 10.1). 

To provide sufficient stiffness, this beam was fabricated from an I-shape 

and a channel-shape. 

The'beams were placed below grade in covered trenches to minimize 

thermal expansion and contraction and wind-induced displacements of 

the instrumentation beams. Since the temperature within a trench could 

still vary to some extent during testing, a displacement transducer 

was installed to measure any change in length of an instrumentation 
s 

beam. The measured test pile movement was adjusted by any detectable 

expansion or contraction of the instrumentation beam. 

10.1.4. Test Pile Preparations 

Two HPlO x 42 test piles, P1 and P6, were instrumented with elec- 

trical resistance strain gages to monitor the behavior of the piles 

below grade. The strain gages were attached on the inside face of the 



, , 

f l anges  and were located 1 i n .  from t h e  corresponding f lange t i p .  

Tes t  P i l e  P I ,  shown i n  Fig. 10.1, had 60 s t r a i n  gages mounted along 

most of t h e  40-ft-embedded depth, s ince  t h e  v a r i a t i o n  i n  a x i a l  force  

along t h e  length of t h e  p i l e  was t o  be determined f o r  both t h e  v e r t i c a l  

and combined load t e s t s .  A s  shown i n  Fig.  10.6, the  upper 16.5 f t  of 

t h e  T e s t  P i l e  PI had four s t r a i n  gages symmetrically placed on t h e  

p i l e  cross  s e c t i o n  a t  each p a r t i c u l a r  s t a t i o n  along the  p i l e  length.  

Below t h i s  depth, two s t r a i n  gages were mounted symietricahly with 

respec t  t o  t h e  web p l a t e ,  on one f lange f o r  a p a r t i c u l a r  s t a t i o n .  The 

concentra t ion of s t r a i n  gages wi th in  t h e  upper por t ion  of t h e  test 

p i l e  was required t o  monitor adequately t h e  bending s t r a i n s  induced 

dur ing t h e  l a t e r a l  loading of t h e  p i l e .  To separa te  a x i a l  s t r a i n s  and 

b i a x i a l  bending s t r a i n s ,  a minimum of t h r e e  gages a t  known loca t ions  

on t h e  p i l e  cross sec t ion  a r e  required pe r  s t a t i o n .  Four gages were 

mounted along t h e  length of t h e  p i l e ,  which would be subjected t o  thk 
I 

l a r g e s t  f l e x u r a l  s t r e s s e s ,  t o  provide an  add i t iona l  gage pe r  s t a t i o n  

i f  one of t h e  gages malfunctioned. Fewer s t r a i n  gages were ' required  

along t h e  lower por t ion  of t h e  test p i l e ,  s ince  the  bending s t r a i n s  

a r e  minimal a t  those depths. Even with j u s t  two gages per  s t a t i o n ,  

a x i a l  s t r a i n s  and uniaxia l  bending s t r a i n s  can be separated.  

Tes t  P i l e  P6, shown i n  Fig .  10.1, had 36 s t r a i n  gages mounted 

along t h e  upper 17 f t  of the  40-ft-embedded por t ion of t h e  p i l e .  A s  

shown i n  Fig.  10.6, only the  top  of  ' t h i s  t e s t  p i l e  Cs instrumented, 

s i n c e  t h e  bending s t r a i n s  induced by l a t e r a l  loads a r e  minimal i n  t h e  

lower por t ions  of t h e  p i l e .  A c lose  uniform spacing along the  p i l e  

l eng th  was se lec ted  f o r  the  gage s t a t i o n  loca t ions  t o  ob ta in  t h e  bending 
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Figure 10 .6 .  Strain gage locations on test  p i l e s .  



s t r a i n  dis t r ibut ion.  Two s t r a i a  gages were mounted. ont'~pposiba. flanges 

an. the* same side of the web p la t e  a t  each s t a t ion  tct ateasue the ~ii;Le 

s t r a i n s  associeted with strong-axis bendi+ng OF the tie#% p&Le. 

A f t e r  the eXectrica1 resistance s t ra in ,  gcges: wcze mounted on trhe 

p i l e s  and the wire leada were attached t o  the. indiviidtml, gases, a. mlti- 

layered protectf  ve cove~i,ng. was. placed7 over each gage-. d layer a8 

f a i l  tage was elaced' over the gages and the  conaect&ans C;Q the wire 

Xeads t o  reduce, elrecCrica.1' interference.. Mbistwe protection w a s  
'r 

achieved by covering the ZoiI' tage w i t h  at two-pazt, golysuXfide, Piquid. 

puI;pmer. Since the  s t r a i n  gages. wuld,  be locatedk below the water t ab le  

d t e z  the p i l e s  were dkiven, a s i l ica-  geL Wepraofirlg- layer was. 

placed over t h e  polymer coating. After the  gel h a d  cured', a 16-ga. 

sket-metali  cover, w&&eti, hadd beem embmsed to ,  maGchi b k  a d  lead 

uhixes, was paaced over each; aad welded t o  the flange of the pi'lle. 

The wire leads Eor the gqps,  which\ had: wa&wp~ovf insulation and 

a wateq~zoof jacket,  were bonded\ intemithenhlp t o  the piLe and' each 

other with a. t o n e t ~ u c t i o n  adhesive (Pb400.).. These l eads  woe  positianed 

withiin hhe corners f om&: by the web and' f laage plates.,  A l.'&-g@. -bent 

sheet-metall closuze. was gabzf c&e& t o  E k t  &qpndty, between the p i l k  

web &ad: Blange, foraging at v e r t i c d  conchit to ,  aontaia the wir~e le*,. 

The void, sgacas within the conduits were f i l led :  with! ao insulation 

fo.am t o  prevent the w i ~ e s  from vibrat ing dwiw p i l e  d r i v - w .  & t h e  

top of the  t e s t  pi Iea ,  the  remaining length; of the w # , ~ c .  hd"s was wapp& 

around two loam-rubber-pad'dedf threaded  rod^ that were beStcd9 through 

the- web of the pil'e . The coiled. wire ~ 9 s  w~apped, fn Eaam rubber ad. 
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enclosed by a 16-ga. sheet-metal and steel-angle closure assembly t h a t  

\ 
was welded t o  t h e  p i l e .  

A t  t h e  bottom of each v e r t i c a l  sheet-metal conduit,  a  1-in.-thick 

t r i angu la r  plate bag welded t o  t h e  p i l e  flange and web t o  cover and 

I p ro t ec t  the  open end of t he  conduit.  A t  t he  bottom of t h e  p i l e ,  f l a t  

• s t e e l  bars  were welded t o  t h e  p i l e  flanges i n  v e r t i c a l  alignment with 
3 

the  sheet-metal s t r a i n  gage covers. The bars projected j u s t  beyond 

tho gage cover embossment height  t o  p ro t ec t  the covers during dr iving 

of the  p i l e .  

After  t he  p i l e s  were dr iven,  several  f e e t  of the  top of the  t e s t  

p i l e s  were removed t o  accommodate the  t e s t  framework and t o  provide a 

sample of each p i l e  from which tension coupons were taken. The average 

y i e ld  po in t  o f . t h e  f lange s t e e l  was determined t o  be 45.5 k s i  and 

46.2 k s i  f o r  Test  P i l e s  P1 and P6, respectively.  

Both t e s t  p i l e s  were re inforced above grade before t h e  individual  

f i e l d  t e s t s  commenced. The top  of Test  P i l e  P1 was re inforced by welding 

a 3/8 x 12 x 30-in.-long s t e e l  cover p l a t e  on each flange.  These p l a t e s  

strengthened t h e  p i l e  f langes  f o r  the  bolted connection between t he  

t e s t  p i l e  and t he  hor izontal  g i r d e r  f o r  the  combined load t e s t .  The 

p l a t e s  increased t he  p l a s t i c  moment capacity of t he  bui l t -up sec t ion  
Y 

t o  force  any poss ible  p l a s t i c  hinge formation t o  occur below the  g i rde r ,  

r a ther  than wi thin  t he  connection region. The top of Tes t  P i l e  P6 was 

modified a s  described i n  Sect ion 10.1.2. 



10.2. Field Test Procedures 

10.2.1. Vertical Compression Test 

The procedure for the vertical load test of Test Pile PI was 

developed using the Standard Loading Procedure of the ASTM Standard 

[23) as a guide. Modifications to the standard were made to provide 

the experimental information needed for the analytical investigations. 

Axial compressive loads, monitored by a 300-kip-capacity load cell, 

were applied in increments of 20 kips (approximately 25% of the calcu- 

lated safe bearing capacity for the pile predicted by Eq. (3.1)). 

Before the next load increment was applied and while the load was main- 

tained, the rate of vertical displacment for the pile head bad to be 

equal to or less than 0.01 in./hr for the last 5-min. interval between 

successive data records. Loads were incremented up to the ultimate 

strength of the pile. Since the test pile was a friction pile, failure 

was evidenced by excessive settlement of the pile at the ultimate load. 

For the initial load levels, convergence to the vertical displacement 

limit occurred within a relatively short time interval; while, for the 

load levels approaching the pile capacity, several hours would elapse 

before the settlement rate could be satisfied. After the ultimate 

capacity of the pile had been obtained and the total vertical settlement 

had reached at least 15% of the pile diagonal cross-section dimensinn, 

the applied vertical load was removed in decrements equal to 25% of 

the ultimate load. Each successive decrement was not initiated until 

the settlement rate had stabilized to 0.01 in./hr or less. 



The test pile displacements at the ground surface were monitored 

with direct current displacement transducers (DCDTs), dial gages, and 

engineering scales, as shown in Fig. 10.7. The DCDTs and the dial 

gage were caLibrleCd to a 0.001-in. accuracy; while the scales were 

graduated to 1/50 in. Four DCDTs measured the vextical displacement 

I 
of the pile near the flange tips, two DCDTs monitored the horizontal 

displacement parallel to the flanges, and two additional DCDTs recorded 

the horizontal displacement parallel to the web. A dial gage was mounted 

off the web plate to provide an immediate visual indication of vertical 

pile movement. A secondary system to measure pile displacements was 

accomplished with taut wires, mirrors, and engineering scales. The 

scales were glued to the mirrors, which were attached to the pile flanges. 

By aligning a wire with its mirror image, the scale could be read 

accurately to locate the pile position. 
, 

Other information recorded throughout the test included the time, 

axial load, hydraulic ram pressure (to check the load cell readings), 

pile strains, ambient air temperature, instrumentation trench air tempera- 

ture, and vertical movement of the framework reaction piling. The 

time, load, DCDT displacements, and pile strains were monitored auto- 

matically by a data acquisition system (DAS), while the other measurements 
i 

were recorded manually. 

10.2.2. Lateral Load Test 

Test Pile P6 was subjected to a lateral load test causing strong 

axis bending of the HP-shaped cross section. The ASTM Standard [24] 

was used to establish the testing procedure and instrumentation required 

to obtain the experimental data. The loading technique was based on 



Figure 10,7. Displace~ent i n s t r w  f o r  Test Pile PI: (a)  b o t t o ~  
flange of load  g i rder  (b) vertical DCDT (c] Test P i l e  P1 
(d l  vertical d i a l  gage ( e )  bracket. 



displacement control rather than on load control. Lateral displacement 
, 

increments of 0.10 in. at the ground surface were applied to the test 

pile until a total displacement of approximately 2 in. was obtained. 

Before each displacement increment was applied, a lateral load decrement 

rate of 400 lb/hr, measured over a 5-min. time interval of monitoring, 

had to be satisfied. This load criteria, established by the precision 

of the 50-kip load cell that measured the applied lateral load, was 

I 

satisfied within a relatively short period of time during the initial 

1 displacement levels. However, at the larger horizontal movements, 

several hours elapsed before the load decrement rate was considered 

acceptable. The unloading of the test pile was accomplished in four 

equal displacement steps. Each succ'essive decrease in the horizontal 

displacement was not initiated until the load rate had stabilized to . 

400 lb/hr' or less. 

The instrumentation used for the lateral load test was similar to 

that used for the vertical load test, except that the mirrors and taut 

wires were replaced by surveying instruments. Measurements of time, 

lateral load, displacements, and load rate were taken every 5 min. A 

complete record of all test. data was obtained at the beginning and end 

of each displacement increment. 

10.2.3. Combined Load Test 

The combined load test for Test Pile P1 was conducted in two stages. 

First, a 2-in.-lateral displacement, measured at the ground surface, 

was applied to the pile. The test procedures associated with the first 

stage of the combined load test were the same as those used for the 

lateral load test described in the previous section. After the 
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2-in. - l a t e r a l  displacement was obtained and the f i n a l  0.10-in. -displacement 

increment s a t i s f i e d  the  4 ~ 0  lb /h r  load decrement c r i t e r i a ,  v e r t i c a l  

loading of thd displaced p i l e  commenced. The t e s t  procedures f o r  the  

second s tage 6f t he  combined load t e s t  Wdre the  same a s  those  followed 

f o r  t h e  v e r t i c a l  load t e s t  described i n  Section 10.2.1. Ver t ica l  loads 

were applied i n  20-kip ihcremefits and the  settlement c r i t e r i a  of 

0.0T i n , / h r  wds s a t i s f i ~ d  f o r  each ioad s tep.  

Instrumentatiaii Bf tB& test was bas ica l ly  the  hame as  i o r  the  

previous two; f i e l d  tists. DCDT= and %dia l  gauges ieasu=eed p i l e  displace- 

ments both v e f t i c a l l y  and hor i ion ta l ly .  Load c e l l s  monitored t he  Vert ical  

and l a t e r a l  hydraulically applied lbads,  and p i l e  s t r a i n s  were deter$lined 

from the  eleictkical res is tance s t r a i n  gages. 

16.3. Field .  Test Data. Reduction and Development a£  
S o i l  Cbafa t t&r i s t i cs  

10.3.1. Experimenfai P i l e  S t r a in s  

The p i l e  s t ra in ;  were mdiiitored by the  e l e c t t i c a l  res i s tance  s t r a i n  

gages a t  d i sc re te  locat ions  on t h e  p i l e  cross s~cl!ioh and a t  spec i f i c  

s t a t i o d s  along the  p i l e  lengths,  a s  ;how. i n  Fig. 16.6. Bdfore a dieasured 

s t r a i n  was accepted as  an accurate reading, a data-censoring gtudy was 

performed. Pr io r  t o  t e s t i ng ,  a general e l e c t r i c a l  t e s t  of t he  60 s t r a i n  

gages on Test P i l e  PI and 36 s t r a i n  gages on Test p i l e  P6 revealed 

t h a t  49 gages and 23 gages, respect ively ,  were s t i l l  qcli iro.  The inac t ive  

s t r a i n  gages may have been damaged By welding the  sheet-metal prdtect ion 

devices t o  t he  p i l e s ,  tiy driving the p i l e s  i n t o  t he  ground, o r  by water 

leakage i n to  t h e  gage area.  Measured s t r a i n  versua applied Ioad graphs 



195 

were drawn to evaluate the acceptability of each active strain gage. 

