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ABSTRACT 
 

 
In the field of bridge engineering, columns supported on cast-in-drilled-hole (CIDH) shafts 

are common due to the elimination of a column-foundation connection, simplicity of 

construction and reduced construction costs.  Due to these benefits, this combination of column 

and foundation is frequently used in high seismic regions.  However, the modeling of lateral load 

behavior of the column-shaft system is a complex matter due to the effects of soil-foundation- 

structure-interaction (SFSI) and temperature effects.  The research presented within this project 

report identifies numerous challenges associated with the current state of practice of accounting 

for SFSI in cohesive soils, develops a new method that accounts for SFSI in cohesive soils, 

examines the current state of cohesionless soil models, examines temperature effects on 

construction material behavior and provides a design methodology for columns supported by 

CIDH shafts. 

The project undertook an extensive literature review as well  as an examination of codes and 

guidelines to identify the challenges within current practice.  Within this task, it was concluded 

that existing methods are able to capture the behavior of column/shaft systems in cohesionless 

soils.  However, the process also found that although many models exist to simplify the use of 

the Winkler soil spring concept, none of the simplified models are able to capture both the elastic 

and inelastic lateral load response of an integrated column/foundation system in cohesive soils. 

The challenges arose for the following reasons: 

1.   some models are only applicable in the elastic range; 
 

2.   models recommended for use in cohesive soils and cohesionless soils were only verified 

against experimental data obtained in cohesionless soils; 

3.   nonlinearity of materials (i.e., soil, concrete and steel reinforcement) was not accounted 

for in the development of the models; and 

4.   plastic action within the different methods is generally lower than what actually will  be 

found using a detailed analysis method such as that based on fully implementing the 

Winkler spring concept. 

In addition to the aforementioned shortcomings, the existing methods ignore the effects of 

seasonal freezing in their development, even though it significantly alters the lateral load 

response of CIDH shafts.  However, it was found this approach is not appropriate, as two-thirds 
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of the bridges in the United States are affected by seasonal freezing.  This problem is only further 

exacerbated by the fact that half of the bridges in high seismic regions are also affected by 

seasonal freezing.  After identifying these issues, a new method was developed that more 

accurately predicts the lateral load response of columns supported on CIDH shafts in cohesive 

soils. 

The new approach presented within this report uses a set of three springs to determine a 

bilinear force-displacement response of the column/foundation system using minimal input 

parameters about the structure and surrounding soil.  The model was developed as a cantilever 

supported on a flexible base located at the expected maximum moment location.  First, a 

rotational spring and a translational spring were placed at the maximum moment location to 

capture the behavior of the foundation shaft at and below the location.  The final translational 

spring was located halfway between the maximum moment location and the ground surface to 

capture the resistance of the soil above the maximum moment location.  By basing the system on 

the maximum moment location, the point at which the most damage will  occur is defined. The 

global response of the system, as well  as the local response of the CIDH shaft over the entire 

lateral loading range, is also captured. 

Comparing the alternative method to results from experimental testing performed at Iowa 

State University and LPILE analyses of several different systems, the new model was found to 

simulate well  the response of the column/foundation system in cohesive soils.  The developed 

method was able to predict the secant stif fness to the first yield location within 10%.  Yield and 

ultimate limit states were within 10% of the detailed analyses performed in LPILE (Reese et al., 

2004) and correlated well with the full-scale experimental testing performed by Suleiman et al. 

(2006).  The overall  comparisons included multiple displacement and rotation factors, as well  as 

local curvatures developed near the maximum moment location.  These aforementioned local 

comparisons of the CIDH shaft, along with a global comparison of the entire system, were 

performed to minimize any errors that occurred during model development. 

The remaining parts of the project consisted of performing controlled material tests on 

concrete, steel and soil specimens to examine the effects of seasonal freezing on their behavior. 

These tests were performed in a laboratory environment in which the temperature during testing 

was maintained and the results would provide a realistic model.  In each case it was determined 
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that the material properties would experience significant changes when subjected to freezing 

conditions. 

¶ The materials testing on concrete provided evidence such that an increase in strength and 

modulus of elasticity occurs when subjected to seasonal freezing.  However, the cracking 

strain of unconfined concrete decreased.  The confined concrete specimens experienced 

an increase in strength, modulus and strain at peak confined compressive stress.  This is 

of key importance to ensure an accurate moment-curvature response of the column and 

foundation shafts is obtained for design purposes. 

¶ In the steel testing it was discovered that as the specimens undergo freezing, a quadratic 

increase in the yield and ultimate strengths of the material will occur while experiencing 

no change in the modulus of elasticity and ultimate strain.  This portion of the project 

provided additional evidence to suggest that strain rate and bar diameter will affect the 

overall  strength gain.  All of these results should be accounted for in the design process to 

ensure that an accurate moment-curvature response of the column and foundation shafts 

is captured. 
 

¶ The results of soil testing found that a significant increase in strength could be expected 
 

at -1 °C (30.2 °F) and -20 °C (-4 °F).  In these cases, it was found the warm weather value 

could be multiplied by a factor of 10 and 100 to represent the soil unconfined 

compressive strength at the respective temperatures.  This is of great importance as these 

values will greatly modify the stiffness of the system during times of seasonal freezing, 

causing an upward shift in the maximum moment location and requiring a larger shear 

demand to be accounted for in the column/foundation shafts. 

The final portion of the project provided a series of flowcharts that should be used during the 

design of columns supported on CIDH shafts.  These charts were constructed such that a detailed 

computer-based methodology as well  as simplified methodologies can be used to account for all 

seasons of the year during the design process.  Therefore, these charts ensure that all  possible 

failure modes are examined and prevented during the seismic design of columns supported on 

CIDH shafts. 
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NOMENCLATURE 
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USGS = United States Geological Service 

VSAT = Versatile Section Analysis Tool 

ult = ultimate limit state 

yld = first yield limit state 
 
Symbols 

 

C1 = coefficient dependent on end fixity condition (Priestley et al., 2007) 

C3 = coefficient for changing moment pattern (Priestley et al., 2007) 

D = column or pile shaft diameter 

Dǋ = effective core diameter for a circular concrete shaft 

D
*  

= reference pile diameter = 1.83 m (6 ft) (Priestley et al., 1996) 

Ep = pile modulus of elasticity 

Es = soil modulus of elasticity 
Es = Youngôs modulus of elasticity for mild steel reinforcement (Chapter 6) 
EI = flexural stif fness of foundation (Reese et al., 1975) 
EIeff = effective flexural stif fness term 

H = height of column above ground 

Hcp = height to contraflexure point from top of column 

HIG = distance to in-ground plastic hinge from top of column 
Ie = effective moment of inertia for pile cross-section 
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K = soil subgrade modulus in units of force per length cubed 
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La = above ground column height 

La
*  

= normalized above ground column height 
Lcant = equivalent cantilever length from column top to effective fixity location 
Lf = depth to effective fixity from ground surface 
Lf = length of foundation shaft 



 

max 

Lm = depth to the maximum moment location from ground surface 
*
 

Lm = normalized depth to maximum moment location from the ground surface 
Lcol = height of column above ground surface 
Lma = distance to point of maximum moment from top of column 
Lmb = distance below maximum moment to first point of zero moment 
Lm0 = distance to first point of zero moment from top of column 
Lsp = idealized strain penetration length 
Lp = analytical plastic hinge length 
Lpa = analytical length of plastic hinge above the maximum moment location 
Lpb = analytical length of plastic hinge below the maximum moment location 
Lp,actual = actual length of plastic hinge from detailed analysis 
Lp,IG = analytical plastic hinge length due to in-ground hinging 
M = moment 

