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Extreme flood events may create large transverse water loads that cause piles of a bent
to bend about their weak axes in addition to causing scour. A comparison of the nonlinear
pushover analysis procedures and resulting p-delta curves for bridge bents using GTSTRUDL
and FB-Pier is presented in this thesis to determine which program most accurately models the
pushover behavior of bents during these extreme flooding events. The buckling and pushover
capacities of typical standard ALDOT non X-braced and X-braced bents are evaluated for various
levels of scour. Stability of the non X-braced bents in the transverse direction is assessed to
determine if the end battered piles provide sufficient lateral bracing to prevent sidesway. Several
bent parameters were varied to examine sensitivities 1o flexural stiffness of the piles/bent
including soil stiffness modulus, degree of end pile battering, and flexural stiffness of the bent
cap. Special consideration was also given to the connections of the piles to the ground and bent
cap. It was estimated that these connections would be most accurately modeled with 50%
rotational fixities, but neither GTSTRUDL nor FB-Pier have the ability to model partial fixities.
Thus, alternate modelings were examined to develop bent models which are believed to behave
similarly to those in the field. Conclusions and recommendations are then made based on which
computer program models, FB-Pier or GTSTRUDL, provides the most appropriate pushover

analysis modeling for in-situ bents.
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CHAPTER 1: INTRODUCTION

1.1 Statement of Problem

Alabama has hundreds of highway bridges that were designed and constructed prior to 1990
and therefore not designed for scour. In addition, there are hundreds of county bridges
constructed using standardized designs for which scour analysis is not part of the foundation
design. The Alabama Department of Transportation (ALDOT) is currently performing an
assessment of scour susceptibility of its bridges, and a part of this assessment requires an
evaluation of the structural stability of these bridges for an estimated scour event. It appears that
buckling of the pile bents in the transverse direction governs the bridge failure load from a
structural stability viewpoint. During extreme flooding events, debris tends to gather around the
end piles of bents to create a debris raft. Water currents acting on these debris rafts may impose
large transverse forces on the bents causing the piles to fail by buckling about their weak axes.

The computer program FB-Pier allows a rather sophisticated modeling of the pile-soil

system of a pile bent and appears to be widely used by state highway agencies. However, its
modeling of nonlinear behavior appears to leave much to be desired. The pushover analysis
procedure in the computer program GTSTRUDL does not aliow sophisticated modeling of soil
settings, but appears to handle nonlinear behavior quite nicely. H. Granholm developed an
analytical solution and equations for piles embedded in soils and found that buckling capacities of
such piles were quite insensitive to the properties of the soil setting. Thus, it appears that the
GTSTRUDL modeling and pushover analysis procedure has the potential of providing an easier
modeling and more accurate failure load estimation than does FB-Pier for those pile bent cases
requiring closer examination in ALDOT’s bridge bent adequacy “screening tool” evaluation
process. Checking this via comparative modeling and analyses is one of the impetuses and

purposes of this research.



Though ALDOT pile bent standards show the pile bents X-braced in the transverse
direction, in some cases, the X-bracing may be omitted and replaced with a concrete encasement
of the pile from 3 feet below the ground line to the underside of the bent cap. When this is done,
the steel H-pile and encasement are not interlocked via shear lugs to act compositely, and only a
very light steel spiral (No. 2 bar at 12 in. pitch) is used in the encasement. Thus, if a major scour
event occurs, the non X-braced bent must essentially rely on the end batter piles to provide
sufficient lateral support to prevent sidesway bucking in the transverse direction.
Analytically/numerically assessing whether these bents can achieve this is the second impetus

and purpose of this research.

1.2 Objective
The objectives of this investigation are two fold and as follows:

1. Compare the relative modeling ease and accuracy of predicted transverse
bucking/failure loads of typical bridge pile bents using FB-Pier and GTSTRUDL
pushover analyses, and make a recommendation on which software/procedure
should be used in pile bent cases requiring closer examination in extreme scour
events.