When an erratic strain behavior; wa& observed for a particular gage, 

the gage would be eliminated for the data reduction. The strain-censoring 

procedure prodticed Acceptable strain measurements from 44, 17, and 45 

strain gages for the vertical, lateral, and combined load tests, 

respectively. 

The strain gages measure the total strain, E, which includes the 

axial strain, go, induced by the axial load and the bending strains, 

E and cbx, caused by bending moments about the y-axis and x-axis, 
by 
respectively. The total strain at any point can be written as 

c = co f Eby f Ebx (10.1) 

To determine the axial strain and bending strains at the strain gage 

locations, the plane section theory was assumed. Therefore, the total 

strain can be rewritten as 

e = a + $ x + y y  (10.2) 

where, n = the axial strain, $ = the benhing moment about the y-axis 

of the cross section divided by the flexural rigidity with respect to 

the y-axis, x = the x-coordinate of the point on the cross section 

where the strain was measured, y = the bending moment about the x-axis 

of the cross section divided by the flexural rigidity with respect to 
I 

the x-axis, and y = the y-coordinate of the point on the cross section 

where the strain was measured. 



The three  rmlmmras i n  Eq. (10.2) a r e  a,  B,  and y. If four gages 

provide acceptable s t r a i n  measurements a t  a p i l e  cross section,  a l e a s t  

squares solut ion provided a method t o  evaluate the  three constants. 

Whea th ree  gages function properly a t  a g i w n  s ta t ion ,  the three unknowns 

were determined by solving three simultaneous s t r a i n  equations. For 

locations where only two s t r a in  gages provide accurate s t r a i n  measurements, 

an assumption must be made fo r  one of the bending s t r a i n  eor~ponents. 

A zero bending s t r a i n  with respect t o  the strong or  weak axis can be 

assumed, depending upon the gage locations on the cross section and 

the  d i rec t ion  of applied loading to the p i l e  (Test No. 1, 2, or  3).  

When only one s t r a i n  gage was available,  two s t r a i n  components had t o  

be assumed. A zero ax i a l  and bending s t r a i n  o r  zero bending s t r a i n s  

were assumed based 09 the  type of p i l e  loading and the  depth a t  which 

the gage was located.  Tables 10.5 and 10.6 l i s t  generalized ax i a l  and 

bending s t r a i n s  i n  te rns  of the t o t a l  s t r a i n  (denoted as a ,  b, c ,  or  

d) measured by gages located i n  various posi t ions  on a cross section.  

The abbreviations NW, SW, SE, and NE r e f e r  t o  the north-west, south-west, 

south-east, and north-erst  flange tips, respectively.  

For the  f i r s t  and second f i e l d  t e s t s ,  the experimentally measured 

t o t a l  p i l e  s t r a i n s  were used d i rec t ly .  The measured s t r a in s  for  the 

t h i r d  f i e l d  test had t o  be corrected because of an instrumentation 

elalfunction. During the  l a t e r a l  load phase of t h i s  combined Load t e s t ,  

the recorded s t r a i n  da ta  implied that a substant iql  ax i a l  load exis ted,  

w e n  though v e r t i c a l  loads were no t  d i r ec t ly  applied. Therefore, f o r  

the l a t e r a l  phase of the t e s t ,  the mea~ured s t r a i n s  were corrected by 

rubtract izq the  a x i a l  s t r a in ,  E ~ ,  shorn i n  Table 19.5, such tha t  the  



Table 10.5. Experimental axial and bending strains for vertical and combined load tests. 

Strain at 
Test No. 1 & 3 Test No. 3 

NW SW . SE NE E E 
by 

Remarks 
0 

a b c d - (a + b + c + d)/4 - (a + b - c - d)/4 Least squsres solution 

a b c - - - (a + c)/2 - (a - c)/2 
Simultaneous 
equation 
solution 

-- b c d - (b + d)/2 Did not occur 

Did not occur Assumes E = 0 
(B = 0) by 

a -- -- d - (a + d)/2 - (a - d)/2 Assumes EbX = 0 

(Y = 0) 
- - b - - d - (b + d)/2 - (b - d)/2 
a -- -- - - - a No solution Occurred in lower por- 

tion of pile. 
Assumes 6 = cbx = 0 

by 
(B = v = 0) 

r9t 
Lateral load for Test No. 3 was applied in the x-z plane along the nega- 

tive x-direction. 



Table 10.6. Experimental bending strains  for lateral  load test. 

Strain a t  
Test lo. 2 

SW SE 'bx Remarks 

a b - (a - b)12 - k s s m e s e  by = O  

(fr = 0) 

8 -- -a Assumes eo = eby = 0 

No a x i a l  h a d  and the l a t e r a l  Load was 
applied i n  the y-z plane s l a g  the negative 
y-direction. 



I 
I net calculated axial strain at each pile cross section equalled zero, 

For the vertical phase of the combined load test, the malfunction 
I 

disappeared. Strains in this phase were adjusted by the axial strain 

at the beginning of the vertical load phase, when the axial load 

equalled zero. 

10.3.2, Experimental f-z Curves 

The first field test, involving only axial compressive loads on 

Test Pile PI, provided experimental data to establish the relationships 

for the vertical skin friction force, f, and the relative vertical 

displacement, z, between the pile and the soil at various points along 

the pile length. These soil behavioral characteristics, which can be 

expressed in the form of modified Ramberg-Osgood curves, mathematically 

describe the soil in contact with the pile along its length. 

In order to develop the relationships between the axial strain, 

vertical skin friction force and the relative vertical displacement, 

the incremental length, di, of pile shown in Fig. 10.8 were considered. 

Equilibrium of the vertical forces acting on the pile segment requires 

that 

where, p = the unit friction force, a = the effective perimeter of the 

pile, F = the axial compressive force at the bottom of the segment, 

and dF = the incremental change in the axial force across the length 

dz. Letting the skin friction force, f, equal ps, Eq. (10.3) becomes 
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I ' t F 

(bl ( c )  

Figure 10.8. Vertical load pile behavior: ( a )  forces a c t i n g  on 
incremental p i l e  segment (b)  unloaded pile (c)  loaded 
p i l e .  

NODE 

nth 



dl? f = -  
di 

but, 

where, E = the modulus of elasticity, A = the cross-sectional area of 

the pile, and dso = the incremental pile axial strain. Substituting 

Eq. (10.5) into Eq. (10.4), 

Figure 10.8 shows a vertically displaced pile due to an axial 

compressive load, P, at the top of the pile and the relative vertical 

displacement, z, between the pile and the soil, at the location (nth 

node) where the skin friction force was evaluated. This relative movement 

is expressed as 

where, zl = the measured vertical settlement at the ground surface, 

and AL = the axial shortening of the pile between the first node at 

the ground surface and the nth node. Equation (10.7) can be rewritten 

in terms of the pile axial strain. 



The first derivative of the axial strain for Eq. 116.6) was approxi- 

mated as the slope to a quadratic function that was obtained by a least 

squares curve fit through the axial strain data points. The number of 

nodes on each side of a particular location, n in Fig. 10.9, established 

whether a three-point or five-point curve fit for the quadratic function 

was selected. Since the first and last nodes along the pile did not 

have strain data available at adjacent nodes on both sides, the skin 

friction force was not evaluated at those nodes. 

The integral of the axial strain for Eq. (10.8) was approximated 

as the area under the strain-depth diagram that was established by 

connecting the strain data points with straight lines. At the nth 

node, the integral expression is approximated by the cross hatched 

area on the axial strain-depth diagram shown in Fig. 10.9. The relative 

vertical displacement at the nth node'was determined by Eq. (10.8). 

Figures 10.11 and 10.12 were developed by applying the procedure 

mentioned above to the axial strains shown in Fig. 10.10. The values 

for f and z at each strain gage station have been connected by straight 

lints to illustrate the variation of these experimentally determined 

parameters along the pile length graphically. For clarity, only three 

curves have been s h m ;  those corresponding to different magnitudes of 

the applied vertical load at the top of the pile. The axial strains 

sham in Fig. 10.10 were plotted t o ' a  depth of 34.5 it. The deepest 

strain gage station, shown in Fig. 10.6 to be 37.5 ft belpw grade (2.5 ft 

above the pile tip), did not provide reliable strain measurements. 

Sixteen vertical loads were aeeSyzed to determinc the nonlinear behavior 

between f and z. Fiprrs 10.13, 10.14, and 10.15 show the 16 experimentally 
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Figure 10.9. Development of f and z at nth node. 
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Figure 10.12. Relative vertical displacement, z, versus depth 
vertical load test. 
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derived (f-z) coordinate data point pairs for the nodes at depths of 

10.5, 19.5, and 31.5 ft, respectively. 

A modified Ramberg-Osgood expression for f-z (Eq. 3.2 in Section 

3.3.2) was established, by curve-fitting techniques involving the least 

squares method, to minimize the error between the data points and the 

. function. From the least squares curve fit of the data at each gage 

station, with the shape function, n, equal to unity, the values for 

the maximum friction force, fmax, and the initial vertical stiffness, 

kv ' are shown in Figs. 10.16 and 10.17, respectively. The straight 

line segments shown in these figures were established, by visual inspec- 

tion, to obtain linear variations for these soil parameters for all 

depths. The modified Ramberg-Osgood expressions for f-z for any soil 

depth were evaluated from Eq. (3.2), with n equal to unity and the two 

linearized soil parameters (f and kV) obtained from Figs. 10.16 and max 

10.17. 

10.3.3, Experimental q' -z '  Curves 

The soil resistance at the tip of a friction pile can be represented 

by a nonlinear relationship between the bearing stress, q, and the 

pile tip settlement, 2. This soil behavioral characteristic can be 

expressed in the form of a modified Ramberg-Osgood q-z curve. The 
7 

bearing stress at the bottom of the pile is given by 
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where, Ae = the effective bearing area (rectangular area whose dimensions 

are the pile cross section width and depth). Knowing the vertical 

displacement of the pile at the &round surface and the axial pile strain 

distribution, the tip settlement is expressed as 

- .* 
1 z = z - J todz (10.10) 

L 

Mathematically, Eqs. (10.9) and (10.10) will provide the soil 
6 

characteristics at the pile tip. However, the solution is sensitive 

to the accuracy of the computed axial strains. As shown in Fig. 10.10, 

the magnitudes of these strains decrease substantially with depth and 

are small at the last reliable gage station (at a depth of 34.5 ft). 

An extrapolation of the graphs to the pile tip does not provide realistic 

axial strains at the bottom of the pile. Therefore, rather than specu- 

late on the pile behavior for the last 5 .5  ft, a modified q-z rela- 

tionship was developed at a depth of 34.5 ft. The soil resistance 

provided by the lower 5 .5  ft of skin friction and bearing at the pile 

tip has been grouped together and denoted as the modified bearing stress, 

q'. The relative movement between the pile and the soil at a depth of 

i 34.5 ft has been identified as the modified pile tip settlement, 2 ' .  
7 

Applying these modified soil parameters, Eqs. (10.9) and (10.10) can be 

rewritten as 

34.5 
P - EA / fdz 

q' = 0 (10.11) 
Ae 



and 

Since reliable pile strains were obtained at a depth of 34.5 ft, 

Eq. (10.11) can be rewritten in te n s  of the axial strain, ts,34.5, at 

that depth. 

Evaluating Bqs. (10.12) and (10.13) f ~ r  each applied vertical load at 

the top of the pile, the 16 eqerim;atal drta ppints s h a m  in Fig. 10.18 
I 

were established. To provide a continuous expression describing this 

soil behavior, the ~odificd Ebmberg-P~good function (Eq. (3.6) in 

Section 3.3.21, w i t h  the shape parameter t Q, eq-1 unity* was 

selected for  the least spuames curve fit. The curve fitting established 

the initial wdlfied prrint atlffneas, ki, and the m u i n n  modified 

bearing stress, 
3 

%ax @ 

as 20.4 Llin. had 135 ksf, respectively. 

10,3.4. Expcrimetal p-y Curves 

The lateral load rest ,  imrolving strong-axis bandisp of Test Pile 

P2, provided exparimental rsrults that were applied to determine tbe 

lateral soil resistance, p, and the corresponding lateral displacement, 

y, at  variou~ depths along the pile length, as shown in Fig. 10.19. 
5 

These soil behavioral charac~cristicu, which can be expressed in tbe 

i o n  of modified Ruberg-m~od p-y n r m s  were obtained f r m  the pile 
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Figure lar.19. Farces acting on a segment of a l a t e r a l l y  &isplaced p i l e .  



1 strains, lateral displacement and rotation of the pile at specific 

i locations. 
I 

From beam theory, the slope, 8; bending moment, M; shear force, 

I V; and resistdncc, p ,  can be written as derivatives of the displacement, 

I 
y, as shown in Eqs. (10.14) through (10.17), respectively. 

Expressing the bending moment in terms of flexural strain, cbX, with 

respect to the x-axis, and solving for the lateral soil resistance and 

corresponding lateral displacement, Eqs. (10.18) and (10.19) were 

established. 

where, c = the distance from the neutral axis to the strain gage location. 



For each l a t e r a l  load, t he  benddng s t raens  were calculated' from 

t h e  measured t o t a l  s t r a i n s  using the  data reduction techniques discussed 

in  Sect ion 1013.1. The d i s t r i bu t i on  of these strong-axis bending s t r a i n s  

is shown i n  Fig. 10.20 f o r  th ree  magnitudes of l a t e r a l  Load, H. The 

f Iexura l  s t r a i n s  were computed t o  a depth of 17 f t .  ~ t r a i g k t i  l i n e  

segments were used t o  connect the computed s t r a in s  a t  t he  s t r a i n  g q e  

s t a t i o n s  o r  nodal points  along t he  p i l e  length t o  i l l u s t r a t e  t h e  var ia-  

t i o n  i n  these  s t r a i n s .  