M 
*  

= normalized flexural strength of foundation shaft 

Mǋy = first yield moment capacity of shaft cross-section corresponding with fǋy 

My = yield moment capacity of shaft cross-section corresponding with fy 

Mu = ultimate moment capacity of shaft cross-section corresponding with fu 

Nk = bearing capacity factor used in a CPT test 
P = axial load applied to column-pile shaft system 

Rc = characteristic length of column-pile shaft = (  ϳ ) 
T = temperature of material 
V = lateral force applied at top of column-pile shaft 

Vs = soil shear force at location of soil spring 

Vsy = soil shear force at the yield limit state 
Vsu = soil shear force at the ultimate limit state 
Vt = corrected lateral load at the top of the column 
Vt1 = uncorrected lateral load at the top of the column 
Vy = fi rst yield lateral load at top of column 
Vu = ultimate lateral load at top of column 

Vu
* 

= normalized lateral strength of soil-pile system (Chai, 2002) 
b = width of foundation in Reese et al. (1975) 
b = exponent in p-y curve development using Reese et al. (1975) suggestions 

c = neutral axis depth in concrete shaft for a given curvature 

cu = undrained shear strength of soil 

db = nominal diameter of deformed reinforcing bar 
dbl = diameter of longitudinal reinforcing bar 
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fy = specifi cation yield steel stress of reinforcing bars 
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g = acceleration due to gravity 

hs = height of soil between the maximum and zero moment locations 

k = coefficient in Lp equation for a fixed head condition (Priestley et al., 2007) 
k = initial p-y modulus used in LPILE analyses in units of force per length cubed 

kh = constant modulus of subgrade reaction in units of force per length squared 

p = soil subgrade reaction per unit length of pile 

pu = ultimate soil subgrade reaction per unit length of pile 

qu = unconfined compression strength of soil 

su = maximum unconfined compressive strength of soil 

w/c = water to cement ratio 

x = depth from ground surface to location of soil spring in Reese et al. (1975) 
x = distance from bottom of pile to a point along length of column-pile shaft 

y = displacement of soil/pile according to Reese et al. (1975) at depth z 

y50 = displacement of soil/pile at one-half the ultimate soil subgrade reaction 

z = depth below ground surface 

D = displacement of column-shaft system at top of column 

DD = design displacement of column-shaft system at top of column 

De = elastic displacement of column-shaft system at top of column 

Dea = corrected elastic displacement of system at top of column from cantilever action 

above the maximum moment location 

Dea = uncorrected elastic displacement of system at top of column from cantilever 

action above the maximum moment location 

Deb = elastic displacement of system at top of column from elastic rotation below the 

maximum moment location 

Dg = displacement of column-CIDH shaft at ground level 

DLa = above ground cantilever lateral displacement at column tip 

Dp = plastic displacement of column-shaft system at top of column 

Dpu = plastic displacement of column-shaft system at top of column for the ultimate 

limit state 

Dp,IG = plastic displacement of column-shaft system at top of column due to in-ground 

hinging  

Dsp = lateral displacement of soil-pile system at column tip 

Dt = translation of foundation shaft at the maximum moment location 

Dtrans = displacement of the system at the maximum moment location 

Dty = translation at the maximum moment location for the fi rst yield limit state 

Dt = translation at the maximum moment location for the ultimate limit state  

Dy = yield displacement of system at top of column 

Dy,F = yield displacement of system at top of column due to fixed head condition 

Dy,IG = yield displacement of system at top of column due to in-ground hinging 

Du = ultimate displacement of system at top of column 

Dfy(%) = percent increase in yield strength with respect to 20 °C (68 °F) 

Dfsu(%) = percent increase in ultimate tensile strength with respect to 20 °C (68 °F) 

Df0.03(%) = percent increase in strength at 0.03 strain with respect to 20 °C (68 °F) 

ama = coefficient for computing the maximum moment location 

am0 = coefficient for computing the first zero moment location 
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bma = coefficient for computing the maximum moment location 

bm0 = coefficient for computing the first zero moment location   

cma = coefficient for computing the maximum moment location 

e  = soil strain from laboratory testing 

ec = concrete strain 

eco = concrete cracking strain 

ecu = ultimate strain of concrete 

edc,c = damage control strain for concrete 

edc,s = damage control strain for steel reinforcing bars 

esh  = strain in mild steel reinforcement at the onset of the strain hardening 

esu = ultimate strain of mild steel reinforcement corresponding to fsu 

ey = yield strain of mild steel reinforcement corresponding to fy 

e50 = soil strain at fif ty percent of maximum principal stress 

f = curvature of shaft cross-section 

fe = elastic curvature of shaft cross-section 

fls = limit state curvature of shaft cross-section 

fls,c = damage control limit state curvature of shaft cross-section for concrete failure 

fls,s = damage control limit state curvature of shaft cross-section for steel failure 

fǋy = first yielding curvature of shaft cross-section 

fy = idealized elasto-plastic yield curvature of cross-section used in Chai (2002)  

fy = yield curvature of shaft cross-section 

fp = plastic curvature of shaft cross-section 

fu = ultimate curvature of shaft cross-section 

g   = effective unit weight of soil 

gm   = effective moist unit weight of soil 

h = coefficient to modify the ultimate soil shear force to a yield condition 

lp = normalized analytical plastic hinge length 

mD = displacement ductility of system 

mf = curvature ductility of foundation shaft 

qeb = elastic rotation from effects below the maximum moment location 

qeby = elastic rotation from effects below the maximum moment location at fi rst yield  

qebu = elastic rotation from effects below the maximum moment location at ultimate  

qg = rotation of column-pile shaft at ground level 

qp = plastic rotation of column-pile shaft  

qpa = plastic rotation above point of maximum moment  

qpb = plastic rotation below point of maximum moment 

qy = yield rotation of column-pile shaft at the maximum moment location 

qu = ultimate rotation of column-pile shaft at the maximum moment location 

rl = longitudinal reinforcement ratio 

rs = transverse (spiral) reinforcement ratio 

±s  = percent increase standard deviation from Dfy(%) 

±s  = percent increase standard deviation from Dfsu(%) 

xa = coefficient for locating the above ground height (Chai, 2002) 

xf = coefficient for locating the equivalent depth to fixity (Chai, 2002) 
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y = soft soil modification factor in translation computations for new method 

~ = approximately 
 
Units 

 

cm = centimeter (1 cm = 0.01 m) 

ft = feet 

in. = inch 

kN = kilonewton (1 kN = 1000 N) 

kip = 1000 pound-force 

kPa = kilopascal (1 kPa = 1000 Pa) 

ksi                = kip per square inch (1 ksi = 1000 psi) 
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m = meter 

mm = millimeter (1 mm = 0.001 m) 

MN = meganewton (1 MN = 1E+06 N) 

MPa = megapascal (1 MPa = 1E+06 Pa) 

Pa = pascal (1 Pa = 1 N/m
2
) 

psi = pound-force per square inch 

psf = pound-force per square foot 

°C = degrees Centigrade 
°F = degrees Fahrenheit 
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CHAPTER 1: INTRODUCTION 
 

 
1.1 Historical  Background 

 

A bridge, by definit ion, is a time, place, or means of connection or transition (Merriam- 

Webster, 2008).  In ancient times, this may have been as easy as a log that had fallen across a 

river or as complicated as a Roman arch bridge.  As the years passed, the design of bridges 

became more complicated due to the desire to provide functionality along with an artistic 

appearance, such as the pedestrian bridges located in Des Moines, Iowa (Figure 1-1).  With the 

ever changing demands on designers, significant advancements of knowledge within structural 

behavior and construction materials have been made to further advance the innovation in bridge 

design. 