2. Analytically/numerically assess the adequacy of the bent end batter piles in providing

sufficient lateral support to prevent a sidesway mode of bent bucking.

1.3 Work Plan
The work plan to accomplish the above objectives is briefly outlined below.
1. Review and select a few typical ALDOT bridge pile bents to serve as case studies in
the modeling/analysis comparisons.
2. Review the FB-Pier Users Manual and practice modeling and analyses of pile bents
using FB-Pier.
3. Review GTSTRUDL modeling and pushover analysis procedure and practice

modeling and analyses of pile bents using GTSTRUDL Pushover Analysis.
2



4. Perform FB-Pier modeling and failure load analysis of the typical bridge pile bents
identified in (1) above.

5. Perform GTSTRUDL pushover analysis of the typical bridge pile bents identified in (1)
above to determine the failure loads.

6. Compare the modeling work/effort and failure loads in (2) - (5) above, and also with
results from analytical analyses using Granholm’s equation.

7. Perform analytical and GTSTRUDL analyses of pile bents with a range of end pile
batters from 0-2 in. in 12 in. and for a range of scour levels/heights of bent cap above
ground line to assess the bents lateral stiffness and propensity to buckle in the
lateral/transverse direction.

8. Draw appropriate conclusions and recommendations regarding the modeling work
effort required and the failure load predictions of the FB-Pier and GTSTRUDL
Pushover analysis procedures.

9. Draw appropriate conclusions and recommendations regarding the behavior and
bucking capacity of non X-braced and X-braced pile bents and their adequacy in a
major scour event.

10. Prepare a final report on the research work.

1.4 SCOPE

This investigation was limited to a review of the user manuals for FB-Pier and
GTSTRUDL pushover analysis and applications of these software packages in analyzing the
transverse bucking capacities of some typical ALDOT bridge pile bents. Comparisons of results
from theses two software packages were made to assess their relative merits. Also, analytical
and computer analyses of non X-braced pile bents were made to assess the transverse stifiness
and bucking capacity of these bents to determine their adequacy during a major scour event. No

laboratory or field tests were conducted to verify or refute the results of the numerical analyses.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 Background

A common design/construction procedure for highway bridges in Alabama that are over
marshes, low-lands, small creeks and shallow bodies of water is to have the bridge
superstructure supported on pile bents. Some typical such bents are shown in Figures 2.1-2.3.
During major flood events, the volume and velocity of flood waters flowing past these bents can
cause considerable scouring to occur at the bents. Since the elastic buckling capacity and
stability of these bents vary inversely with the square of the bent height, a scour of 15 feet at a
bent that was originally 15 feet in height will reduce its elastic buckling load capacity by a factor of
four. In turn this could result in a stability failure of the bent and thus collapse of the bridge.

In most pile bent supported bridges, the governing mode of failure in a major scour event
is probably a buckling failure of the piles in the transverse direction or an undercutting of the piles
and vertical plunging or tipping over of the bent. Analysis of pile bent buckling failures of the pile
in the transverse direction due to scour using various modeling of the bents and various software
packages is the purpose of this investigation. Thus, identification of the major parameters
affecting transverse buckling of bridge pile bents, and determining the easiest means to quantify

the effects of these parameters on bent load capacities is the focus of this literature review.

2.2 Literature Review
Column/Pile Buckling

Bridge bent piles are slender columns and subject to a possible stability or buckling
failure. Perfect column/pile P-A and Pggy, curves are shown in Figures 2.4 and 2.5 respectively.

As indicated in Figure 2.4, the perfect pile would exhibit no lateral deflection prior to reaching the
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Figure 2.2. Pile Bent Supported Bridge Over Small Creek

Figure 2.3. Underside of Pile Bent Supported Bridge
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buckling (Pcr) load. Figure 2.5 illustrates that a perfect pile may fail due to insufficient yield
strength (P,) or due to buckling (Pcg) depending on the pile effective length (kL). Piles (columns)
in pile bents are never perfectly straight or subject to perfect concentric loading, and the effects of
these imperfect conditions are reviewed below.