The i n i t i a l  approach t o  eva lua te , the  s o i l  parameters, given by 

Eqs.  (10.18) and (10.19), was t o  e s t ab l i sh  one continuous function f o r  

t h e  bending s t r a i n  t h a t  could be d i f fe ren t ia ted  and integrated twice 

a t  any locat ion along the  e n t i r e  p i l e  length. Using the  computed bending 

s t r a i n s  a s  data points ,  a s ing le  f i f th-degree  poIynomia1 function was 

se lec ted  f o r  curve f i t t i n g ,  involving a l e a s t  squares approach. Other 

multi-degree polynomials were a l s o  attempted. A l l  of the  s ing le  con- 

tinuous functions t h a t  provided goad corre la t ion with t he  computed 

bending s t r a i n s  experienced curvature e r ro r s ,  pa r t i cu l a r l y  within the  

top several  f e e t  of the  p i l e  length,  resu l t ing  i n  negative l a t e r a l  

s o i l  res is tance f o r  pos i t i ve  y values. Obvious l a t e r a l  displacemenst 

e r ro r s  occurred along the  lower por t ion of the  p i l e  predic t ing t h a t  

the  p i l e  t i p  moved several  feet l a t e r a l l y .  

To e l iminate  these  problems associated with s ing le  function curve 

f i t s ,  an approach s imi la r  t o  the one described i n  Secfion 10.3.2 was 

se lected.  The Latera l  s o i l  r es i s tance  a t  a pa r t i cu l a r  depth was calcu- 

l a ted  a s  t he  second der iva t ive  t o  th& least-squares quadratic function 

that was curve f i t  through a l imi ted number of beading s t r a i n  data  





poin ts .  Figure 10.21 shows the re su l t s  of the  data reduction for the  

l a t e r a l  s o i l  res is tance a t  various depths f o r  three values of late 'ral  

load that was applied a t  the top of t he  p i l e .  

To obtain a continuous curve f o r  the  l a t e r a l  displacement expressed 

by Eq. (10.19), a piecewise double integrat ion procedure of the bending 

s t r a i n  function (Fig, 10.20) was involved. A l i nea r  equation f o r  the  

curvature of the  e l a s t i c  curve was assumed between two adjacent 'bending 

s t r a i n  data points .  Single integrat ion of a l i nea r  segment produced a 

quadratic equation f o r  the ro ta t ion  of the  p i l e  over t h a t  segment. 

Single in tegra t ion  of t h i s  quadratic function produced a cubic equation 

f o r  the  l a t e r a l  displacement of t he  d i l e  i n  t h i s  same region. 

The in tegra t ion  constants f o r  the  p i l e  segment a t  the ground surface 

were the ro ta t ion  and l a t e r a l  movemexit of the  p i l e  a t  grade. For the 

other  p i l e  segments, continuity i n  tfie e l a s t i c  curve was required between 

segments. An accurate measuremeat f o r  the  ro ta t ion  a t  the  top of the  

test p i l e  was not  obtained; therefore ,  another condition was selected 
$ 

t o  replace it. The displacement of Ithe e l a s t i c  curve was assumed t o  

be zero a t  the  depth where the l a t e r a l  pressure equaled zero (9 f t  

from Fig. 10.21). This assumption, as  presented i n  Ref. [ 4 1 ] ,  ensured 

t h a t  p and y had the same sign.  A t  t&e ground surface,  displacement 

transducers provided an accurate measurement of the  l a t e r a l  displace- 

ment of the t e s t  p i l e ;  therefore ,  t h i s  displacement provided the  other 

boundary condition. Figure 10.22 shows t h e  f i n a l  experimentally derived 

curves f o r  the  l a t e r a l  displacement of the  p i l e  f o r  three magnitudes 

of applied l a t e r a l  load a t  the  top b f  the test p i l e .  Note t h a t  t& 

curves pred ic t  a small amount of l a t e r a l  movement a t  a depth of 17 f t .  



- AT H = 25 .0  K I P S  
B---0 AT H = 16.6 K I P S  
+-4 AT ,H = 8.0 K I P S  

I 
f 

~ 
I 

I 
I 
I 

0 2 4 6 8 10 1 2  14 16 18 
DEPTH (FT)  
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Since this motion probably did not occur, this calculated movement is 

an indication of the amount of experimental and/or data reduction error. 

Twenty-one experimentally estabkished p-y data point pairs at 

depths of 3, 4, and 5 ft are shown in Figs. 10.23-10.25, respectively. 

Each data point was developed for a different magnitude of lateral 

load applied at the top of the pile. hitially, at each strain gage 

station (except for the first and last stations), a least squares curve 

fit for the modified Ramberg-Osgood expression given by Eq. (3.8). in 

Section 3.3.3 was attempted. Since the lateral displacements induced 

during the lateral load test only partially developed the full lateral 

soil resistance response, the least squares curve-fitting technique 

produced unreasonable values for the maximum lateral soil resistance, 

pup and for the displacement, yu, shown in Fig. 2.2. To develop a 

more realistic expression for the soil response, a visual curve-fitting 

approach for the mdified Ramberg-Osgood curve was perforatd. The 

maximum soil resistance, pu, the initial soil stiifness, kh, and the 

shape parameter, n, establish the pay soil response function. The effect 

of the shape parameter on the soil resistance and displacement behavior 

is given in Fig. 2.3. For n equal to two, reasonable correlation between 

the experimentally establshed p-y data points and tbe shape of the 

non-linear soil response curve resulted at the 30, 4-, and 5-ft ;oil 

depths. The soil parameters pU and % for each curve were established 
by successive trials to provide reasonable correlation w i t h  the available 

experimental data. The visual curve-fitting procedure establishe'd the 

values at the three selected depths 43, 4, and 5 it) for pU and kh 

shown in Figs. 10.26 and 10.27 for the lateral load test. For the 
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Figure 10.24. Modified Ramberg-Osgood p-y curve at 4.0 ft depth for 
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first three feet of depth, these two soil parameters were considered 

to be constant. A linear variation in pU and % was assumed to exist 
between the three specified depths. Between 5 ft and 10 ft depths, a 

linear extrapal&tit%tu b& the straight line beween the 4 ft and 5 ft 

depths was adopted to describe the soil initial stiffness and maximum 

resistance. Below a soil depth of 10 ft, pU and k were asumed to be 

constant and equal to 43.8 k/ft and 8.80 ksi, respectively. Development 

of discrete experimentally derived soil behavior below a soil depth of 

5 ft was not practical, since lateral soil displacements below that 

depth were small and dependent on an accurate location of the pile 

inflection point, as shown in Fig. 10.22. The correlation between the 

modified Ramberg-Osgood curves and the data points shown in Figs. 10.23- 

10.25 is probably as well as can be expected for results that involve 

double differentiation and double integration of functions established 

from curve-fitting techniques through experimentally obtained data. 

An identical procedure was used to establish the p-y curves for 

the third field test with combined lateral and vertical loading. The 

resulting Ramberg-Osgood parameters pU and % versus depth are illus- 
trated in Figs. 10.26 and 10.27, respectively. The parameters are 

d about the same as those for the lateral test within the first three 

feet below the surface. Beyond that depth, the strength and stiffness 

parameters for the combined load test are significantly below those of 

the lateral test, with maximum values for pU and % at a depth of 10 ft 
established as 7.0 k/in. and 2.47 ksi, respectively. This difference 

is attributed to the direction that the pile is moving through the 

soil. In the combined load test, the pile was bent about its weak 



axis. The edges of the  f l w e s  and only a portion of the web dewlaped 

t h e  passive soil 'presnure as the  p i l e  displaced l a t c u l l y ,  s ince  a gap 

between the p i l e  and the s o i l  develoded along both sides *of the web as 

the p i l e  was driven. The existance df tbe s t ee l  shoes attached t o  the  

t e s t  p i l e s  t o  protect the s t r a i n  gage conduits a lso reduced the amount 

of s o i l  contact along the web. In tke l a t e r a l  load tes.t, the test 

p i l e  was bent about i t s  strong axis,,causing the e n t i r e  face 'of  the ,. * 

flange t o  develop the passive s o i l  pressure as the p i l e  was moved 

l a t e ra l ly .  These observations suggestA'that the l a t e r a l  rstrength .a& 

s t i f f n e s s  w i l l  be less  f o r  weak axis bending. I F  

The s o i l  resistance and displacement behavior a t  dq2hs  of 3 ft, 

4-1/2 f t ,  and 6 f t  f o r  the combinid load test are &own in Figs. 10.28, 

10.29, and 10.30, respectively. These f igures  show the experimental 

p-y data points and the modified Ramberg-Osgood cwses  ..thatt were 

developed by the visual curve-fit t ing approach previously described, 

The f i r s t  12 data points were obtained from the l a t e r a l  load phase of 

the  combined load test .  As discussed i n  Section 3.2.7, after completion 

of the  l a t e r a l  load sequence, a test malfunction caused a complete 

loss  of l a t e r a l  load. Data points 13 through 56 represent the s o i l  

behavior during reapplication of the l a t e r a l  load.. The e f f e c t  on the 

s o i l  resistance and diaplacenaent catised by the appl icat iaa of ve r t i ca l  

load on the l a t e r a l l y  displaced p i l e  is i l l u s t r a t e d  by data points  

16-32. Data point 32 corxelates t o  the maximum app$$~fJ v e r t i c a l  load 

of 280 kips. Vertical unlading of the t e s t  g i l c  occurred between 

data points 32 and 36, and the l a t e r a l  load was removed between data 

points 36 and 49. 
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I 
11. APPENDIX B: MODEL PILE DEVELOPMENT AND TEST PROGRAM 

I 
I 11.1.1. Model Scale and Components 

Scaling of relevant model quantities for a static geotechnical 

system, in accordance with the Buckingham PI Theory [27,42,43], requires 
4 

1 the selection of two independent quantities from which scaling rela- 
I 
I tionships for all the other quantities can be derived. The two indepen- 

I dent quantities normally selected are length and stress, with the scaling 

factor for stress normally set equal to one so that more direct compari- 

i sons can be made between a model and a prototype. In a static geotech- 

nical system, time is not a relevant quantity. This condition would 

exist with rapidly dissipating or nonexistent soil pore pressures. 

1 

I 
When length and stress are the independent quantities, the scaling 

relationships of a static model that must be satisfied for complete 
I 

1 similitude between a model and prototype are given in Table 11.1. All 

I 
scaling factors, except the scaling factors for stress and strain that 

I are equal to unity, can be expressed as powers of the length scale 

i factor, K. 

The most significant departure from the scaling relationships in 
I I j the model involved the material densities. The density of all material 

I 
in the mode1,should have been increased by a factor of 1 / K ,  that is, 

if the length scaling factor is equal to 1/10, the densities of the 

I model components should be increased by a factor of ten. Density scaling 

is important since the in-situ vertical and lateral soil pressures are 

dependent upon the unit weight of the soil. Therefore, complete , 



similitude of a prototype soil-would require increasing the unit weight 

of the model soil. If complete similitude is required in a model, a 

centrifuge is often utilized to artificially increase the w i t  weight 

of a11 materials [27] .  

The objective of a model test program determines whether complete 

similitude is necessary. The objective of the model tests in this 

research program was to study the relative behavior of a piling structure 

in a variety of soil'mediums. The structural elements and sbil mediums 

selected for the model were not intended to simulate any particular 

structure or soil condition. For the scaling relationships listed in .<. : 

Table 11.1, length, stress, aad strain were selected as the primary 

quantities. The other quantities were considered to be secondary. 

Since model test results were compared with other model test results 

having the same scale, the effects of omitting deasity scaling will 

not be important. Also, model test results were compared with analytical 

studies that used actual geometric and material properties existing in 

the models. As long as the same parameters are used for all comparisons 

between experimental results and analytical models, exact similitude 

is not required. 

A scaling factor equal to 1/10 was selected as a basis for develop- 

ment of the model components. The two most sigdificant components of 

the scale model tests are the pile and the soil medium. A 1-in.*square 

by 60-in.-long tube was selected as the pile model. The prototype for 

the model was an WIO x 42 that has a nominal flaage width af 16 in. 

and a nominal depth of 10 in. The thickness of the tube was chosen 

with regard to strain sensitivity requirements for each test type 



E~ am.IoA 1 
I 

zn ear y 

t a ~ z o ~  I 
! 

t 

T 
x 

uTeJlS I 

T ssarls 



ra ther  than t o  corapletely model the 'prototype.  A tube wall th ickness  

of 0.125 i n .  and 0.075 i n .  (14 gage) were used i n  the  preliminary l a t e r a l  

load tests. These thicknesses allowed l a rge  l a t e r a l  displacements 

without inducing yie lding of t he  cross  sect ion.  On subsequent v e r t i c a l ,  

l a t e r a l ,  and combined load t e s t s ,  a tube wall. thickness of 0.032 in .  

(21 gage) was used t o  improve the  s e n s i t i v i t y  of t he  a x i a l  and bending 

s t r a i n s  and y e t  t o  avoid l oca l  buckling of the  cross  sec t ion  during 

v e r t i c a l  end bearing t e s t s .  The tube sect ions  with 0.125 i n .  and 0.075 i n .  

w a l l  thicknesses had a y i e ld  s t r e s s  df 36 k s i ,  while t he  0.032 i n .  

wall thickness tube sect ions  had a y i e l d  s t r e s s  of 75 ks i .  The modulus 

of e l a s t i c i t y  of s t e e l  was set equal t o  29,000 ks i .  To f a c i l i t a t e  the  

c o ~ e c t i o n  between the  t e s t  p i l e  and t h e  t e s t i n g  apparatus, a small 

1-in.-thick square p l a t e  was welded t o  t h e  top of t he  p i l e .  For those 

model p i l e s  used i n  the  end bearing t e s t s ,  a p l a t e  was welded t o  the  

p i l e  t i p  t o  d i s t r i b u t e  the  reac t ion  a t  t he  bottom of the  t e s t  b in .  

A f i n e ,  uniformly graded, masonry sand was se lected f o r  t h e  model 

s o i l .  A uniform s o i l  was se lec ted  t o  minimize p a r t i c l e  s i z e  segregation 

during sand placement. The gradat ion of t he  sand, shown i n  Fig.  11.1, 

ind ica tes  a maximum p a r t i c l e  diameter of 1/16 i n .  The angle of  i n t e r n a l  

f r i c t i o n ,  4, determined by d i r e c t  shear  t e s t s  on dry sample of dense 

sand, was found t o  be equal t o  3 4 O .  The i n s t a b i l i t y  of t h e  loose 

sand s o i l  s t r uc tu r e  prevented determination of t he  i n t e rna l  f r i c t i o n  

angle by conventional d i r e c t  shear  methods; the re fore ,  @ c w l d  not  be 

es tabl ished f o r  loose sand. I n - s i t u  s o i l  dens i t i e s  were determined 

fo r  each p i l e  t e s t  a s  described in Sect ion 11.1.2. 