 

 
 

Figure 1-1: Arched pedestr ian br idge over  I -235 in Des Moines, Iowa (Iowa DOT, 2009) 
 
 

1.2 Seismic Engineer ing Practices 
 

Structural engineering is an expanding field based on knowledge ascertained over the 

decades.  In the specialized field of seismic engineering, the design of structures has been 

constantly evolving as knowledge about earthquakes and their effects on structural response 

progresses.  The earliest records of earthquakes go back as far as 1831 BC, in the Shandong 

province of China (USGS, 2009).  However, China is not the only location in the world to have 

recorded early earthquakes.  In the United States, European settlers experienced earthquakes as 
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early as 1663 AD (USGS, 2009).  From this point in time, earthquakes within the United States 

have been steadily recorded in time histories. 

One of the more significant sets of earthquakes in the history of the United States is the New 

Madrid Series of 1811 ï 1812.  This series contained three earthquakes with a magnitude of at 

least 8 and had devastating effects on structures in the central United States due to the efficiency 

of the geological features to propagate seismic energy (USGS 2009).  As time progressed, more 

information was gained about dynamics and structural behavior, as well  as characteristics of 

earthquakes from when a full earthquake ground acceleration record was collected during the 

1940 Imperial Valley earthquake.  This information allowed structures to be designed to target 

ground accelerations using a force-based approach that related to the ground accelerations 

measured during past earthquakes.  However, it was not until the 1980s when engineers began to 

realize that a force-based approach combined with an allowable stress method would not be a 

sound approach for the seismic design of structures (Priestley et al., 2007).  The problem with a 

force-based approach without emphasizing adequate displacement capacities became prevalent 

with damage caused by the 1971 San Fernando earthquake, the 1989 Loma Prieta earthquake and 

the 1994 Northridge earthquake to name a few (see Figure 1-2).  Today, an approach that relies 

on the final performance of structures when subjected to different intensities of earthquakes is 

slowly taking over.  This method ensures an appropriate design is created such that the desired 

performance of the structure is met over the lifespan of the structure. 

 

 
 

Figure 1-2: Observed ear thquake damage: San Fernando (left); Loma Pr ieta (top r ight); 

Nor thri dge (bottom r ight) [photos accessed through USGS website (2009)] 
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1.2.1 Seismic Loading 
 

Since the first full record of ground accelerations were first captured during the 1940 
 

Imperial Valley earthquake, the understanding of seismic loading has been constantly evolving. 

This evolution in seismic loading has generally come from two different sources.  The fi rst 

source of evolution is the improvement of data acquisition systems over the years, which has led 

to more data collections with enhanced accuracy in capturing seismic accelerations across the 

entire world.  The increased amount of data collected has led to maps and time history data files 

able to provide more localized accelerations based on previously recorded events as well  as the 

geology of the areas.  The second major point of evolution is the continuously learned 

knowledge of structural behavior and its effects on the seismic design process.  A key component 

of this evolution is the understanding of material behavior and how the nonlinearity in the 

material properties can be used to ensure a structure that performs as desired when subjected to 

earthquake excitation.  By using the nonlinearity of material properties, structures are now 

designed to form a hinge point and essentially deform in a ductile manner while losing minimal 

capacity.  This evolution of design also led to a better understanding of hysteretic damping and 

how it may be used to dissipate the seismic energy applied to a structure. 

Although a great deal of evolution has occurred with data collection and understanding of 

structural behavior, the analysis methods used for determining the final seismic loading have 

been relatively unchanged.  The analysis methods are generally classified into two areasτa full 

dynamic analysis and a simplified analysis.  The full dynamic analysis will  use a previously 

recorded or artificially generated earthquake time history in a numerical integration method that 

will  generate the full response of the structure, forces and displacements, due to the energy 

imparted by an earthquake ground motion.  The simplified method uses an approximation based 

on the period of the structure to establish a design base shear force that is then distributed to the 

different levels of the structure using the appropriate modal shapes of the structure.  These 

distributed shear values are then used to determine the design forces for individual members of 

the structure.  No matter what method is chosen for determining the seismic loading, the 

response of the structure should be understood in the design process to ensure an adequate 

response during a seismic event. 



4  

1.2.2 Capacity Design Philosophy 
 

In high seismic regions of the United States, such as California, Alaska and South Carolina, 

structures are now designed to ensure an adequate response to seismic loading. To maintain a 

satisfactory performance, structures are designed in accordance with standards as specifi ed by 

the owning agency.  The standards within the high seismic regions generally follow a design 

philosophy that uses capacity design principles (Priestley et al., 1996). These principles as stated 

by Priestley et al. (1996) are summarized as follows: 

¶ the structure is allowed to respond inelastically through flexural yielding and formation 

of plastic hinges under design-level earthquakes; 

¶ plastic hinge locations are pre-determined and carefully detailed to ensure that ductile 

response of the structure can occur; and 

¶ undesirable mechanisms (e.g., shear failure) are prevented throughout the structure by the 

provision of a suitable strength margin. 

Currently, the capacity design principles are not widely used around the United States 

(Priestley et al., 2007) even though the principles can be used within a force-based design.  The 

future of earthquake engineering, however, is steadily progressing toward the principles of 

capacity design as the performance-based method of design takes over by ensuring all  possible 

scenarios, including seismic events, are accounted over the lifespan of the structure.  Designs 

will  be further improved, as well, since the capacity design principles will ensure other modes of 

lateral loading shall not collapse the structure. 

 

1.2.3 Behavior of Plastic Hinges 
 

The predetermined placement of plastic hinges is vital in seismic design.  Plastic hinges are 

designed and detailed to dissipate energy by responding inelastically during a seismic event 

without experiencing significant strength degradation (Priestley et al., 1996).  The locations are 

determined by identifying the critical section of the flexural members.  These plastic hinges can 

be positioned in a structure to allow for a bridge superstructure to perform elastically or to 

provide redundancy in buildings to protect human life during a seismic event.  If designed 

properly, the catastrophic failures depicted in Figure 1-3 and the collapse of the entire structure 

can be prevented. 
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(a) (b) 
 

Figure 1-3: 1971 San Fernando ear thquake damage, (a) Confinement failure (b) Shear 

failure with in a plastic hinge (Pr iestley et al., 1996) 
 

 

In addition, flexural members containing the plastic hinges must be designed in such a way 

that they meet the displacement or displacement ductility requirements at the ultimate limit state 

as specified in the code of practice (e.g., ACI, AASHTO, etc.).  To attain this displacement 

ductility, the preselected hinges undergo inelastic deformation during the design seismic event. 

The flexural members should also be designed so undesirable failure modes, such as shear and 

buckling, do not dictate the memberôs performance during the structureôs design life. 