Imperfect columns are generally considered to be those which are not initially straight or
those in which the load is applied with some eccentricity. Consider the case of an initially bent
pin-ended column as show in Figure 2.6. Let the initial deformations of the column be given by y,
and the additional deformations due to bending by y as shown. The solution of this problem in
the form of a load-deflection curve is given in Figure 2.7 for two values of initial imperfection. The
effects of an imperfect axial loading on column behavior can be determined by considering the
initially straight but eccentrically loaded column shown in Figure 2.8. For this column, the solution
in the form of a load-center deflection curve for the two different values of load
eccentricity/imperfection is given in Figure 2.9. Figures 2.7 and 2.9 reflect several important
points about the behavior of imperfect columns, i.e.,

1. Imperfect columns begin to bend and deflect as soon as any axial load is applied.

2. The Euler load is a good approximation of the maximum load that a real imperfect
column can support, provided that the magnitude of the imperfection is not excessive
and the intensity of the loading does not cause yielding of the material.

3. The behavior of imperfect columns provides an alternate method of stability analysis,
i.e., “The critical load is the load at which the deformation of a slightly imperfect
system increases without bound. To apply this criterion, one gives the structural
member or system to be investigated a small initial deformation and then determines
the load at which the deformation becomes unbounded (7).”

4. The behavior of an imperfect system can be assessed by giving the system some
initial crookedness or by applying the load eccentrically.

Due to residual and bending stresses, points within a pile cross-section will reach their

yield stress long before the nominal P/A stress reaches the yield point. Thus, the o vs. ¢ failure

curve should be modified to account for this. The modification commonly taken is to assume a
8



Figure 2.6. Initially Bent Column (7)
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parabolic curve from stress levels of o, to 6,/2 or from P, to P,/2 as indicated in Figure 2.10.
Alternatively, in stability problems the effect of member inelasticity on the buckling solution can be
reasonably approximated by using the tangent modulus stiffness E; instead of the elastic
modulus, E. This is reflected in Figure 2.11. The inelastic stiffness is Et = tE where 1 is the

inelastic stiffness reduction factor. In this formulation,

2 2

m°Eql m1El

_ P. = 2.1
K2 R = )2 (2.1)

CR

and, the elastic range is defined by the axial stress in the member, not the slenderness ratio.
Inelastic stiffness Er can also be determined directly as the siope of the stress-strain curve where

yielding occurs.

Pile Bracing
Pile bracing is used to reduce the effective length of a pile and thus enhance its stability.
In general, braces must have both stiffness and strength, and the requirements and guidelines for
these are (2): -
. Stiffness
- Use brace stiffness at least twice the ideal value
- Connection details can be detrimental to brace stiffness
. Strength
- Brace forces are directly related to the magnitude of initial out-of-
straightness or load eccentricities of the column/pile
- Design the brace and its connections for 0.4%-1% of the column/piie
compressive force
A system’s ideal bracing stiffness can best be illustrated with a rigid bar stability problem
as show in Figure 2.12. As evident in Figure 2.12, the stability of the rigid bar is directly related to
bracing conditions at the top of the bar, i.e., the stiffness of the top spring. Note from this that if a
column is perfectly straight and concentrically loaded, the bracing only needs stiffness, i.e., there

is no force developed in the brace prior to buckling. However, if the column conditions are not
12



ideal, e.g., if the load is applied with an eccentricity A, or the column is out-of-plumb, then the
brace needs both stiffness and strength.

Lateral bracing of structural components and systems can be divided into four categories,

ie.,
. relative bracing system
* discrete bracing system
. continuous bracing system
. lean-on bracing system

These are illustrated in Figure 2.13.