The dimensions f o r  the  s o i l  t e s t  b in  were determined by preliminary 
%. 

model p i l e  t e s t s  t h a t  invest igated t he  influence o f . t h e  s o i l  b in  s ides  

and bottom on the behavior of t he  sand. This zone of s o i l  movement 

was documented radiographically by Saglamer [ 4 4 ] .  To e s t a b l i s h  the  

p lan  dimensions f o r  t h e  s o i l  b in ,  observations of surface  sand movements 

r during l a t e r a l  load p i l e  t e s t s  were used t o  est imate t h e  zone of influence 

of the  p i l e .  To determine the  depth f o r  t he  s o i l  b in ,  v e r t i c a l . l o a d  

p i l e  t e s t s  were conducted. With the  p i l e  t i p  located a t  a spec i f i ed  

dis tance above the  bottom of the  t e s t  bin,  the  p i l e  was pushed 6 in .  

v e r t i c a l l y  through t h e  sand medium. I f  the  p i l e  t ip .was  located 15 in .  

above the  bottom of t h e  t e s t  b in ,  no noticeable increase  i n  s o i l  s t i f f -  

ness was detected as  t h e  p i l e  was pushed downward. The s i z e  of the  

' s o i l  t e s t  b in  was se lec ted  t o  provide 24 p i l e  d i e t e r s  clearance between 

the p i l e  and the  b in  i n  t he  hor izontal  passive d i r ec t i on ,  9 p i l e  diameters 

clearance i n  the  hor izontal  a c t i ve  d i rec t ion ,  and 12 p i l e  diameters 

clearance i n  the  v e r t i c a l  d i r ec t i on  beneath t he  t i p  of t h e  f r i c t i o n  

A' p i l e s .  These dimensions were determined t o  be adequate t o  minimize 

t he  influence of t he  s o i l  boundary on the  behavior of t he  p i l e - so i l  

model. Applying these  clearances,  the  s o i l  b in  dimensions became 3- f t  

long, 1 .5-f t  wide, and 6 - f t  t a l l .  The loca t ion  of t h e . p i l e  i n  t he  

s o i l  b in  i s  shown i n  Fig .  11.2. 

The t e s t  set-up procedure consisted of posi t ioning t h e  p i l e  i n  . 

the  empty s o i l  b in  and placing t he  s o i l  medium arcrued t he  p i l e .  This 

procedure was adopted t o  avoid poss ible  inconsis tencies  produced by 

driving o r  pushing t h e  p i l e  i n t o  the s o i l  medium. The t e s t  program 

required t he  development of a s o i l  placement technique t h a t  would provide 



DIRECTION 0.F 
LATERAL LOAD 

LES : 

( b )  

Figure 11.2. Model t e s t  p i l e  locat ion i n  the s o i l  bin (a) plan view. 
(b) cross sect ion.  



a soil structure that could be duplicated without significant variation 

in soil density and soil friction angle within each soil layer for 

each test series. The soil structure was generated by utilizing a 

variation of the raining technique [27]: successively releasing a known 

quantity of sand, approximately 450 Ibs, through a screen from a holding 

tank positioned on the top of the bin. The floor of the holding tank 

was hinged to provide a controlled deposition of each soil lift from a 

fixed position. After the sand fell into the bin, any surface irregulari- 

ties were smoothed manually. Two opposite sides of the test bin con- 

tained windows that provided a view of the soil lift surface to assist 

the estimating of the soil density at six levels of the bin. The density 

for each 1 ft was based on an average soil height at the sides of the ,bin. 

The accuracy of any soil layer density waa dependent upon the accuracy 

- of the smoothing operation and the sail height markings on the window 
in the bin wall. Since the layer heights were typically between 10 in. 

and 12 in., a measuring error of 0.5 in. could result in a layer density 

error of &5%. A loose sand density weighing between 90 pcf and 95 pcf 

was experimentally obtained with this approach. 
:, 

A dense sand structure was formed when a concrete vibrator was 

1 placed against the outside face of the bin walls to vibrate the soil 

1 

i bin until the height of the lifts no longer decreased. By vibrating the 

bin, the sand consolidated fairly evenly with the surface of the sand 

dropping uniformly across the bin. A dense sand dggg$,fy weighing between 

100 pcf and 105 pcf was obtained with this vibration technique. 



11.1.2. Framework 

I The v e r t i c a l  load t e s t  framework, shown on the l e f t  half  of Fig. 11.3, 

consisted of a self-contained s t ruc ture  constructed with s t ruc tu ra l  
i 

I angles and s t r r i t l u r a l  tubing. The framework was designed t o  apply 

I v e r t i c a l  load a t  the  top of each model t e s t  p i l e  and t o  support the  

i s o i l  b in  during s o i l  dumping operations. Two double angle v e r t i c a l  

I 
I 

l egs  supported the  v e r t i c a l  load spreader beam and served as a tension 

t i e  t o  t r ans fe r  the  v e r t i c a l  load reaction t o  the  support frame beneath 

I . . .  

I) ' the soil  bin. Diagonal bracing s tab i l ized  these '  v e r t i c a l  uprights and 

limited l a t e r a l  deformation of the  s o i l  b in  occurred during the l a t e r a l  
1 

I load t e s t s .  Neoprene rubber pads were placed beneath the  support frame- 

I work t o  provide a f l ex ib l e  foundation f o r  the  s o i l  b in  when the b in  was 

vibrated f o r  consolidation and t o  provide a la rger  coeff ic ient  of s l i d ing  

f r i c t i o n  between the  framework and the smooth concrete f l oo r  f o r  the  

l a t e r a l  load t e s t .  L i f t ing  brackets mounted on the  support framework 

were used t o  l i f t  the  frame and bin fo r  dumping the  s o i l  in to  a t r ans fe r  

bin a f t e r  a p i l e  t e s t  was completed. A chute on the  bottom bin was 

used t o  drain  the  sand from the t e s t  b in  t o  the  t r ans fe r  bin. 

The v e r t i c a l  load was applied t o  each model t e s t  p i l e  by a screw 

mechanism, which was driven with a var iable  speed e l e c t r i c  motor, ac t ing  

through a torque mul t ip l ie r .  A schematic of the v e r t i c a l  load mechanism 

i s  shown i n  Fig. 11.3. The sha f t  t ransfer r ing  the  load t o  the p i l e  

head was braced l a t e r a l l y  t o  prevent any misalignment a t  the  p i l e  head. 

Bracing was a l so  attached t o  the  top of t he  t e s t  p i l e  by the l a t e r a l  

load beam t h a t  was anchored t o  a l a t e r a l  load frame. A r o l l e r  assembly 

attached t o  the  v e r t i c a l  frame uprights guided the  t e s t  p i l e  t o  prevent 



Figure 1 1 . 3 .  Vertical and lateral frameworks for model p i le  tests. 



l a t e r a l  movement of the  p i l e  transverse t o  the l a t e r a l  load beam. The 

bracing system prevented l a t e r a l  movement of the p i l e  head and permitted 

r e l a t i ve ly  f r ee  v e r t i c a l  motion. 

The l a t e r a l  rgaction frame, shown on the r igh t  half of Fig. 11.3, 

! 
consisted of s t ruc tu ra l  angles and s t ruc tu ra l  tubing. The framework 

i was mounted t o  a building column i n  a wall of the S t ruc tura l  Research 

i 
1 

Laboratory. The framework r e s i s t ed  the l a t e r a l  load applied t o  the 

top of each model t e s t  p i l e  and supported the l a t e r a l  displacement 

1 drive mechanism. The framework was designed t o  be independent from 

I 
the  v e r t i c a l  framework and s o i l  bin. A l a t e r a l  load beam connected 

j the dr ive mechanism t o  the p i l e  head, 

The l a t e r a l  load beams were designed t o  provide ro t a t i ona l  boundary 

conditions at' the top of each t e s t  p i l e  and t o  simulate a bridge super- 

s t ruc ture .  By applying l a t e r a l  displacements and measuring the forces 

a t  the  r i gh t  end of the  l a t e r a l  load beam, the j o i n t  conditions a t  the  

p i l e  head can be defined. The ana ly t i ca l  model, IABZD,, was u t i l i z e d  

t o  determine the moment of i n e r t i a  of the  l a t e r a l  load beam t h a t  was 

required t o  simulate p i l e  head ro ta t ions  approaching a pimed-head o r  a 

fixed-head p i l e  condition. A l/2-in.-square bar was se lec ted  t o  approxi- 

mate a pinned-head p i l e  condition,  and a standard 2-in.-diameter s t ruc-  

t u r a l  pipe was selected t o  approximate a fixed-head p i l e  condition. Since 

the beams were loaded i n  tension during the  l a t e r a l  load p i l e  t e s t s ,  

there  was no need f o r  l a t e r a l  support t o  prevent buckling. The l a t e r a l  

load beams were bolted t o  t he  p i l e  head using four 3/8-in.-diameter 

bo l t s  t h a t  clamped the  p l a t e  t h a t  was welded t o  the  top of p i l e  t o  a 

p l a t e  welded t o  t he  l a t e r a l  load beams. 



S t a t i c  s l iding f t i c t i o n  for te ,  between the v e r t i e s l  ba&work 

supportins the s o i l  bin,  the &eopreniz rubber pads, i d  the bbieth ccri- 

Crete f loor  resis ted the l a t e r a l  load applied t o  t M  p i l e .  Since the 

maximum l a t e r a l  loads were approximately 250 Ib& add t he  s a i l  b in ,  and 

framework weighed approximately 3500 l b s ,  s l id ing  61 ove t tuh ing  of. ' 

the  sof 1 bin was prevented. 
I The l a t e r a l  load drive mecWliism used t o  c teate  tbe l a t e r a l  dis- 

placements a t  the test p i l e  bead was the same mecbaaisi used t o  generate 

v e r t i c a l  laads. The tbrQtic mtlltkp1ier and e l e c t t i c  drive! motor, 

supported by the l a t e r a l  load frikmewark, turadd I-in.-diameter threaded 

rod tha t  was c o ~ e d t e d  through yoke device to  €be PaiOrdl load beam. 

I 
11.1.3. P i~~ ,~ I i s t rWWdt&Eid ,d  

The model test p i l e s  were instrumented with ~ f e ~ t r i c a l  resis tdace 

s t r a i n  gages along their  length, as  shown i n  Fig. f 1.4, t o  record t o t a l  

s t r a i n s  indaced by the applied teat loads. Pour diifer&nf Wge spacing 

pa t te fns  were used t o  crbtain the dis t r ibut ion  . . of the s t r a ins .  

Gage Pattern 1 was us& for  the  preliminary mde l  teat8 .  The f i n a l  

v e r t i c a l  load, l a t e r a l  lord, tbd combined load tdstl were petfofibkd , 

with Gage Pattern 2. The e~d-rEe"4iring p i l e  t e s t s  Wre cohducted with 

Grge Pat terns  3 and L f6-r the  v e t t i c a l  load tests and t%*tiined load 

' t e s t s ,  respectivezy. The sye&~%gs  bf t he  gages for the  l a t e r a l l y  loaded 

p i l e s  were based 6x1 pile s t t s i n  var ia t ians  noted i n  the l i t e r a t u r e  

[44-481 and on the  r c ~ u T t s  obfaided from analyses perfaded with IABZD. 

Stra in  gag& were p l ~ % d  od two opposit&, outs ide ni t faces  of the 

model pilcn with the i f  e l c c t r f c a l  lead wires pbditioocd inside th@ I 

tube. 



igure 11.4.  S tra in  gage loca t ions  f o r  the  model t e s t  p i l e s :  (a)  gage 
pattern 1 (b) gage pat tern  2 (c)  gage pattern 3 (d)  gage 
pattern 4. 



23e . 

Small diameter holes were d r i l l ed  through the tube wall a t  each s t r a i n  

gage Location t o  connect the gages to.'* lead wires. &inre two gages 

were positioned on apposite sides of o crass section, ben+ingmoment 

and axial  s t r a i n s  could be resolved from the strain in for r r~ t ian .  

To protect the ga-, m epoxy coating t h a t  cured to a h a d  -0th 

surface was used ever each gage. The eoati-ngs covered an m a  approxi- 

nrtely 11'4 in. by 1/2 in. a d  wen  typ'ically 0.023-in.. thick. The 

t o t a l  coating area f o r  a l l  of the gages was apptoxinrstely 2% of the  

t o t d  p i l e  surface asen exposed to the a d  medium. The minimal e f f e c t s  

of the protect ive gage coatings on the mshgvior of t h e  pile were compw- 

sated for by using the same p i l e  i n  s f 1  comparative tests. 

A cal ibrat ion test of each inst-tea p i l e  was coadmted. Bending 

moments and axia l  loads wese caPculated frm t he  p i l e  s t r a ins  using 

the elesentary beam thccry. These values were compare& t o  the applied 

moaersts and ax ia l  loads. The cal ibrat ion results revealed t ha t  the 

sight  i r r egu la r i t i e s  i n  the p i l e  cross  K c t i o n  and local  stress concen- 

t ra t ions  a t  the Itad wire holes did nut produce s ignif icant  e r rors  i n  

the calculated beaSn8 moments or  axfeI lads at most of the s t r a i n  

gage locations. Rowever, three gages on the c d i d  lo& test model 

pile were adjusted by a cal ibrat ion f.ctor t o  match canwational beam 

theory. 



11.2. Model Test Procedures 

I 
11.2.1. General Description 

i The scale model test program involved 40 pile tests. Eleven of 

these tests were analyzed and are reported herein, while the remaining 

I tests established test apparatus design, testing procedures, soil and 

i pile response, and geometric conditions. The objective of the tgst 
i 

program was to determine experimentally the behavior of model test 

I i piles, subjected to vertical and/or lateral loads, in both loose and 

dense sands. The basic test parameters for the 11 reported model 
I 

tests are given in Table 11.2. The test matrix contains four major 

I parameter categories: (1) pile types (friction and end-bearing piles), 

(2) pile head types (fixed, pinned, abutment, and predrilled hole), 

(3) load types (vertical, lateral, combined, and lateral cyclic loads), 

and (4) soil types (loose and dense sand). Each row in Table 11.2 

describes the parameters for each particular model test, for example, 

Test A-1 involved a pinned-head friction pile, embedded in loose 

sand, that was subjected to a vertically applied load. Seven test 

groups (A through G) were conducted and analyzed during the program. 