The current procedure to design for the ultimate limit state for seismic condition is presented 

by the AASHTO LRFD Bridge Design Specifi cations with interim revisions and/or the ACI-08 

code (ACI, 2008; AASHTO, 2007).  Both sources, ACI-08 Chapter 21 and AASHTO Section 

5.7.2.2, use the equivalent stress block method to determine the flexural capacity of a flexural 

member and provide provisions on transverse reinforcement near the ends of these members to 

incorporate ductility.  The equivalent stress block method, as shown in Figure 1-4, recreated 

from ACI-08 Section 10.2, assumes the non-uniform concrete compressive stress contour 

provides a total force that can be represented as a stress block with dimensions 0.85* by B1*c, 

where B1 is the factor relating depth of compressive block to neutral axis depth, c is the neutral 

axis depth and fǋc is the concrete compressive stress.  All mild steel within the section is assumed 
 

to be at yield, fy, or at the nominal flexural capacity, fps, in prestressed sections (ACI-08 Section 
 

18.7.1 and AASHTO Section 5.7.3.1).  From these assumptions, one can determine the ultimate 

flexural capacity of the section.  The AASHTO code allows for the 0.85* concrete strength to 
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B
1
*c

 

be modified for sections if experimentation can prove the new value accurate and dependable 
 

(AASHTO, 2007). 
 

Ůcu = 0.003 in/in 0.85*fôc 
 
 

c 

 
d Equivalent 

Stress Block 
 
 
 
 

Ůy 

(a) Cross-Section (b) Strain Profile (c) Stress Profile 

Asfy 

 
 

Figure 1-4: Flexural design method based on the equivalent stress block (ACI, 2008) 
 

 

The equivalent stress block method has limitations and disadvantages.  This method tends to 

be conservative (Priestley et al., 1996), leading to more costly sections.  The underestimation of 

flexural strength may lead to additional funds spent on retrofitting of existing structures where a 

more precise method of analysis may deem the section adequate.  The equivalent stress block 

method cannot accurately depict the true flexural capacity of the section because the resultant 

compressive force location varies based on the assumed material behavior of the cross-section. 

This includes the concrete compressive strength which changes based on confined or unconfined 

concrete behavior.  An inaccuracy in the sectionôs flexural resistance may cause undesirable 

failures, such as shear failure, to occur because the demand is too high.  Finally, the designer has 

no control over the ductility of the system because it cannot be determined with the information 

provided. 

In Section 8.4 of the newest AASHTO Design guide, AASHTO Guide Specifications for 

LRFD Seismic Bridge Design, a moment-curvature approach for designing sections is provided 

(AASHTO, 2009).  This approach is more consistent with the Capacity Design Philosophy and 

also contains information on material models that can be used in lieu of material test data.  This 

design guide was created in response to the vulnerability of columns with inadequate transverse 

reinforcement and anchorage of longitudinal reinforcement evidenced in the 1989 Loma Prieta 

and 1998 Northridge earthquakes (AASHTO, 2009).  The material models provided in this 
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document allow mild steel reinforcement, concrete and prestress steel responses to be captured. 

However, utilizing this material information may lead to errors in the moment-curvature 

response if the data used in the field is not adequately represented by the models (e.g., the strain 

hardening region not being fully captured). 

Upon the completion of designing for the ultimate limit state, the service limit state should be 

checked.  After an event, no remedial action should be required at this state as no crushing of 

concrete, extensive cracks that require injection grouting, or spalling of the concrete should form 

under service and/or minor earthquake loading.  Currently, this is satisfied in codes and 

guidelines by extra provisions, such as crack control reinforcement spacing or deflection check 

requirements. 

To better estimate the actual behavior and capacity of flexural members for ultimate and 

service limit states while maintaining the most cost effective section, a moment-curvature 

approach can be used.  The stress quantifications are refined to more accurately predict moment 

capacities and an idealized force-displacement response can be found.  However, the LRFD 

method indirectly specif ies the maximum displacement possible for a section, as the ductility is 

empirically integrated into the equations for most structures, while other standards require a 

pushover analysis (Caltrans, 2006). 

 

1.2.4 Temperature Concerns 
 

The capacity design principles, as stated above, heavily rely on allowing flexural yielding 

and preventing undesirable effects in the structure; however, little research has been performed 

on the effects of seasonal cold temperatures on ductile behavior of structures when subjected to a 

seismic event.  This is a major deficiency in the field of earthquake engineering, as some of the 

largest earthquakes (e.g., 1811-1812 New Madrid Series and the 1964 Great Alaska earthquake) 

actually occurred in the earthquake affected regions of the United States during winter months 

that cause ground freezing.  It has been shown in an exploratory research program by Sritharan et 

al. (2007) that the seasonally frozen effects can cause brittle failure of bridges designed to 

respond in a ductile manner unless their effects are accounted for in seismic design.  The effects 

of cold temperature are further exacerbated by the unknown effects caused to the moment- 

curvature response of a critical member section, an important element in determining flexural 

yielding.  The signifi cance of these two issues are made even more critical as they are in direct 

violation of the capacity design principles.  These principles state the designer should allow 
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flexural yielding while preventing an undesirable failure mode, such as a brittle failure.  In the 

exploratory research that examined the performance of continuous columns supported on drilled 

shaft foundations, Suleiman et al. (2006) drew the following conclusions regarding the lateral 

load response of a full-scale test in wintry conditions with respect to the response of an identical 

system in warm conditions: 

¶ effective elastic stiffness increased by 170%, 
 

¶ lateral load resistance increased by 44%, 
 

¶ maximum moment location shifted upwards by 0.84 m (33 in.), 
 

¶ plastic region length reduced by 64% in the foundation shaft, and 
 

¶ gap opening at the base of the column reduced by 60%. 
 

Results for the cyclic responses of the two column-shaft systems are presented in Figure 1-5. 

The results demonstrate the drastic difference between seasonal wintry conditions and summer 

conditions where one can see a significant dif ference in the lateral force at a comparable 

displacement between the two experiments.  Due to the large variation in the lateral response of 

the system, any new development in the seismic design process of an integrated column- 

foundation shaft should give consideration to this issue. 
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(a) SS1 at 23 °C (b) SS2 at -10 °C 
 

Figure 1-5: Cyclic load testing results (Suleiman et al., 2006) 
 
 

1.3 Types of Foundations 
 

Over the years bridge superstructures have undergone many changes in seismic regions for 

both artistic and structural reasons.  However, bridge substructures have essentially remained 

unchanged and can be classified into two main groups: those utilizing shallow foundations and 

those utilizing deep foundations.  Shallow foundations are foundations located on competent 
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soils that are able to support the structure directly through bearing for vertical loads.  Shallow 

foundations require a large enough base to prevent overturning and sliding to handle lateral 

seismic loading.  When the soil is not competent enough to support the structure or a shallow 

foundation is not cost effective, deep foundation systems are used. 

 

1.3.1 Shallow Foundations 
 

Shallow foundations are typically referred to as spread footings and consist of a rectangular 

pad of concrete that bears directly on the soil as depicted in Figure 1-6.  This method of 

foundation construction generally requires less excavation and no specialized equipment, making 

this a cost-effective foundation on competent soils.  Although a spread footing is easy to 

construct and can lessen building costs, the cross-section of the spread footing may be inefficient 

because the footing must be extremely large to prevent a failure due to bearing capacity, 

overturning or sliding, especially under seismic loading.  Inefficiency also appears within the 

spread footing because of how seismic loads are handled.  When dealing with seismic loads, the 

typical method of design for a shallow foundation is to allow inelastic action to occur within the 

bridge column for ease of inspection, repair and design.  By allowing the inelastic action to occur 

in the column, conversely, extensive amounts of reinforcement are generally required to keep the 

response of the footing elastic due to large shear demands at the interface between the column 

and footing in both the vertical and horizontal directions.  Therefore, this type is not commonly 

used in seismic bridge design practice.  Another disadvantage to the spread footing is that the 

footing must be placed on a competent soil that will not cause signifi cant settlement.  Spread 

footings cannot be used in most bridge locations due to site constraints and the availability of 

competent soils to support the structure. 
 