Most engineers are familiar with the first three bracing categories (a-c) in Figure 2.13 (3).
However, the fourth category, i.e., lean-on bracing, is not as familiar. In pile bents individual piles
and whole pile bents have greater load capacity because of lean-on bracing. When compression
members lean-on adjacent members for stability support (bracing), the ZP concept (2) can be
used to design the members. The ZP concept can be explained using the problem shown in
Figures 2.14, in which column A has a load P with three connecting beams attached between
columns A and B. There are two principal buckling modes for this structure, the non sway and
the sway modes. If column B is sufficiently slender, the system will buckle in the sway mode,
shown by the dot-dash line in Figure 2.14a. In the sway mode the buckling strength involves the
sum (ZPcR) of the buckling capacity of each column that sways. It should be noted that there can
be axial load on all of the columns in the system. The system is stable in the sway mode if the
sum of the applied loads (ZP) is less than ZPgr. This assumes all the columns have the same
height. If column B is sufficiently stiff, the buckling mode does not involve the lean-on bracing
concept. Both modes must be checked.

Note in Figure 2.14b, as | is increased, the buckling load increases linearly until the ideal
brace situation ((Is/la)isea=15.3, or 1% = 15.3 1,) is reached where buckling occurs between the
bracing or connection members. The response shown in Figure 2.14b indicates that the buckled

ideal

shape is always a half sine curve until the full bracing is achieved when Iz is called Ig® and is

13
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analogous to kigea- There is no switching from one shape to the next higher mode as occurs for
single point bracing, i.e., lean-on bracing is not the same as single point bracing. ‘Alean-on
system is one in which the “bracing” member must have the same shape as the “buckling”
member. Such systems can be designed using the P concept. Thus, a lean-on system relies
on the lateral buckling strength of lightly loaded adjacent piles (or pile bents) to laterally support a
more heavily loaded pile (or pile bent) when all of the piles (or pile bents) are horizontally tied
together. In a lean-on system all piles must buckle simultaneously in a sway mode of buckling.
A typical bridge pile bent used by ALDOT is shown in Figure 2.1. Note in Figs 4.1 and
4.2 that bent piling has continuous bracing, i.e. the soil, below the ground line to prevent buckling
about any axis. For buckling in the plane of the bents, i.e., in the transverse direction (about the

pile’s weak axis) the steel angle sway bracing provides relative bracing for the piling. Also,

adjacent piling in the bent provide lean-on bracing (in the transverse direction) to the most heavily

loaded pile in the bent. Lastly, adjacent bents could provide lean-on bracing for a sidesway mode

of buckling in the longitudinal direction (about the pile’s strong axis). However, after some
longitudinal translation the expansion joints close and the bridge abutments at each end of the
bridge prohibit a sidesway mode of buckling in the longitudinal direction (about the pile’s strong

axis).

Effect of Soil Subgrade Modulus on Pile Bucking Load

H. Granholm (1) developed an analytical

#oR
t\}

solution for a pile partially embedded in a soil

supporting medium as indicated in Figure 2.15. His

solution allows one to evaluate the effect of soil e
subgrade modulus on pile buckling loads. The (
differential equation for the lower part of Granholm’s

pile elastic curve in Figure 2.15 is T

d4y 2 dzy
El e +P ok A 0 (22a) Figure 2.15. Partially Embedded Pile (1)
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This equation indicates that the load intensity perpendicular to the axis of the pile is equal to the

dzy

> due to the axial load and

sum of the soil reaction pressure cy and an additional amount P

curvature of the pile. If we divide through by El, Eq (2.2a) takes the form:

4 2
ZXZ + k> sz +a‘y=0 (2.2b)

P c
Where k= — and a‘*= ﬁ and ¢ = soil modulus (Ib/ft2). The differential equation for the

upper part of the pile elastic curve is obtained from this equation by taking ¢ = 0 and thus a* = 0,

and,

i‘t_y + k2 dzy
dx* dx?