Test Type Nos. 1, 2, and 3 involved vertical load only, lateral load 

only, and combined loading, respectively. The combined load test con- 

tained two load phases. The first phase involved displacing the pile 

head laterally by applying a lateral load. The second phase, commencing 

after the pile head was displaced a specified amount, involved applying 

vertical load to the test pile while maintaining the lateral displacement 

at the pile head. The test matrix begins with pile models involving 





simple head constraints and loading sequences and progresses toward 

more complex boundary conditiods, duch as the introduction of a pre- 

drilled hole or an abutment at the top of the pile. The pile head 

configuratidllli &(li &st Groups A through E and G are shown in Fig. 11.5; 

and the configuration for Test F, involving the abutment, is shown in 

Fig. 11.6. 

By minimizing, as much as possible, variations in soil properties 

I 
due to soil placement procedures, the pile behavior induced by various 

1 load types could be investigated experimentally. The soil placement 

i technique described in Section 11.1.1 was used to place the sand up to 

the elevation of the top strain gage. For the pile tests involving a 

I predrilled hole (Test Sequence D) , a 5-in. -diameter cylindrical tube 
/ 

was placed around the pile at the top to prevent soil contact along 

the upper eight inches of the length pile. For the pile tests involving 

an abutment (Test Sequence F), after the sand was placed up to the 

first strain gage station, the abutment and abutment wall assembly 

were mounted on the pile head and the back fill material, which was 

behind the abutment and wingwalls, was added by hand. A more thorough 

description of the test sequences is found in Sections 11.2.2 through 

11.2.2. Vertical Compression Tests 

As shown in Fig. 11.7, vertical displacement of the pile head 

during the vertical load tests was measured with direct current displace- 

ment transducers (DCDTs) having a resolution of 0.001 in. Lateral 

movements of the pile head were minimized by bracing the top of the 

pile with the lateral load beam in one direction and with a bearing 
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Figure 11.5. Pile head configurations for Test Groups A,  3,  C ,  D, E, 
and C: (a)  t e s t  group A (b) t e s t  groups B ,  C ,  E ,  and 
G ( c )  t e s t  group D.  

J 



NOTE: SUPPORTS FOR THE DCDTs 
AND THE GLASS S L I D E  
PLATES HAVE NOT BEEN 
SHOWN FOR CLARITY.  

AX IAL ,  SHEAR, AND 
MOMENT TRANSDUCER 

Figure 11.6. DCDT arrangement for vertical load tests: (a) plan view 
(b) side elevation (c) back elevation. 
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Figure 11.7. Pile head con(iguration for Test G r o w  F: ( a )  plan view 
(b) front elevation (c)  side elevation. 



plate and roller assembly in the perpendicular direction, as shown in 

Fig, 11.3. 

The vertical load was applied to the friction pile using a loading 
I 
I apparatus that pravidkd a constant rate of vertical displacement. By 

1 using a mechanical displacement control loading mechanism rather than 
I 

a load control device, test procedures would be more repeatable. The 

vertical displacement rate was established at 0.5 in./hr for all of 

the vertical load tests. The magnitude of the applied load was measured 
I 
1 by a load transducer bolted to the plate at the top of the pile. The 

transducer was developed specifically for the model tests and had a 

sensitivity of 22 lbs. 

Data was recorded during the tests with a Hewlett-Packard Automatic 
/ 

Data ~c~uisition/dontrol System (DAS). The capabilities of this data 

acquisition system allowed the friction pile tests to be run continuously 

without stopping to record data. At a displacement rate of 0.5 in./hr, 

the DAS read all channels for a given displacement before the pile 

head had moved 0.006 in. The vertical load for the friction piles was 

applied until the load versus displacement plot for the test indicated 
\ 

that the ultimate capacity of the test pile was reached. 

11.2.3. Lateral Load Tests 

All of the lateral load tests were conducted using the same test 

procedures and test setup, except for the pile head conditions. The 

lateral displacement and rotation of the pile head were measured with 

displacement transducers. A bracket was mounted near the top of the 

pile to allow the transducers to monitor pile movement, with respect 

to the soil bin, at the soil surface. The arrangement of the transducers 



NOTE: SUPPORTS FOR THE DCDTS AND 
THE ABUTMENT WINGWALLS HAYE 
NOT BEEN SHOWN FQR CLARITY. 

( a )  

Figure 11.8. DCQT arrangement for pile t e a t  involving an abutment: 
(a) front elevation (b) aide elevation. 

LJ 



f o r  t h e  l a t e r a l  load tests i s  shown i n  Fig.  11.9. The l a t e r a l  load 
\ 
1 required t o  induce t h e  hor izonta l  displacement of t h e  p i l e  head was 

measured by a load t ransducer  located on t h e  end of t h e  l a t e r a l  load 

beam next t o  the i a t & r a l  load frame, a s  shown i n  Fig .  11.3. The load 

i t ransducer measured t h e  a x i a l  load,  shear ,  and moment a t  t h e  end of t h e  

l a t e r a l  load beam next  t o  t h e  l a t e r a l  load frame. 

The l a t e r a l  load t e s t s  were conducted under displacement con t ro l ,  

r a t h e r  than under load con t ro l ;  the re fo re ,  t h e  p i l e  head was displaced 

a t  a  constant  r a t e .  The hor izon ta l  movement of t h e  p i l e  a t  t h e  s o i l  
h 

surface  was measured wi th  a displacement t ransducer .  The displacement 

r a t e ,  e s t ab l i shed  from prel iminary tests, was approximately 1.0 i n . / h r  

f o r  a l l  of t h e  l a t e r a l  load t e s t s .  Prel iminary tests conducted a t  

o the r  displacement r a t e s  of 0.5 i n . / h r  and 2 .0  i n . / h r  and tests conducted 

with i n t e r m i t t a n t  s t o p s  during these  , l a t e r a l  load tests produced ins ig -  

n i f i c a n t  v a r i a t i o n s  i n  p i l e  behavior and capac i ty ,  suggest ing t h a t  t h e  

displacement r a t e  had a n e g l i g i b l e  e f f e c t  on behavior.  However, f o r  

consistency among t h e  l a t e r a l  load tests, a cons tan t  displacement r a t e  

was applied throughout t h e  e n t i r e  t e s t .  

The data  c o l l e c t i o n  c o n t r o l  program f o r  t h e  d a t a  a c q u i s i t i o n  system 

was wr i t t en  t o  automat ica l ly  c o l l e c t  and process  t h e  experimental da ta  

a t  predetermined displacement i n t e r v a l s .  Except f o r  t h e  combined load 

t e s t s ,  t h e  model p i l e s  were d isplaced l a t e r a l l y  u n t i l  t h e  maximum bending 

s t r a i n s  f o r  t h e  extreme f i b e r s  of t h e  p i l e  approached t h e  y i e l d  s t r a i n .  

These l a t e r a l  displacements permit ted t h e  measurement of  p i l e  s t r a i n s  t o  

a maximum s o i l  depth. 



OTE: SUPPORTS FOR THE DCDTS 
HAVE NOT BEEN SHOWN FOR 
CLARITY 

I 

a Figure 11.9. DCDT arrangement for lateral load t e s t s :  (a) plan  view 
(b) side elevation (c) rear elevation. 



For the  l a t e r a l  t e s t  involving a p r e d r i l l e d  hole (Test  Sequence 

'I D - Z ) ,  t h e  p i l e  head displacement m d  r o t a t i o n  were measured a t  t h e  

I l oca t ion  of the  f i r s t  p a i r  of s t r a i n  gages, r a the r  than a t  t h e  s o i l  

I 
sur face  a t  t h e  bottom of t h e  p r e d r i l l e d  hole.  The t e s t  procedure f o r  

i Test  Sequence D-2 was t h e  same a8 f o r  t h e  l a t e r a l  load tests i n  T e s t  

Groups B and C.  

1 11.2.4. Combined Load Tests  

\ The combined load t e s t s  involved a l a t e r a l  displacement phase and 
I 

a v e r t i c a l  load phase. For consistency i n  t h e  experimental program, 

I t h e  t e s t  prepara t ion and loading procedures discussed i n  Sect ion 11.2.3 

f o r  t h e  l a t e r a l  load t e s t s  were used f o r  t h e  f i r s t  phase of t h e  combined 
I 

load t e s t s .  Before the  v e r t i c a l  load was applied,  t h e  l a t e r a l  d isplace-  

ment of the  t e s t  p i l e  head obtained a t  t h e  completion of t h e  l a t e r a l  

load phase was maintained by t i g h t e n i n g  a ldcking nut  on t h e  threaded 

rod a t  t h e  l a t e r a l  react ion frame (Fig. 11.3). The p i l e  head was braced 

i n  t h e  hor izon ta l  plane t o  provide proper alignment wi th  t h e  v e r t i c a l  

I load mechanism. A pin  connection a t  t h e .  l a t e r a l  load frame allowed 

t h e  l a t e r a l  load beam t o  r o t a t e ,  a s  t h e  tes t  p i l e  d isplaced v e r t i c a l l y  

I 
during t h e  v e r t i c a l  load p o r t i o n  of  these  t e s t s .  A per iod of t i m e  

e lapsed between t h e  two load phases ,  while t h e  load mechanism was t r a n s -  

f e r r e d  from t h e  l a t e r a l  tes t  frame t o  t h e  v e r t i c a l  t e s t  frame. Previous 

prel iminary t e s t s  conducted wi th  a s e r i e s  of incremental displacements 

separa ted  by time i n t e r v a l s  i n d i c a t e d  t h a t  t h e  l a t e r a l  load decreased 

by only a few pounds during t h e  t i m e  i n t e r v a l s  i n  which t h e  l a t e r a l  

displacement was held constant .  The v e r t i c a l  load was app l i ed  fol lowing 

t h e  t e s t  procedures discussed i n  S e c t i o n  11.2.2. The v e r t i c a l  load 



phase of t h e  combined load t e s t  was conducted u n t i l  t he  ul t imate  p i l e  

capaci ty  was obtained. 

The l a t e r a l  and v e r t i c a l  displacements and ro ta t ion  of the  p i l e  

head were monitored with displacemerat transducers. A combination of 

transducer arrangements t h a t  were used f o r  the  ve r t i c a l  load tests 

(Fig. 1 1 . 7 )  and l a t e r a l  load t e s t s  (Fig. 11.9) was used i n  t he  combined 

load t e s t s .  

The preparation and t e s t i n g  f o r  t he  f i r s t  phase of t he  cyc l i c  

l a t e r a l  load t e s t  (Test Sequence E-3) was conducted using the  same 

procedures specif ied f o r  Test Sequence 8-2 with the exception t h a t  the  

l a t e r a l  load was applied cyc l ica l ly  a t  a r a t e  of 1.0 in . /h r  forqboth 

t he  loading and unloading port ions of  repeated load. The cyc l ic  loading 

was terminated when a d e f i n i t e  reduction i n  the  l a t e r a l  load res is tance 

of t he  t e s t  p i l e ,  corresponding t o  t he  maximum l a t e r a l  displacement, 

was observed. For t h i s  t e s t ,  p i l e  displacements, ro ta t ions ,  and s t r a i n s  

were monitored a t  l a rger  displacement i n t e rva l s  than fo r  t he  o ther  

l a t e r a l  tests, s ince  the  purpose f o r  t h i s  t e s t  was t o  de tec t  va r i a t i ons  

i n  p i l e  capacity ra ther  than t o  e s t a b l i s h  s o i l  behavior cha rac t e r i s t i c s .  

The l a t e r a l  load beam, shown i n  Fig.  11.3, war braced against  p i l e  

head movements perpendicular t o  t he  d i r ec t i on  of the  applied load t o  

provide s t a b i l i t y  when t he  load beam was subjected t o  an a x i a l  compres- 

s i ve  force .  

Test  Sequence F-3 involved combined loading of a fixed-headed 

t e s t  p i l e  t h a t  had an abutment posit ioned on top of t h e  p i l e .  The 

abutment model was designed t o  represent  a port ion of a t yp i ca l  rein- 

forced concrete bridge abutment containing one p i l e .  Wingwalls were 
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I 
placed on both s i d e s  of t h e  abutment s e c t i o n  t o  r e t a i n  t h e  b a c k f i l l  

i behind t h e  abutment. A foam-rubber pad was placed a t  t h e  bottom of 

t h e  p i l e  cap p l a t e  and abutment t o  prevent  sand from flowing under t h e  
I 

I abutment dnd t a  minimize t h e  amount of  v e r t i c a l  load t r a n s f e r r e d  i n  

! bearing between t h e  abutment and t h e  s o i l .  Displacement ins t rumenta t ion 

f o r  t h i s  test consis ted  of DCDTs arranged t o  measure v e r t i c a l  se t t l ement ,  

I l a t e r a l  displacement, and r o t a t i o n  of t h e  abutment and t h e  p i l e  head, 

a s  shown i n  Fig.  11.8. The movements of t h e  p i l e  head were measured 

1 a t  t h e  s o i l  surface .  Load c e l l s  were posi t ioned t o  measure t h e  v e r t i c a l  

and l a t e r a l  load above t h e  abutment. This test  was conducted on t h e  

same test  p i l e  and s o i l  medium t h a t  was used f o r  Tes t  Sequence F-1 

(not reported h e r e i n ) ,  involving only a x i a l  loading. Af te r  t h e  a x i a l  
J 

load test  f o r  t h e  p i l e  was completed, t h e  ins t rumenta t ion was r e i n i -  

t i a l i z e d  and t h e  combined load test  procedure was i n i t i a t e d .  The t e s t  

procedures f o r  t h i s  test  were s i m i l a r  t o  those  used i n  t h e  o t h e r  combined 

load tests, except  t h a t  f o r  t h i s  test ,  a compressive f o r c e  app l i ed  t o  

t h e  l a t e r a l  load beam r a t h e r  than a t e n s i o n  force .  The abutment was 

displaced u n t i l  t h e  t o t a l  l a t e r a l  displacement a t  t h e  p i l e  head was 

approximately ' 0 ~ 5 ,  i n . .  This l a t e r a l  displacement was maintained a s  a 

v e r t i c a l  load was appl ied  t o  t h e  top  of  t h e  abutment, d i r e c t l y  above 

t h e  test  p i l e .  