 

Bridge Column Ground 

Surface 
 
 
 
 

Spread Footing 
 
 
 
 
 
 
 

Figure 1-6: Typical configuration of a spread footing 
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1.3.2 Deep Foundations 
 

When spread footings are not a suitable substructure support, deep foundations are used. 

Deep foundations use piles or shafts to transmit vertical and horizontal loads to the soil, 

respectively, through the development of skin as well  as tip resistance and passive lateral earth 

pressure.  Deep foundation systems come in many different forms and materials, as depicted in 

Figure 1-7, with specific  advantages and disadvantages to each.  For example, pile supported 

spread footings are generally assumed to maintain elastic behavior below the ground surface 

unlike a continuous column-foundation shaft, known as drilled or cast-in-drilled-hole (CIDH) 

shafts, which are typically designed to form inelastic plastic hinges below the ground surface. 

Dif ferences between types of piles also occur within the placing methods (i.e., driven versus 

cast-in-place).  Unlike driven piles, cast-in-place concrete piles are able to develop an extremely 

high axial load, as the piles are designed for the ultimate condition.  The steel non-displacement 

driven pile disturbs less soil area during placement, allowing for a better characterization of soil 

properties and a more economical design.  In general, both driven and cast-in-place piles are very 

advantageous in areas where: 

¶ environmental concerns prohibit excavation, 
 

¶ weak soils cause excessive settlement, 
 

¶ spread footings are not cost effective, and 
 

¶ bridge locations, where deemed appropriate. 
 

 
 
 
 

Typical cross-sections 
(a) (H-pile, circular, rectangular, octagonal) 

 
 
 
 
 
 
 
 
 
 

 
(b) Pile supported spread 

footing 

(c) Continuous column ï 

foundation 
(d) Continuous column with 

oversized foundation 
 

Figure 1-7: Different deep foundation systems 
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Currently, columns that extend into the ground as cast-in-drilled-hole (CIDH) shafts, as 

depicted in Figure 1-8, are a common column and foundation system due to the simplicity of 

construction, elimination of a column to foundation connection and reduced construction costs. 

The aforementioned benefits continue to make the continuous column-foundation system more 

desirable to engineers in the bridge design community.  Since the nature of the research 

performed during this project focuses on columns supported by drilled shafts, this foundation 

type will  be the focus for the remainder of the report. 
 
 

Bridge 
Superstructure 

 
Concrete Bridge 

Column Ground 
Surface 

 
 
 
 
 

CIDH Pile 
 

 
 
 
 
 

Figure 1-8: Typical br idge bent with a continuous column to cast-in-dr illed-hole (CIDH) 

shaft cross-section down longitudinal axis 
 
 

1.4 Soil-Foundation-Structure-Interaction 
 

When performing seismic design, accounting for the effects of lateral loading is a critical 

portion of the design process and must be examined correctly.  During the design process of 

integrated column-foundation systems, such as the one depicted in Figure 1-8, the effects of soil- 

foundation-structure-interaction (SFSI) further complicate the lateral loading analysis and thus 

the design methodology.  SFSI complicates the process for multiple reasons, but all  hinges on 

one issueτhow to correctly model the effects of the soil onto the structural design.  A 

satisfactory approach to capture these effects is by a numerical analysis method that models the 

soils using nonlinear springs and determines the force-displacement response of piles subjected 

to lateral loading in soil as well  as the overall  structural response. 

In addition to the complexity of this analysis, soil properties involved in SFSI, especially 

those near the ground surface, greatly influence the response of a CIDH shaft and the column 

that it is supporting.  Soil located near the ground surface has the greatest influence on the 
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response of the system, as this is where the soil is providing the largest amount of resistance to 

lateral movement.  The amount of resistance provided within this critical region is the largest 

area of variability due to the depositional nature of soil, the type of soil present, the stiffness of 

the soil and the environmental surroundings (e.g., temperature).  In addition to providing 

resistance to lateral movement, soil stif fness along the foundation depth dictates the global and 

local displacements of the system, the local curvature demand and much more. 

The influence of SFSI on the design of continuous column-foundation systems subjected to 

lateral loading has been researched by numerous people [e.g., Reese et al. (1975), Priestley et al. 

(1996), Budek et al. (2000), Chai (2002) and Priestley et al. (2007)].  In these studies, researchers 

were typically looking for a way to better define the response of these systems subjected to a 

monotonic lateral loading.  For example, Reese et al. (1975) improved on the definit ion of soil 

springs in cohesive soils; whereas, Chai (2002) expanded the definit ion of the flexural strength 

and ductility of an extended pile shaft.  No matter what research was undertaken, the end goal 

was to obtain an accurate representation of the expected lateral response of the column- 

foundation-soil system.  A typical column-pile shaft with its expected displacement, expected 

moment profile and criti cal locations is presented in Figure 1-9.  The critical locations identified 

are (1) the maximum moment location, the surrounding area needs the most confinement in 

seismic design, and (2) the typical fi xity point, current models assume the foundation shaft is 

fully fixed against all  deformation at this point. 

 

1.4.1 State of Practice 
 

Todayôs practice suggests simple and complex methods to account for the effects of SFSI. 

Although the complex methods involving nonlinear material models and analyses are generally 

able to capture the realistic lateral load response, they take a considerable amount of time to 

complete and require a great deal of information about the structure and soil surrounding the 

foundation shaft.  In this approach, it is especially important to accurately represent the soil , as 

this dictates the response on local and global levels.  To reduce the amount of information and 

time required to account for SFSI, simplified methods [e.g., Chai (2002), Priestley et al. (2007), 

etc.] are suggested for use in current guidelines and specifications (AASHTO, 2007 and 2009). 

These simplified methods generally establish an equivalent fixed base cantilever loaded laterally 

at the column tip without the presence of soil between the fixity location and ground surface. 

Even though this approach to modeling allows for simple calculations that can be performed in 
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significantly less time than a more complex approach, these simplified methods do not capture 
 

the realistic response depicted in Figure 1-9 and described in Chapter 3. 
 

P P 
 

Vt Vt 

Column Shaft 
 

 
Foundation Shaft 

 
 
 
Compressed Soil  

Ground Surface 
 

Maximum Moment lm 

 

Typical Fixity Point 
ls 

 

 
 
 
 
 
 
 
 
 
 
 
 

(a) Typical Column-Pile 

Shaft 

(b) Expected Displaced 

Shape 
(c) Expected Moment Profile 

 

Figure 1-9: Typical lateral load response of a column supported on a CIDH shaft 
 

 

The first reason why a realistic response is not captured is due to the fact that the base is 

assumed to be completely fi xed against deformation (Figure 1-10).  The fully fixed base implies 

the maximum moment location occurs at this point, and no forces or displacements will occur 

below this point along the length of the foundation shaft.  These implications, however, are not 

an accurate representation of the system, as forces and displacements are expected to occur at 

and below this location and must be accounted for correctly (see Figure 1-9 and Figure 1-11). 
 