A v e r t i c a l  load test on a h o r i z o n t a l l y  d isplaced end-bearing model 

t e s t  p i l e  i n  loose  sand was performed a s  Tes t  Sequence 6-3. T e s t  

Sequence G-3 d i f f e r e d  from t h e  f r i c t i o n  p i l e  tests i n  t h e  fol lowing 

areas :  (1) p i l e  t i p  condi t ion ,  (2) loading mechanism, and (3) test  pro- 

cedure. The end-bearing p i l e  was pos i t ioned  t o  bea r  d i r e c t l y  a g a i n s t  a  



s t e e l  block and b a l l  bearing spacer assembly tha t  was inser ted between 

t h e  bottom of the p i l e  and the  f l oo r  of the  t e s t  bin-, as  shown i n  

Fig.  11.5. This p i l e  t i p  condition was used t o  model an end-bearing 

p i l e  condition. The l a t e r a l  load phase of t h i s  combined load test was 

conducted with the t e s t i ng  procedures described fo r  Test  Sequences h-3 

through E-3. The ve r t i ca l  load phase involved an appl icat ion of v e r t i c a l  

load by load control ra ther  than by displacement control ,  r ince the  

end-bearing tests involved very small ve r t i ca l  di .placetuats and re la -  

t i v e l y  high loads. The load control  t e s t  was conducted by applyihg 

increments of ve r t i ca l  load. For each load point, the  load was held 

while a l l  readings of displaccllent, load, and s t r a i n  were recorded. ' 

The load was incremented u n t i l  a ~ i g n i f i c a n t  change i n  the  v e r t i c a l  

displacement or  rota t ion of the  p i l e  head was detected. Undamaged 

p i l e s  were used again, while damaged p i l e s  were e i t h e r  discarded o r  

salvaged by cutt ing off  the  dsaugcd areas  and rewelding the bearing 

block t o  the  p i l e  t i p .  Vert ical  load increments of 400 lb were applied 

u n t i l  the  t e s t  p i l e  buckled. 

11.3. Model Test Data ~ e h u c t i o p  and Development of 
So i l  Character is t ics  

11.3.1. Experimental P i l e  Stra ins  

The w d e l  p i l e  t e s t  experimental s t r a i n  data,  obtrincd from the  

e l e c t r i c a l  res is tance s t r a i n  gages, was analyzed wing the data reduc- 
r 

t i on  techniques developed lor the field t e s t ,  as  derctibed i n  Section 

10.3.1. An i n i t i a l  data cenpqcing ~ t d y  was performed to  ve r i fy  the 

accuracy of the p i l e  s t r a i n s  f o r  a11 of the  t e s t s .  The study immlved 



1 :  
plo t t ing  the  measured t o t a l  p i l e  s t r a i n s  versus p i l e  depth f o r  each 

a lagnitude of applied load a t  thd p i l e  head. Er ra t ic  o r  inconsis tent  

s t r a i n  measurements became evident and the  associated gage was eliminated 

from the a~ialysfbc The second s t r a i n  gage s t a t i on  from the  top of the  

p i l e  was determined t o  be unreliable;  therefore,  the s t r a i n  data a t  
i 

t h i s  locat ion was not included i n  the  test evaluations. 

I The s t r a i n  gages measured the t o t a l  p i l e  s t r a i n ,  s, a t  the  gage 

location.  This s t r a i n  included the ax i a l  s t r a i n ,  ao, induced by the  

1 applied ax i a l  load, and the bending s t r a i n ,  ab, caused by the applied 

i 
bending moment. The s t r a i n  gages were mounted on opposite p i l e  faces 

and i n  the plane of uniaxial  bending f o r  t he  p i l e ;  therefore ,  the  t o t a l  

s t r a i n  a t  any point  can be wr i t ten  a s  

Since only two s t r a i n  gages were placed a t  each spec i f ic  locat ion,  the  

loss  of any gage resulted i n  the  l o s s  of t h e  e n t i r e  s t r a i n  gage s t a t i on .  
I 

\ 11.3.2. Experimental f-z Curves 

i Stra in  data from two v e r t i c a l  model p i l e  t e s t s  and f i v e  combined 

\ t e s t s  provided experimental data t o  e s t ab l i sh  the  re la t ionship f o r  t he  

I 
i 

v e r t i c a l  skin f r i c t i o n  force,  f ,  and the  r e l a t i v e  v e r t i c a l  displacement, 

z, between the  p i l e  and the s o i l  a t  various points  along the p i l e  lengths 

f o r  each of the  seven t e s t s  shown i n  Table 11.2. Data f o r  the  two 

I 
t e s t s  involving only a x i a l  compressive loads (Test Sequences A-1 and 

D-1) were reduced u t i l i z i n g  the  same procedures developed f o r  the  f i e l d  

t e s t  and described i n  Section 10.3.2. 
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The experimental data f o r  the  f i ve  combined load t e s t s  (Test 

Sequences A-3, B-3, C-3, D-3, and E-3) required addi'tional censoring 

of the  top s i x  s t r a i n  gage locations,  The l a t e r a l  displacement of the  

p i l e  head i n  the  f i r s t  phase of the  combined loading induced high bending 

s t r a i n s  i n  the top portion of the t e s t  p i i e .  The algebric sum of the 

s t r a i n s  for  the  two gages implied thd t  a s ign i f ican t  ax i a l  force exis ted 

i n  t he  p i l e  when v e r t i c a l  loads had not ,  i n  f a c t ,  been applied. * This 

occurred because the t o t a l  p i l e  s t r a i n s  were large and primarily bending. 

Hence, a small e r ro r  i n  the  measured s t r a i n  produced a small e r ro r  i n  

the  computed bending s t r a i n  but, unfortunately, a large e r ro r  i n  the  

computed ax i a l  s t r a in .  The measured s t r a i n  data could not be corrected 

f o r  the  upper portion of the  model p i l e .  Below a depth of about 35 i n . ,  

where the bending s t r a i n s  were low, the  ax i a l  s t r a i n s  could be accurately 

determined from the  t o t a l  measured s t r a in s .  Therefore, the s t r a i n  

gages i n  the  upper portion of the  p i l e  were not used t o  evaluate ' the  

f-z s o i l  behavior. 

Figure 11.10 shows the ax i a l  force i n  t h e  test p i l e  a t  the  s o i l  

surface and a t  several  depths a t  and below 35 in .  fo r  the ve r t i ca l  

load phase of the  f i v e  combined load t e s t s .  The ax ia l  force a t  the 

s o i l  surface was calculated as the  difference between two load c e l l  

measurements. The f i r s t  load cell which was used t o  monitor the  ve r t i -  

ca l ly  applied loads was located above the  l a t e r a l  load beam, as  shown 

i n  Fig. 11.3. The react ion a t  the  end of t he  l a t e r a l  Irt.~li$ beam was 

measured by the  second load c e l l .  The a x i a l  p i l e  forces i n  the lower 

portion of the  p i l e  length were computed from the measured s t r a i n s ,  

As i l l u s t r a t e d  i n  Fig. 21.10, the  difference between the calculated 
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Figure 11.10. Experimental ax ia l  force i n  p i l e  far combined 
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.axial p i l e  force a t  the  s o i l  surface and a t  a depth of 35 i n .  w a s  l.ess 

than 15 lb f a r  four of the  fiw combined load tests, ind ica t i sg  tht 

only a small. amount of Load was t r a n s g e e d  t o  the so i l , f or  $he upper 

35 i n .  of the  t e s t  p i l e .  Therefore, the  ve r t i ca l  f r i c t i o n a l  .resistance 

fox the  upper portion of the  test p i l e  was small, s ince  the .model p i l e  

was i n i t i a l l y  displaced l a t e r a l l y  during the f i r s t  phase of & combined 

load t e s t .  

A five point curve f i t t i n g  technique, i n v o l v h g  She l e a s t  squares 

method, ms used , t c r  determine the var ia t ion  of ErictimcrX force along 

the p i l e .  Quadratic funct ions  provided the  best  curve bit fihr~ugh 

each s e t  of f i v e  experimentally obtained ax ia l  pile s t r a i n  data po in ts ,  

two oa each s ide  a f . a  par t icu laz  gage s t a t i un ,  aeept  ?t the  second 

gage l o c a t i ~ n  f r a .  t h e  ends of the  test pile, where only three data 

points  were used f o r  the  curve f i t .  Each quadratic expression f o r  the 

ax ia l  p i l e  s t r a i n s  was di f fe ren t ia ted  once and $he resu l t ing  expression 

was evaluated and subst i tuted i n t o  EQ. (10.6) t o  obtakn the ve r t i ca l  

sk in  f r i c t i o n  res is tance.  The relative v e r t i c a l  displacment  a t  each 

pa r t i cu l a r  gage locat ion was established from Bq. (10.8), where the 
I 

i n t eg ra l  of the  a x i a l  p i l e  s t r a i n  function was approximated a s  t h e  

area under the  curve formed by cormeeting the s t r a i n  data points with 

s t r a i g h t  l i n e  segments. 

The resu l t ing  f-z data pa in t  pairs were p lo t t ed  f o r  each s t r a i n  

aage locatirm. Figure 11.11 shows the r e su l t s  far .kh v e r t i c a l  s o i l  

res is tance and r e l a t i v e  v e r t i c a l  displacemeat a t  four selected depth 

locations f o r  the second pham og T e ~ t  Sequence A-3. The data points 

have been connected with s t r a i g h t  lines t o  gralphically i l l u s t r a t e  the 





variation in the experimental data. For each of the monitored depths 

a modified Ramberg-Osgood expression ( E q .  (3.2)), having a s h a s  parareeter, 

n, equal to unity was selected by a visual fit of the f - z  data point 

pairs. Figure 11.12 shows the modified Ramberg-Osgood curve established 

for the gage station at 49 in. below the soil surface for the second 

phase of Test Sequence A-3. The curve parameters describing the ~laxirnum 

friction force, f,,,,,, and initial vertical stiffness, $, were established 

at each appropriate strain gage station. The migoitudes of fmx and 

kv are shown in Pigs. 11.13 and 1.14, respectively, for Test Sequences 

A-1, A-3, and C-3 that were conducted in loase sand, while Figs. 11.15 

and 11.16 show the magnitudes of these parameters for Test Sequences 

B-3, D-3, and E-3 that were conducted in dense sand. The magnitudes 
C 

of Test Sequence D-l are not shorn because n was assrued equal to 0.75 

instead of 1.0. The straight line segments shown in Figs. 11.13 through 

11.16 represent a visual, best fit, multi-linear relationship for fmax 

and kp versus soil depth. These linearized soil parameters were required 

to w d e l  the soil behavior for the analytical model, IAB2D. 

11.3.3. Experimental q-z Curves 

The development of the nonlinear soil response describing the 

relationship between bearing stresa, q, and the pile tip settlement, 

z ,  involved a much simpler technique than the approach required for 

the field test data. The pile strains near the tip of the model test 

piles were available in the laboratory tests; theg~Qr@, 2he pile axial 

force at approximately 1 in. from the pile tip was k&wn for each magni- 

tude of applied axial load-at the top of the pile. Assuming that the 

axial force at the last strain gage station equaled the bearing force 
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I 
at the pile tip and knowing the axial strain distribution along the 

I 
i 

pile length, the bearing stress and pile tip displacement were determined. 

A representative q-z response (Test Sequence C-3) is showh in Fig. 11.17. 

1 The modified Ramberg-Osgood curve (Eq. (3.4)) shown was obtained by 

curve fitting techniques. For the seven test sequences conducted, a I 
summary of the calculated soil parameters for the maximum bearing stress, 

) $ax 
initial point stiffness, k and shape parameter, n, is given in 

q ' 
Table 11.3. The parameters listed for Test Sequence F-3 were based on 

I 

1 Test Sequence B-3, which involved dense sand also. Test Sequence G-3 

pile tip soi parameters were selected to represent the large stiffness 

provided by the bottom of the test bin. 

I 11.3.4. Experimental p-y Curves 

The model pile tests involving lateral displacements (lateral ' 

load and combined load tests) were conducted to establish the relation- 

ship between the lateral soil resistance, p, and the corresponding 

lateral displacement, y, required to analytically model the soil response. 

Preliminary lateral load tests (not reported herein) examined the sensi- 

tivity of the lateral pile behavior and soil resistance and displacement 

relationships. These preliminary teqts established the background for 

conducting the lateral displacement phases of the seven test sequences 

given in Table 11.2. For the combined load tests, the strain gage 

stations above a soil depth of 35 in. that were eliminated for the f-z 

development were considered for the p-y development, since the bending 

strains were not nearly as sensitive as the axial strains for these 

tests. 
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! 
Table 11.3. Summary of soil parameters n, and k 

\, 
Q ' 

I Test Sequence Soil Type n 
%ax K Q 

i 
I A- 1 loose 1.00 60.0 ' 6,000 

I A- 3 loose 1.00 47.5 6,500 
\ 

B-3 dense 1.00 200.0 2,000 

\ C-3 loose 1.00 24.0 2,100 

D- 1 dense 0.75 100.0 
I 

1,590 

1 D-3 dense 1.00 220.0 2,200 

E-3 dense 1.00 115.0 5,400 
1 

F-3 . dense 1.00 200. oa 2, OOoa 

6-3 loose 1.00 40,000 10,000 

a From Test Sequence B-3. 



The techniques used to develop the p-y response for the laboratory 

tests were similar to the approach described in Section 10.3,.4 for the 

field tests. The difference involved the degree of curve for the func- 

tion used to approximate the pile bending strains, obtained from the 

experimentally measured total strains. For the laboratory modei tests, 

a cubic function, rather than a quadratic function, was curve fitted 

to five consecutive bending strain data points, by a least squares 

I formulation. Large variations of the bending strains along the pile 

length and a coarse strain gage spacing caused an inaccurate curve fit 

of the strain values with a quadratic function. The second degree 

function tended to smooth out the variations in the strain data, result- - 

ing in an under-estimation of the Iateral soil pressures. An equilibrium 

check of the force$ adting an the pile using the derived'latera1 soil 

pressures and the applied lateral load revealed that the derived soil 

pressures were too small when a quadratic function was assumed. A 

(i study with different degrees of curves showed that a third-degree curve 

was adequate to produce representative lateral soil pressure; however, 

the lateral resistance of the sail was still slightly underestimated. 

Double differentiation and double integration of the bending strain 

functions were performed as described in Section 10.3.4 to obtain the 

terms needed to evaluate the iatera2 soil resistance (Eq. (10.18)) and 

corresponding lateral displacement (Eq. (10.19)), respectively. After 

establishing p-y data point pairs corresponding t o  various magnitudes 

of applied lateral load for each strain gage location, except the top 

and bottom gage, a modified Ramberg-Wgood expression (Eq. (3.8)) wa. 

selected to provide the best visual curve fit to the data points. The 



I 
I 

shape parameter, n, for the curves was established to be equal to unity 

for the model pile tests in loose sand and one-third for the tests in 

dense sand. 