V 
 
 
 
 
 
 
 
 

Mmax 
 

Cantilever Column Moment Profile 

lm 

Deflected Shape 
Assumed (left); Actual (Right)  ls

 

 

Figure 1-10: Fixed base cantilever  with moment and deflection profiles 
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(a) Integrated Shaft (b) Deflection Profile (c) Moment Profile (d) Shear Profil e 
 

Figure 1-11: Compar ison of equivalent cantilevers with expected response 
 

 

Besides the challenges associated with capturing the displacement and forces along the 

length of the column and foundation shafts correctly (see Figure 1-11), a number of other 

challenges arise in the development and use of models in existence today.  The first one stems 

from the way in which the different models were developed and verified for use in different soil 

types.  The major issue that arises within the verification area is that although the models were 

developed for both cohesive and cohesionless soils, they were only verified against cohesionless 

soil experiments.  Verifications were performed in this manner due to the ability of a researcher 

to better control the high variability of soil material properties.  Even though the different 

methods were verified in this manner, they were still suggested for use in cohesive soils although 

they do not capture the lateral response of integrated systems tested in clay soils (more details in 

Chapter 3).  In addition, verifications were performed in a column of uniform soil which is not a 

realistic assumption in actual field conditions. 

A second challenge associated with the models appears in the defining of the lateral response 

of a CIDH shaft.  The model presented by Chai (2002) suggests that a perfectly plastic response 

between the yield and ultimate limit states will provide a good estimation of lateral response. 

This, however, is not accurate as seen in Figure 1-5, where an increase between the yield and 

ultimate limit states occurs.  The increase comes from the combined effects of material 

nonlinearity in soil, concrete and steel when the column is pushed past the first yield state.  In the 

method suggested by Priestley et al. (2007), the lateral shear forces applied at the top of the 
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column are not easily determined, since a significant amount of information is needed about 

damping and the design level earthquake.  The last point made within this area is that some of 

the methods (e.g., AASHTO 2009) are only applicable when all  of the materials behave within 

an elastic manner. 

A third concern associated with the development of the existing models is that none of the 

researchers gave consideration to the effects of seasonal freezing in the construction of their 

approaches.  Although ignored in the development, it is clear that wintry conditions significantly 

alter the effects of SFSI and they cannot be easily accounted for in the existing models.  The 

effects were previously mentioned with the quick overview of the research performed by 

Suleiman et al. (2006) and Sritharan et al. (2007) at Iowa State University.  These challenges, as 

well  as others, are expanded on in the report that follows in the literature review provided in 

Chapter 2 and the examination of common methods used in practice provided in Chapter 3. 

 

1.4.2 Alternative Approach 
 

When performing a design or analysis in engineering, a free-body diagram (FBD) is typically 

used to represent a system and simplify the force and displacement calculations based on known 

constraints in the system.  Using this approach, a FBD was constructed for a column supported 

on a CIDH shaft (see Figure 1-12a).  In this diagram, the effective height of the system, Lma, was 

taken to be the distance from the column tip to the maximum moment location.  This point was 

chosen for the following reasons: 

1.   the maximum moment will occur here and this point must be defined for analysis and 

design purposes, 

2.   the most confinement will be placed in the area immediately surrounding this point to 

allow plastic action to form once the foundation shaft exceeds the yielding capacity, and 

3.   the point is the simplest location to cut the system without having to define multiple 

locations to account for plastic action and soil stiffness. 
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Figure 1-12: Alternative approach to accounting for SFSI  
 

 

By constructing a FBD for this system, one can see that a flexible foundation system and the 

inclusion of a soil spring, as shown in Figure 1-12b, is more applicable to account for the effects 

of SFSI.  In this approach, the rotational spring located at the maximum moment location would 

account for the elastic rotations occurring below this point as well  as all of the plastic rotations, 

above and below this point, within the system.  The translational spring, as part of the flexible 

foundation, accounts for the fact that the column-pile shaft system does not experience zero 

lateral displacement at the maximum moment location.  By including this spring, the 

displacement that forms due to the curvature of the pile below the maximum moment is included 

in addition to the possibility of a variable shear force along the shaft.  The second translational 

spring accounts for the resistance of the soil to lateral movement above the maximum moment 

location, providing a more realistic representation. Although one soil spring is depicted, this 

could be replaced by multiple springs to better define soil properties in this critical region more 

accurately.  Through the inclusion of springs into the proposed model, the effects of soil stif fness 

are included into their definit ions.  In the springs at the flexible foundation, for example, the 

rotation and the lateral displacement will decrease when compared with an equivalent system 

pushed to the same force at the column tip in a softer soil.  In addition, the soil spring would 

create a larger resistance to lateral movement, causing the global displacement to decrease. 
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1.5 Scope of Research 
 

In the current state of practice of designing bridges subjected to lateral loading, numerous 

deficiencies were identified (more details provided in Chapters 2 and 3) at Iowa State University 

(ISU), especially in the cohesive soil models.  The literature review within the current study has 

found that deficiencies in practice are located in the range of applicable soils, the model 

verifications, the handling of seasonal temperature effects and the lateral response over the full 

elastic and inelastic range.  Based on the deficiencies noted within todayôs practices, the current 

project was undertaken with the overall  scope being the development of a simplified model 

suitable for determining the lateral load response of deep bridge pier foundations in clay that is 

also able to account for seasonal temperature effects.  In order to develop the simplified model, 

the project focuses on the following objectives: 

 

1.   A detailed examination of the current SFSI practice through a literature review. 
 

2.   A verifi cation of existing models presented in current codes and the literature review. 
 

3.   The development of a simplified equation-based model to capture local and global 

responses of a continuous column-foundation system in clay with the inclusion of 

seasonal temperature effects. 

4.   Modification to existing sand models to account for temperature effects. 
 

5.   Ensure that shafts encompassed by steel shells may be adequately handled in the design 

process. 

6.   A systematic study on the effects to temperature to the behavior of material properties. 
 

This includes an examination of concrete, ASTM A706 steel and soil typical to the state 

of Alaska. 

7.   To formulate design and analysis recommendations suitable for continuous column- 

foundation systems in all  soil types while ensuring the ability to handle seasonal 

temperatures. 

 

1.6 Report Layout 
 

The remainder of the report discusses in detail the aforementioned project.  The discussion 

began with the introduction to the project in this chapter by providing background information 

and the scope of the research undertaken in this study.  The second chapter presents a detailed 

literature review of the current state of practice for the design and analysis of drilled shafts 
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subjected to lateral loading during all  seasons of the year.  Using the information provided within 

the second chapter, the third chapter provides a comparison of the different methods through 

example column-foundation systems.  The fourth chapter of the report presents a new simplified 

methodology for the seismic design of drilled shafts in clay soils along with its verification. 

Chapters five through seven present experimental materials testing performed on concrete, steel 

and soil in freezing conditions. The eighth chapter provides the design guidelines suggested for 

use in the design of drilled shafts subjected to a design-level or greater seismic event in 

seasonally frozen ground.  The ninth and final chapter of this report provides the conclusions and 

recommendations determined upon completion of the project. 
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CHAPTER 2: L ITERATURE REVIEW 
 

 
2.1 Introduc tion 

 

In the seismic design and analysis of columns supported on CIDH shafts, SFSI is a 

component that must be included in any modeling technique.  Over the years, researchers are 

constantly improving the methods of accounting for SFSI through experimental and analytical 

studies, Table 2-1.  The goal of each study normally falls within two categoriesτimprovement 

or simplification of the soil spring concept (described in Section 2.2.1) used in todayôs practice. 

 

Table 2-1: Studies on lateral loading of dr illed shafts 
 
 

 

Researcher  
 

Year 
Type of 

Study 

 

Study Overview 

 

Reese and 

Welch 

 
1975 

 
Experimental 

Development of soil subgrade reaction- 
displacement curves (p-y curves) in clay soils for 

use in the Winkler soil spring concept 
 

Crowther 
 

1990 
 

Experimental 
Modification of curves by Reese and Welch for use 

in frozen clay soils 
 

Priestley et al. 
 

1996 
 

Analytical 
Determination of inelastic rotation and ductility of a 

column/foundation shaft in cohesionless soils 
 
 

Budek et al. 

 
 

2000 

 
 

Analytical 

Parametric study on the inelastic seismic response 
of reinforced concrete bridge column/pile shafts in 

non-cohesive soils to simplify Winkler model. 

Verified against experimental and in-situ testing. 

 
Chai 

 
2002 

 
Analytical 

Analytical model for the flexural strength and 
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Although multiple studies have been performed, a lack of accurate simplifi ed lateral loading 

models in cohesive soils exists, even though these are typical soils around deep foundations in 

many parts of the United States, including some regions of Alaska.  Concerns with todayôs 

methods are due to the way cohesive soil models were verified, their inability to capture seasonal 

freezing effects, omission of nonlinear material properties after yielding, and the inability to 

capture the global and local lateral response of CIDH shafts over the elastic and inelastic regions 

expected at design-level and greater seismic events.  The verifications, for example, have been 

performed using experimentation in cohesionless soils due to the ability of the researcher to 

better control material properties, although the models are still  recommended for cohesive soils. 

Besides the verification concern, seasonal freezing is a major issue as continuous bridge 

column/foundation shafts may experience cold temperatures as low as -40 °C (-40 °F) and still 

need to perform as stipulated by the capacity design principles during a seismic event.  Based on 

the nature of this project and challenges associated with current methods of accounting for SFSI, 

this chapter will  examine todayôs state of design, analysis and overall  behavior of continuous 

column-foundation systems in a soil medium subjected to seismic loads during all  seasons of the 

year. 

 

2.2 Analytical Investigation 
 

During the examination of the current state of practice, an investigation into the multiple 

methods available for determining design displacements and the lateral response of bridge 

columns supported by CIDH shafts was performed.  The investigation found that these methods 

range from simple to complex in both the amount of information needed and the number of steps 

needed to execute the methods.  The remainder of this analytical investigation section will 

examine in detail  some of the more common methods [e.g., Reese et al. (1975), Crowther (1990), 

Priestley et al. (1996), Applied Technology Council  (ATC, 1996), Budek et al. (2000), Chai 

(2002), Priestley et al. (2007) and American Association of State and Highway Transportation 

Officials (AASHTO, 2007 and 2009)] used for determining the lateral response of continuous 

column/foundation systems. 

 

2.2.1 Reese and Welch (1975) 
 

The Winkler foundation method is a very common detailed method in foundation 

engineering that uses a series of soil springs placed along the shaft length, as depicted in Figure 
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2-1, to determine the lateral response of drilled shafts.  This method breaks down the 

column/foundation shaft into a series of equal length beam-column elements.  Each element is 

then characterized by specifying the moment resistance and corresponding flexural stif fness, 

EcIeff, where Ec is the concrete modulus of elasticity and Ieff is the effective moment of inertia of 

the section.  The resistance of the soil surrounding the foundation shaft is then modeled as a 

series of nonlinear compression-only springs located at the mid-height of each beam-column 

element.  The springs are characterized by a p-y curve in which p defines a soil subgrade reaction 

(force/length) for a given displacement, y, of the soil.  After defining these parameters along with 

the loading conditions, a finite difference or direct stiffness method is typically followed to 

complete the numerical calculations.  The methods use a numerical iteration process to handle 

the nonlinear material properties and ensure that equilibrium is obtained between the lateral soil 

springs, foundation element displacements and foundation element forces.  A key component 

within these methods is to accurately define the resistance of the soil surrounding the foundation 

shaft through the use of p-y curves.  Although soil is highly variable in nature, many researchers 

have attempted to quantify the lateral resistance of different soils.  In clay soils for example, an 

accepted method to represent the lateral behavior of soil was provided by Reese and Welch 

(1975). 
 

V p 
 
 

y 
 

 
 
 
 
 
 
 

Curvature 
Compression only soil 

spring 

 
 

Concrete Section Behavior 
 

 

Figure 2-1: Winkler foundation model 
 

 

In 1975, Reese and Welch performed experimental testing on full  scale drilled shafts in a stiff 

to very stif f red clay (Beaumont clay).  The goal of the project was to determine a soil modulus 

value that could be used in the well  known differential equation (Hetenyi 1946), Equation 2-1, 
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which relates the soil and structure for use in the Winkler foundation system when a deep 

foundation is loaded laterally.  The differential equation is based off of structural equilibrium in 

the beam-column element shown in Figure 2-2, where M is the applied moment and Vv is the 

horizontal shear force. 
 

 

(2-1) 
 

where, EI = flexural stif fness of foundation; 

y = lateral deflection of beam-column element and soil; 

x = length along foundation; 

P = axial load on column/foundation shaft 

Es = soil modulus; and 

p = soil subgrade reaction. 
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Figure 2-2: Beam-column element used in dif ferential equation derivation 

 

 

In order to obtain a relationship for the soil modulus, experimental testing was performed 

ensuring the moment profile along the length of the shaft could be determined.  Using the 

computed moment value, a lateral deflection of the soil and foundation shaft could be determined 

with a soil reaction at dif fering depths using standard beam theory from mechanics and 

numerical iteration processes.  After completing analysis of the data, Reese and Welch (1975) 

found that a power series with the soil reaction, p, normalized with respect to the ultimate soil 

reaction, pu, and the soil deflection, y, normalized against the deflection at one-half the ultimate 
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soil reaction, y50, would provide a good representation of the horizontal soil resistance.  Using 

this relationship, the following procedures were suggested to determine the short-term static p-y 

curves in clay soils: 

1.   Obtain the best estimate of variation of undrained shear strength, cu or su, effective unit 

weight, g, and strain corresponding to one-half the maximum principal stress difference, 

e50, along the length of shaft.  If e50 is unavailable, use a value of 0.005 or 0.010 with the 

larger value being more conservative. 

2.   Compute the ultimate soil resistance per unit length using the smaller of Equations 2-2 

and 2-3. 

(  )  (2-2) 

 
where, x = depth from ground surface to point of spring 

b = width or diameter of foundation 

 

 
 
 

(2-3) 
 

3.   Compute the deflection at one-half the ultimate soil  subgrade reaction using Equation 2-4 

(2-4) 

4.   Compute the points describing the p-y curve using Equation 2-5. (Note: p = pu for all  
 

values of y beyond y = 16y50) 
 
 

(  )  (2-5)

 
A second method was also presented in conjunction with the above procedure, if laboratory 

 

testing was performed on soil samples taken from the site.  The idea being that the p-y curve can 

be derived on the basis that it will  follow the same shape as the soil stress-strain curve.  Using 

this concept, the p-y curve could be constructed using the relationship shown in Equation 2-6 to 

find the lateral deflection of the soil, where the exponent z is taken to be one-quarter and 

Equation 2-5 to find the corresponding soil subgrade reaction. 