1 Each modifi~d RYaberg-Osgood curve has the characteristic soil 

I parameters of maximum soil resistance, pU, and initial soil stiffness, 

kh. The values for these parameters vary with soil depth, z ,  and soil 

I I density. Figures 11.18 and 11.19 show the calculated pU versus depth 

and kh versus depth data point pairs, respectively, for the model pile 
I 
1 tests conducted in loose sand, while Figs. 11.20 and 11.21 show the 

I same soil parmeters for the dense sand pile tests. With the complex 
i 

interaction of soil/abutment/wingwa11 and pile in Test Sequence F-3, 

I no p-y information was obtained. Also, no p-y parameters are presented 

for Test Sequence 6-3, but they can be approximated by the loose sand 

in Test Sequence C-3. The variation in pU and % with soil depth have 
been approximatedby the visually established straight lines shown in 

these figures. These linear functions were used to establish values 

for pU and k required to analytically model the soil behavior in the 
h 

computer model, IAB2D. 



Figure 11.18. U l t h t e  la tera l  resitstance, pu, versus depth for lateral 
load tests in  loose sand. 
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Figure 11.19. I n i t i a l  la tera l  s t i f fnes s ,  \, versus depth for lateral  

load tests in  loose sand. 
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Figure 11.20. Ultimate la tera l  resistance,  pu, versus depth for la tera l  

load t e s t s  i n  dense sand. 
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Figure 11.21. I n i t i a l  l a t era l  s t i f f n e s s ,  %, versus depth for  

load t e s t s  i n  dense sand. 
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I 12. APPENDIX C: DEVELOPMENT OF EQUIVALENT LENGTHS 

I 
\ 

Since the pile is being analyzed as an equivalent cantilever, the 

I correct equivalency must be used in determining the length of the cantilever. 
I 

In this appendix three different equivalencies will be used to develop 

I equations for calculating this length: (1) horizontal stiffness, 

(2) maximum bending moment, and (3) elastic buckling load. Equations 
i 
1 will be developed for fixed-head and pinned-head piles embedded in a 

I uniform soil and in a graded soil. For this development, the piles 
1 

are assumed to remain elastic. 

12.1. Fixed-Head Pile in a Uniform Soil 

I 

For a fixed-head pile embedded in'a uniform soil the equivalent 

I 
t length for determining the horizontal load required to produce a 

specified horizontal displacement is determined by equating the horizontal 

stiffness of the actuil pile and the equivalent cantilever, that is, equal 

horizontal load at the head of the pile for a unit horizontal displacement 

as shown in Fig. 5.1. ' 

', For a pile longer than its critical length (Eq. (5.5)) the deflection, 

f A , and rotation, 8 at the soil surface due to an applied horizontal 
8 8 ' 
load, H, and moment, H at the soil surface, are given by [5] 

8 ' 



For the soil-pile system shown in Fig. 12.1 the moment at the soil surface 

where M is the moppent at the head of the pile. Substitution into 

Eqs. (12.1) and (12.2) gives the displacement and rotation at the ground 

surface. Adding the displacements of the portion above the surface, 

the displacement and rotation at the head will be, respectively, 

Equations (12.4) and (12.5) are functions of only H and M. Setting the 

ratation at the head of the pile eguri to zero (fixed) I , Eq. (12.5) can 
I 

be solved to obtain the moment at the head as a function of the horizontal 

load, H. Substituting this equation for moment into Eq. (12.4), the 

following is obtained 





For the case of the equivalent cantilever with no rotation at the 

head (Fig. 5.la) and a horizontal displacement A, the horizontal stiffness 

is given by 

By setting Eq. (12.7) equal to Eq. (12.6) and simplifying, the ratio of 

the equivalent embedded length to the critical length is given by 

Equation (12.8) is plotted in Fig. 5.2. As discussed, this equivalent 

length is only valid for determining the horizontal stiffness of a 

fixed-head pile. 

For a fixed-head pile embedded in a uniform soil, an equivalent 

length will be developed such that the maximum moment in the equivalent 

cantilever system is equal to the maximum moment in the actual system 



, 
I 

for a given horizontal displacement. The maximum moment occurs at the 

head of the pile for both systems. Setting the rotation at the head 

equal to zero in Eq. (12.5), the horizontal load can now be determined 
i 
\ as a functiafi df tad moment, M. Substituting this horizontal load intd 

Eq. (12.4) produces 

For the equivalent cantilever with no rotation at the top the ratio of 

moment to displacement is given by 

(The negative sign corresponds to the sign convention used in Fig. 12.1 .) 

Setting Eq. (12,lO) equal to Eq. (12.9) .and simplifying, the following 

equation relating the equivalent embedded length 4 to the pile critical 
length ac is obtained 

4 3 2 a 
+ 2 4 6  (') r + 6  , 

C - u 

128 (t)' + 6 4 . k )  + 16 
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The above dimensionless equation is  p lo t ted  i n  Fig. 5.2. 

An equivalent  cant i lever  is now selected fo r  a fixed-head pile 

embedded i n  a uniform s o i l  such t h a t  its e l a s t i c  buckling load i s  equal 

t o  t h e  e l a s t i c  buckling load f o r  t he  ac tua l  so i l - p i l e  system. Deflect ion 

and ro t a t i on  a t  the  p i l e  head a r e  assumed t o  be zero during buckling. 

Appendix D shows t h a t  the  e l a s t i c  buckling load f o r  an i n i t i a l l y  curved 

column i s  the  same as  f o r  an  i n i t i a l l y  s t r a i g h t  column. Buckling i s  

usua l ly  confined t o  within t h e  c r i t i c a l  length (Eq. (5.5)). For p r a c t i c a l  

purposes the  var ia t ion  i n  a x i a l  load over this  length conservatively 

can be ignored [5]. Buckling of a p i l e  w i l l  generally only be a problem 

where a very s o f t  s o i l  over l i es  a s t ronger  foundation mater ia l .  

S t a b i l i t y  of a p a r t i a l l y  embedded p i l e  has been s tudied by Cranholm 

[ 2 9 ]  . The study was conducted assuming the  p i l e  t o  be i n f i n i t e l y  long 

and t h e  head of  the  p i l e  ei.ther f ixed  o r  pinned. No hor izontal  t rans-  

l a t i o n  of t h e  p i l e  head was permitted,  and the bile was assumed t o  be 

embedded i n  a uniform medium. For t h e  port ion of the p i l e  embedded i n  

t he  s o i l  the  .d i f fe ren t ia l  equation is 

and t h e  d i f f e r e n t i a l  equhtion fox t h e  urnbedded port ion is  

(12.13) 
dx dx 



\ 
where Be is equal to q E ,  and a is equal to qw Integrating 

Bqs. (12.12) and (12.13) and satisfjting the terminal conditions, the 

solution for elastic buckling obtained by Granholm [29] is 
i 
i 

i peg, ..in see, .Il,- (F)~ - k 1 + ($q2]/m2} 
i 
I + cos peau {2 - ( $ ) 4  + agu (F)~*J ] - = 

I 

1 
\ The factor for buckling, $,gU, has been'determined from Eq. (12.14) by 

I Granholm for various values of uQU (Note: uPU is equal to 4 au/gC). The 
I 

elastic buckling load for the pile is found by 

The elastic buckling load for the equivalent cahtilever with a fixed-head 

I is 

i 

P = n 2 ~ 1  
e I '  

(12.16) 
[0-5(aU + Qe) 

where the 0.5 represents the effective length factor. Setting Eq. (12.16) 

equal to Eq. (12.15) and simplifying gives 

a a i = (12.17) 
C 

I 



Introducing the solution from Ref. [29 j for pegU, the ratio of the 

equivalent cantilever length to the critical length i~.~lotted id 

Fig. 5.2. 

From Refs. 111 and 1491, the theoretically correct elastic buckling 

load for a fixed-headed pile entirely embedded in a uniform soil is 

equal to 2 . 5 J F .  The solution presented here gives the critical load 

reduced to 2 . 0 4 p  (QU equal zero ald Qe equal 1.11 Qc in Eq. (12.16)). 

Thus, the above solution is conservative when considering piles entirely 

embedded. 

The displacement along the length of a pile embedded in a uniform 

soil from Poulos and Davis [ 6 ]  is 

where 

sinh t cos 5 ($) cosh f (r - i) - sin cosh 6 ($) cos f (1 - i) 
%4ra(x) = 2 '  2 

siph 6 - sin f 

1 
%(XI = 2 2 , . 

sinh 6 - sin c 
sin 6 [.id 6 (;t ) COS 6 (I - I) - cash $ ($ ) sin S (I - ) ]  

t 2 
sinh2 1 - sin 5 

(12.20) 



L f f  

1 

i 

t Since most piles are longer than their critical length, the solution for 

displacement will be determined for flexible piles, that is, P = I=. 
! 
I 
i Using the sign convention from Fig. 12.1 for a pile with an 

? unsupported length, gU, above the ground, the horizontal force at the 

I 
head of the pile is given by Eq. (12.7) and the moment is given by 

I Eq. (12.10). By applying Eq. (12.3), the moment at the ground surface is 

where leh and gem are the equivalent embedded lengths for horizontal 

load (Eq. (12.8)) and maximum moment (Eq. (12.11)) , respectively. 
Substituting Eqs. (12.7) and (12.22) into Eq. (12.18), the ratio of 

displacement along the length of the pile to the horizontal displacement 

at the pile head is given by 

(12.23) 

As described in Section 5.3, the frictional capacity at the soil-pile 

interface should be neglected if y(x) is greater than some limit, ymax. 

The depth at which this occurs is defined as en, that is, 



The length ln should be subtracted from the total pile length *hen the 

friction capacity of thk pile is evaluated. It is obtained by substituting 

Ep. (12.23) (with x equal %) into Eq. (12.24) and solving f or  In. The 

resulting %/LC is plotted in Fig. 5 .  I3 versus PU/Pc for ymx/A values 

of 0.05, 0.1, 0.2, and 0.3. 

12.2. Pinned-Head Pile in a Uniform Soil 

For a pinned-head pile embedded in a uniform soil, the equivalent 

cantilever development is similar to the development of the fixed-head 

pile.  The ratio of the horizontal load displacement to the<horizontal 

displacement is 

Proceeding in a manner similar to the fixed-head case (M equal to zero 

instead of 8 equal to zero at the pile head), the following equatdon is 

obtained. 

The above equation is plotted in dmoionless terms in Fig. 5.3. 
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The maximum moment in a pinned-head pile embedded in a uniform soil 

1 occurs at some location along the length of the pile. The maximum moment 
I 

in the equivalent cantilever will occur at the base and is equal to the 

I 
j maximum in the actual system. From Poulos and Davis [6] the moment along 

the length of the pile is 

where 

I X X 
sin 5 sin ~ ( i )  sinh t(1 - 3 )  - sin E sinh c ( ~ )  sin E(1 - i) ' 

%(XI = 2 
I sinh2 6 - sin 

I - 
X sinh $, sinh t (1 - X )  c ( )  + o h  (1 - ) x sin ~ ( g )  

' 'imcx, = A 2 sinh2 5 - sin E 

and 5 is given by Eq. (12.21). Since most piles are longer than their 

critical length, the solution for the moment will be determined for flexible 

piles, that is, 2 = PC. The expressions for the displacement and rotation 

at the soil surface and the displacement at the pile head are given by 

s i n t  

Eqs. '(12. I), (12.21, and (12.4) (with M set equal to zero), respectively. 

The ratio of the moment to the pile head displacement is 

- - 
sinh5 ) 0 s  1 - ) + ~ o s h  ~ ( i )  sin t (1 - i) 

- 
2 sinh2 - sin 



For the moment t o  be a maxinun, the numerator i n  Eq. (12.30) must be a 

maximum. Letting 

the value of QH(x) along the length of the p i l e  can bc examined and ' 
F 

the mall-, (QH)maxp selected. The maximum moment occurring a t  the 

base of the equivalent pinned cantilever divided by the head 

displacement i s  

The negative s ign  corresponds t o  the s ign convention used i n  Fig. 12.1. 

Setting Eq. (12.32) equal t o  Eq. (12.30) and simplifying, we obtain the 

following equation, which is plot ted '  i n  . Fig. ~ 5.3. 



The development of the equation for elastic buckling of a pinned-head 

pile embedded in a uniform soil is gimilat to the fixed-head case. The 

solution for the elastic buckling load obtained by Granholm [29] is 

tan p 
e u -  - 

peati 

f The factor for buckling, Beeu, has been determined from Eq. (12.34) by 
I 

Granholm for various values of ua i (Note: aeU is eual to 4 \/ac.) u 

I The elastic buckling load for the equivalent cantilever is given by 

i I (12.35) 

I 

I 

where 0.7 is the effective length factor for the pinned-head pile. 

1 Setting Eq. ' (12.35) equal to Eq. (12.15) and simplifying yields 

I a a 
= (0. :peau - 1) < (12.36) 

I ' i  
Using the solution from Ref. 1291 for $,aU, the various values of 

aau for the ratio of the equivalent cantilever length to the critical 

length are plotted then in Fig. 5.3. The elastic buckling load presented 

here for an equivalent pinned-head pile entirely embedded in a uniform 

soil is the same as the load given in Refs. 11,491, that is, 2 . 0 4 F .  



The displacement along the iength of a pinned-head pile fs. given 

by En. (12.18). Setting the s i g n  convenfiien f m  F i q .  U.3 .ad Eqs. (12.3) 

and (12 .a), w i t h  the t m m e ~ ~ t  at; tke pile  head, N, sprraf zero, W 

moment at thr ground surfaee is 

w h r e  Leh is the equivalent enbedded length f o r  the hos5ZOf:aX laad 

(Eq. (12.25)). When Eqs. (12.25) md C12.37) are plbstitttted into 

Eq. (12.18), the ratio of disp%pl.cernt rlaq the i e a h  of the pile to 

the harlzontsl sfispkwemeat at thc pile head is gf- by 

d e n  %{x) and %(X)  are 8%- by Ep.. (12.191 md 112.20), respectively. 

By setting y ( b )  eqntl to ymx, Pie. 5 ,I4 was producsd iu  s muncx  s % d l a r  
, . 

to 9 i g .  5.13. 'F-, 
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) 
length, LC, can be determined by Eq. (5.5). The equivalent cant i lever  

lengths (Section 5.2.1) and t h e  length, %, t o  be neglected when calcu- 

l a t i n g  the  f r i c i i o n a l  resistance (Section 5.3), can then be determined. 