(  )  (  )  (2-6)

 

2.2.2 Crowther (1990) 
 

A key part in constructing the p-y curves for soils is to ensure that an appropriate exponent is 

used on the deflection criteria in the model produced by Reese and Welch (1975).  Crowther 
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(1990) examined the prediction of lateral displacements in frozen layered soils.  The 

investigation included the use of data obtained from testing performed by Weaver and 

Morgenstern (1981) as well  as Sayles and Haines (1974).  During the study, Crowther 

demonstrated that by modifying the exponent, z, in Equation 2-6, to a value of 0.33, a 

satisfactory performance could be obtained in frozen clays.  This modification is important to 

this project as the new methodology must be able to handle seasonally cold temperatures. 

 

2.2.3 Priestley et al. (1996) 
 

Priestley et al. (1996) suggested the plastic hinge length and depth of plastic hinge follow a 

hyperbolic trend related to a normalized value based on the flexural stif fness, EIeff, of the 

foundation shaft and a soil  subgrade modulus, K.  The graphs, Figure 2-3, presented in this 

reference were an initial portion of the work that would be later published by Budek et al. 

(2000).  Although the trends were initially suggested for soils, in general, the research published 

later states that the trends were developed and verified only for cohesionless soils.  The 

aforementioned graphs, therefore, are not recommended for use in the modeling of a cohesive 

soil.  Additionally, the text in which these graphs were presented does not suggest a method on 

their use in the design of continuous column/foundation systems.  The only suggestion provided 

for handling a bridge column that extends into the ground as a CIDH shaft was to perform an 

elastic analysis and shift the location of the maximum moment towards the ground surface.  The 

upwards shift was stated to be 30% of the total depth predicted by an elastic analysis. 
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Figure 2-3: (a) Plastic hinge length; (b) depth to plastic hinge location [Reproduced from 

Budek et al., 2000] 
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2.2.4 Chai (2002) 
 

Chai proposed a model to determine the lateral response of extended pile shafts while 

accounting for the effects of soil. The model relies on the use of two points, fixity and maximum 

moment, along the length of the system in order to determine the systems flexural strength and 

ductility.  A visual representation of the model and the two points defining the fixity and the 

maximum moment locations used to determine the lateral loading and displacements of the 

column/foundation system in a uniform layer of soil, cohesive or non-cohesive, are shown in 

Figure 2-4. 

 
 

Figure 2-4: Equivalent fixed-base cantilever  (after  Chai 2002) 
 

 

Chai began the development of the model by determining the point of fixity over the elastic 

and inelastic regions, which would relate the stiffness of a soil-pile system, Ksp, to the stiffness 

of an equivalent fixed-base cantilever, Kc.  The stiffness of the cantilever is defined as the shear 

force, V, applied at the top of the column divided by the lateral displacement at the top of the 

cantilever, D.  The stiffness expression was further expanded into Equation 2-7 using principles 

of mechanics. 
 

 

( )
 

where, EIe = effective flexural rigidity of the cantilever; 
Lf    = equivalent depth-to-fixity; and 
La   = above ground height of the column. 

(2-7) 
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Cohesive Soil 
 

In order to relate the equivalent cantilever system to the soil-pile system in a cohesive soil the 

closed form solution to ground movement (see Equations 2-8 and 2-9) of a long pile subjected to 

lateral loading produced by Poulos and Davis (1980) was used. 

( Ѝ ) 
(2-8)

 

where, Ѝ  ; and

 

(Ѝ ) 
(2-9)

 

The closed form solution was added to the above ground cantilever displacement, DLa, to 

develop Equation 2-10, which defines the total displacement of the soil-pile system, Dsp, within 

the elastic region. 

 

(2-10) 
 

 

where, ; and 
 

Ie = effective moment of inertia of the foundation shaft. 
 

After obtaining the total displacement of the soil-pile system, its lateral stiffness can be 

determined.  At this point, Kc and Ksp are set equal to one another, thus locating the equivalent 

point of fixity.  In order to efficiently equate the two stiffness terms, the above ground height and 

depth to fixity were defined in terms of the characteristic length of the pile (i.e., La = xaRc and Lf 

= xfRc, where xa and xf are coefficients for the above ground height and equivalent depth-to- 

fixity, respectively).  The soil-pile system stif fness can be written as shown in Equation 2-11 

with the coefficient for the equivalent depth-to-fixity being computed through Equation 2-12. 

 
(2-11) 

Ѝ Ѝ 
 

Ѝ  (2-12)

 
Once the point of fixity is located, the maximum moment location is also needed in order to 

 

determine the ductility capacity of the system.  Using a modified version of Broms (1964a) soil 

pressure distribution acting on the pile (see Equation 2-13), shear and moment relationships are 
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developed based off of static equilibrium of horizontal forces and bending moments.  The shear 

and moment relationships are presented in Equation 2-14 and Equation 2-15, respectively. 

(  ) {  
[  -   (  )  ]  

(2-13) 

 
 

where, z = depth below the ground surface; and 

D = pile diameter 

 
 
 
 

(2-14) 
 

 

where ; and 
 

; 

(  )  ( ) (2-15)

 

where, ; and 
 
 

 
The normalized depth to maximum moment and ultimate lateral strength of the system can 

now be determined using an idealized elasto-plastic moment-curvature response established for 

the cross-section of the foundation shaft. 

 

Cohesionless Soil  
 

Similar to the cohesive soil model, Chai produced a cohesionless soil model using the work 

of Poulos and Davis (1980) in non-cohesive soils to relate the stiffness of the soil to that of an 

equivalent cantilever system.  This was done through the closed form solution proposed in 

Poulos and Davis (1980) that relates ground movement and ground rotation to lateral load (see 

Equations 2-16 and 2-17) 

 
[ ] (2-16)

 

where, Ѝ  ; and 
 
 
 
 

[ ] (2-17)
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Using the process described in the cohesive soil section, the soil-pile system stif fness and the 
 

coefficient for the equivalent depth to fixity are defined in Equations 2-18 and 2-19. 
 

 

(2-18) 
[  ] 

 

Ѝ  (2-19)

 
where, Lf = xfRn and La = xaRn 

 
In order to complete these computations the rate of change of the horizontal modulus of 

subgrade reaction must be known.  Chai (2002) suggested the use of a chart presented in ATC-32 

(1996), provided herein as Figure 2-5.  This figure establishes the coefficient as a function of the 

relative density, Dr, and the friction angle, fbar, of cohesionless soil.  Based on the assumption 

this value should be determined at the working load, the chart value was suggested to be divided 
 

by a value of four for larger seismic considerations. 
 

 
 

Figure 2-5: Subgrade coeff icient and effective fr iction angle of cohesionless soils (ATC-32, 

1996) 
 

 

Once the effective point of fixity has been established, the maximum moment location is 

defined to establish the ductility capacity of the system.  This process was undertaken by using 

the soil pressure distribution along the length of the pile suggested by Broms (1964b) (see 

Equation 2-20) and the principles of static equilibrium.  The principle of horizontal equilibrium 

and zero shear force at the maximum moment location defines Equation 2-21; while the principle 

of bending moment equilibrium defines Equation 2-22.  By solving these two equations 