1 Set t ing  the  W t k  of the equivalent uniform s o i l  equal t o  the  work of 

I the  ac tual  non-uniform s o i l  over a length,  Qo, gives 

1 The length, Qo, i s  the  ac t ive  lengqh of t h e  p i l e  i n  bending, which i s  

I taken here a s  one-quarter of the  d e f l e c t ~ d  wave shape, t h a t  is ,  approxi- 

mately Qc/2, o r  

The displaced shape i s  approximated by t h e  s t r a i g h t  l i n e  a s  shown i n  

Fig. 1 2 . 2 ~  



$(x) is known, Eq. (12.42) can be solved for the effective uniform ' 

stiffness ke. 
- 

For a soil stiffness which varies linearly, the exact solution is 

known IS]. Consider the case in wtiich the stiffness varies from zero 

at the ground surface to kl at the depth Lo. Then, %(x) is equal to 

nhx where 

Since the integral, Ik, on the right-hand side of Eq. (12.42) reprierits 

the second moment of the area of the %(x) diagram about go, 

which, when used in Eq. (12.42), yields 

To evaluate the approximation involved in ke, the pile flexibilities 

obtained by using lq. (12.45) will be compand to the exact theory. 

The displacements for the eQuival&-t uniform soil are given by Egs. (12.1) 

and (12.2) with kh equal ke. The exact displacements 15) for the linearly 

varying stiffness case are 
* 



in which 
I 
I 

The equivalent uniform case will give the same results as Eqs. (12.46) 

aid (12.47), if the corresponding flexibility coefficients are equal. 
1 
1 Identifying the flexibility coefficients by 

will occur if ke is equal to 0.204 kl, 0.151 k1 or 0.186 k1 for the 
) 

flexibility coefficients fll,' f12, and fZ2, respectively. The value of 

I 

\ ke equal 0.25k1, from the work equivalency (Eq. (12.45)), is sufficiently 
I 

close to this and is recommended for determining an equivalent uniform 
I 

I sofl stiffness. 

In general the following procedures can be followed for determining 

the equivalent uniform stiffness: 

Step 1. Guess ke, 

Step 2. Calculate Lo = 2 4 4 r  e 



Step 3. Calculate Ik (use Pig. 12.3) 

Step 4 .  Determine new ke = 31k/Po 3 

Step 5. Return t o  Step 2 u n t i l  convergence 

A s  an example of this procedure fo r  a layered SOPI,  the equivalent 

s t i f fness ,  ke, from Fig. 12.4 w i l l  be determined. L e t  E I  equal 

14440 k-ft2. 

Step 1. Guess ke = 100 ksf 

- 2 44-= 6.93 f t  Step 2. Calculate go - 

Step 3. HOW Q2 = 2.93 f t ,  SO from Fig. 12.3, the second 

moment of the area of the %(x) d i s r ibu t ioa  about 

go can be fouad as 

[C ''3 + b(2.91 f t  + 2 ftl2 Ik = 72 ksf 12 

Step 4. Determine ke = 3(1224? k-ft)  , hf [ (6.93 f t13  ] 
Step 2. (Second I te ra t ion)  lt,, = 2 4Jw= 6.77 it 

Step 3. (Second I te ra t ion)  P2 = 2.79 ft 

Ik = 11492 k - f t  



Figure 12 .3 .  Second moment of  area about l i n e  A - A.  

Figure 12.4. Layered s o i l  system f or  example of  determining k . e 



Step 4. (Second Iteration) Ire = 111 L.f If0  L s ~  

Step 5 .  The converecd solution i e  \ = I I I  ksf 



1 
13. APPENDIX D: MOMENT AMPLIFICATION IN EQUIVALENT CANTILEVERS 

I 

I 
I In this appendix the moment amplification in fixed (Fig. 13.1) ' 

I 

i 
and pinned (Fig. 13.2) head beam-columns (equivalent cantilevers) 

1 
with a horizontal displacement applied to the head is investigated. 

, 

I First, a beam-column that has been stressed by displacing its head a 

i 
distance A from an initially straight position (Alternative One in 

Section 5.2.3.1) will be studied. Secondly, the beam-column will be 

I assumed to be unstressed with a A displacement at its head (Alternative 
I 

Two in Section 5.2.3.2). 

I 

13.1. Initially Straight Columns 

  he straight fixed-head column, shown in Fig. 13.1, is investigated 

by initially giving the column a horizontal displacement that produces 

the initial end moments of 

Then, the axial load, P, is applied to the column. From Fig. 13.la 

the horizontal reaction is given by 

Ml - M, - PA 
H = L (13.2) 

4 

Summing moments in Fig. 13.lb and applying elementary beam theory, 



Figure 1 3 . 1 .  Ini t ia l ly  s$r&g&t fixed-head eolurart: (a) displaced 
location (t&rsrre4 in this position before tke vertical 
Isad is applied] fb) free body diagram for determining 
the differential equatscm. 
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the resulting differential equation for this beam-column is i 

where 

Using the boundary conditions of zero displacement and rotation at the 

base of the column and a displacement of A at the head, the differential 

equation can be solved.. This producCs two equations, which are functions 

of Hl and M2. These equations can be solved simultaneously producing 

the following equations for the end moments: 

- - PA (1 - cos kL) 
'I 2(1 - cos - H, sin u 

- PA (cos kL - I )  
'2 - 2(1 - cos LL) - kt sin KL 

Since these equations show that H2 equals -HI, the beam-column deforms 

in an anti-syormetric mode similar to its initial shape. 

To force the weaker symmetric buckling mode, the principle of super- 

position is used to add s small initial symmetric imperfection. The 

solution of a non-stressed column with this imperfection will be added 

to the above solution. The small initial symmetric Imperfection is 

y i 
r - 4 - c0s C 

2 L (13.8) 
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I 
where E is the maximum offset from the straight position. Proceeding 

in a manner similar to the first differential equation and defining y 
2 

to be the incremental displacement caused by the initial imperfection 
I 

1 yi, the followidg differential equation is determined: 

I 
2 y2 = - k2 [$ (i - cos - L 

I dx EIL E I 
j 

(13.19) 
i 4 

1 i 
where MA and % are the moments at the head and base, respectively 

I (corresponding to Ml and M2). Solving Eq. (13.9) for the boundary 
I 
I 

conditions of zero displacement and rotation at the support points, 
I 

two equations that are functions of MA and Mg are determined. 
I 

I 

MA(l - cos kL} + MB(cos bl - 1) = * 
1 - EP kL sin kL 

Equations (13.10) and (13.11) can be solved simultaneously giving 

expressions for M and % that are added to Ml and M2 from Eqs. (13.6) A 

+ 1 

and (13.7) to give the results shown in Fig. 13.3. This figure shows 

EP 
T(l - COS U) 

the total head, base, and mid-height moment, M, in terms of the amplifica- 

tion factor, A defined as m y  



Figure 13.3. Moment ampliffcatfan for an initially straight fixed-head 
colum with a horizontal head displacement, A .  

, 
I P 
J B 

e 

Figure 13.4. Moment a o p l l f i e a t i w  for an i n i t i a l l y  straight pinned- 
head coluarn with a horizontal head displacement, A. 



in which M. is the maximum primary bending moment given by Eq. (13.1). 
I 1 

The abscissa is the ratio of the applied axial load, P, to the critical 
\ 
1 axial load, Pe, given by 

which is the elastic buckling load for a straight fixed-head column. 

Also shown in this figure are the finite element results at the above 

locations and the approximate amplification factor, which is used in 

the design equations (Eqs. (5.1) and (5.3)), defined as 

where Cm, applicable for no lateral load or joint translation and defined 

in Section 5.1, is used to establish an equivalent uniform moment for 

the equivalent cantilever. 

This column is initially bent in double curvature, with the maximum 

moments occurring at the ends of the column. Such columns generally 

have a sudden type of failure, one of "unwinding" through double curvature 

to single curvature (281. A similar type of failure is shown-bylboth 

the differential equation and the finite element results (Fig. 13.3). 

Close to the buckling load, the moment at the base reverses direction 

and the column fails. Although the deformed shape is not in single 



curvature, the failure is sudden as the column snaps through to the 

symmetric mode. The differential equation solution does not quite 

pass through the finite element results near P / q  equal to m e ,  since 

both solutions are sensitive to the amount of imperfection added. The 

finite element results also depend on the number of elements used in 

the solution, The elastic buckling load is shown to be that of a 

straight column, since the asymptote is located at P/Pe equal to one. 

Both the stability equation, Eq. (5.1) or (5.3), and the yield 

equation, Eq. (5.2) or (5 .41 ,  are to be checked using the initial end 

moment, Mi, Eq. (13.1). Figure 13.3 shows that the approximate ampli- 

fication factor used in the stability equation is conservative, that 

is, it bounds the head, base, and mid-height moments for axial loads 

greater than about 0.4 Pe. For axial loads less than about 0.6 Pe, 

the yield equation will give conservative results becausesit uses the 

'unamplified end moment, that is, Am equals one in Pig. 13.3. Thus, by 

checking both the stability equation and the yield equation, the design 

will be conservative for the entire kange of P/P, The recently pub- 

lished Load and Resistance Factor Design Manual [381 from the American 

Institute of Steel Construction [38,50] has made simplifications and 

clarifications for the beam-column interaction eqmtians. In this 

manual there is only one equation, to be checked. The same amplification 

factor is used, but it is limited to the values greater than or equal 

to one. This is similar to checking both the yield and stability equa- 

tions as discussed above. Also, the 0.4 lower limit on Cm is removed 

as discussed both in Chapter IE of the $RID Commentary and in a recently 

pub1 f shed paper 1501. 



I 
The coordinate system for a straight pinned-head column is shown 

1 I in Pig. 13.2. After a horizontal displacement is imposed at the top 

of the column, the initial elastic moment at the column base is 
I 

I 

when an axial load is applied at the top 

differential equation for this system is 

the displaced col-'; the . . 

Since the column is not geometrically symmetric, an initial column 

alignment imperfection is not required to produce the minimum buckling 

mode. The boundary conditions for the solution of this differential 

equation are zero displacement and rotation at the base of the column 

and a displacement equal to A at the head of the column. A fourth 

boundary condition of zero moment at the column head was used in deriving 

Eq. (13.16). The solution of the differential equatioh for the base 

moment, M, is 

PA (si&kL) 
M = 

(sin LL - COS kL) 
(13.17) 

cos kL 

The moment amplification factor, Am, defined by Eq. 

W, sin kL 
Am = 3- 



The expressions for the implification factor at the column bask and at 

x equal to 0.65 1, the maximum moment location in the buckled shape, are 

shown in Fig. 13.4. The solution shows that the w e n t  at the base - 

reduces and changes direction as the ratio of P I P  increases from zero 

to 1.0. As with the fixed-head case, previously developed, both the 

stability equation, Eq. (5.1) or (5.3), and the yield equation, Eq. (5.2) 

or (5.4), must be checked for a proper design. Since the asymptote is 

located at P/Pe equal to one, the elastic buckling load for this case 

is the same as a straight pimed-head column and is given by 

13.2. Initially Curved Columns 

For Alternative Two, the initial' shape for the f ixed-head colunm 

shown in Fig. 13.1 is assumed to be stress-free and given by 

- (1 - cos Yi - 5 " )  
Proceeding in a manner similar to that in Section 13.1, the differential 

equation for this beam-column is similar to Bq. 13.4 and is given by 



' where y2 is the incremental horizontal displacement caused bythe axial 

load, and k is from Eq. (13.5). The boundary conditions are zero incre- 

mental displacement and rotation at the column ends. The solution of 

1 the differential equation provided two equations that are functions 

i 
of the anti-symmetric end moments, 

I 1 rinLkL - cos kL) -2 ( k L  sin - l) 
PA = PA (s~&,~) - 1 

I 
[(& - .) + 11 (.OS a + 'I 

I (13.22) 

- 

I PA MI (1 - sin kL )-Hz 2 ; r  1 ~CL sin k~ 
cos kL - 1 / ($ l )  + .I cos kL - 1 

I 
I 

(13.23) 

i To induce the weaker symmetric buckling mode, the small initial symmetric 

I imperfection shown in Eq. (13.8) was added. The solution in terms of 

an amplification factor, Am, given by 

i - M 
Am - PA/Z (13.24) I 

is shown in Fig. 13.5. The amplification factor has been defined as 
I 

the ratio of the total moment at either the head, base, or mid-height 

to the moment in Alternative Two (Section 5.2.3.2). 

The same type of buckling behavior established for the fixed-head 

case in Section 13.1 was.determined for this case, that is, a sudden type 
I 



Figure 13.5. Moment amplification for an initially curved fixed-head 
coluaaa with a horizontal head displacement, A. 
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Figure 13.6. ' llornt amplification for an initially curved pinned-bead 
columil with a horizontal head displacent, A. 



1 of "snap through" failure occurs as the head moment direction reverses. 

Again, the elastic buckling load is given by Eq. (13.13), since the 

asymptote occurred at P/Pe equal to one. The approximate amplification 

I factor giveh by Eq. (13.14) is shown to be conservative over the entire 

range of P/Pe. 

For Alternative Two, the initial shape of the pimed-head column 

I .shown in Fig., 13.2 is assumed to be stress-free and given by 

Y i 
= A (1 - cos g )  

I The governing differential equation is 

- Nt M (M - PA) = k2d (1 - cos - ) + , - + k Y2 2L EIL x (13.26) 
dx2 

Since the column is not geometrically symmetric, an initial displacement 

imperfection is not required to induce the weakest buckling mode. The 

boundary conditions used for solving the differential equation are 

zero incremental displacement at the column head and zero displacement 

and rotation at the base of the column. A fourth boundary condition, 

which was used to derive Eq. (13.26), is that the moment at the column 

head is equal to zero. Solving the differential equation established 

the moment at the column base as 



The amplification factor  i s  defined a s  the r a t i o  of e i t h e r  the  

moment a t  the  base o r  a t  0.35 L from the top t o  the  moment f o r  Alter- 

nat ive Two (PA) 

The resu l t ing  expressions a r e  shown i n  Fig. 13.6. The approximate 

amplification f a c t o r  given by Eq. (13.14) i s  shown t o  be conservative 

f b r  the  e n t i r e  range of P/Pe. The r e s u l t s  f o r  both the  f i n i t e  element 

solution and the  d i f f e r en t i a l  equation solut ion show tha t  the column 

base moment i s  opposite t o  the  d i rec t ion  assumed and tha t  the  e l a s t i c  

buckling load is  given by Eq.  (13.19), s ince the asymptote occurs a t  

P/Pe equal t o  one. 


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