=0 2.3)

By integrating these two equation and observing that the terminal conditions are satisfied,

Granholm obtained the system characteristic equation as
2 2 2
() -l (&)
a al\ a a
~X kY (k) (kY kI
14| — | —| — | +al] — 2—| —
al al al al

Note that Eqn. (2.4) is similar to the equation obtained when analyzing Euler’s fixed-pinned

(2.4)

column, i.e.,

tan ki = ki
If one assumes al to be infinitely great, i.e., if the medium is assumed to be absolutely rigid, Eqn.
(2.4) becomes Euler’s equation for a fixed-pinned column which is thus obtained as a special
case. A well-known graphical construction was applied for the solution of Euler's equation which
consisted of determining the points of intersection between the curve y = tan kl and the straight
line y=kl. This graphical construction suggests a similar procedure for solving Egn. (2.4). The

simplest way to find its roots for various values of al is to determine the point of intersection

17



between y = tan kl and the curve that is represented by the right hand member of the equation as
indicated in Figure 2.16.

After thus determining the roots of the equation for a series of values of al one can
graphically represent kil as a function of al. For kl, Granholm introduces the name “factor of
buckling”. Note that the “factor of buckling” is dimensionless. In Figure 2.17 the relation between
the “factor of buckling” and al is shown graphically. With knowledge of the “factor of buckling”,

one can determine the critical load P from the relation

Pcr = (k) % (2.5a)

Note, by definition that

P
k)2 = —CR ]2 2.5b
(ki) Tl (2.5b)

For increasing values of al, the “factor of buckling”, kl, approaches asymptotically the

value 4.49 (approximately = 72'\/5 ), which means that the critical load for increasing length of the

pile or for increasing rigidity of the medium asymptotically approaches the critical load for Euler’s

fixed-pinned case. At the origin the function has the tangent kl = al - \/5 The value al = 0 thus
corresponds to the load P = 2a°El, or, if one introduces the coefficient of lateral displacement c,

instead of P = 2a2EI, one obtains

P = 2+4/cEI

This value of P corresponds to the minimum buckling load when a pile is fully embedded (/= 0) in

the soll, i.e.,
Pminfully embedded = CEImin

Granholm also determined the characteristic equation for the case where the top of the
pile in Figure 2.15 is fixed (rather than pinned), and his results for that condition are also shown in
Figure 2.17. The support conditions for a bent pile buckling in the longitudinal direction, i.e.,
about its strong axis, are approximately those of a pile hinged at the top in Figure 2.17. For the

same pile buckling in the transverse direction, i.e., about its weak axis, its top is between a

18
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pinned and a fixed condition. For this case, values of ki for both the pinned and fixed top could

be extracted and the average of these used to estimate Pcx.

Pushover Analysis

Pushover analysis is a nonlinear analysis procedure that was born in the seismic analysis
community. The technique is based on the conventional displacement method of analysis.
Standard elastic and geometric stiffness matrices for the structure elements/members are
progressively modified to account for geometric and/or material nonlinearity under constant
gravity loads and incrementally increasing lateral loads or vice versa.

In GTSTRUDL, a Newton-Raphson solution technique based on the tangent stiffness
method is used to solve the nonlinear equations resulting from the geometric and material
nonlinearities. This solution technique is illustrated in Figure 2.18 (4). Load incrementation is
particularly valuable for the nonlinear analysis of structures which exhibit dramatic changes in
stiffness during the course of load application. Typical examples include cable structures, which
demonstrate stress-stiffening behavior, and frame structures, which exhibit instability behavior
(e.g. buckling). Stress stiffening behavior is characterized by rapidly increasing stiffness for small
changes in strain, typically during the early stages of loading (see Figure 2.19a) (4). Frame
structure instability is characterized by rapidly decreasing stiffness for small changes in
deformation during the late stages of loading when the collapse load is approached (see Figure
2.19b) (4). In situations such as these, the nonlinear analysis may not converge if the total
loading is applied as a single increment of sufficient magnitude to encompass the regions where
the load-displacement response exhibits rapid stiffness change. Breaking the total loading into a
smaller number of increments, particularly in the regions of rapid stiffness change, can
significantly improve the success of the convergence and subsequent analysis.

Pushover analysis is described in GTSTRUDL Reference Manual, Vol. 3 (4) as an
automated incremental load analysis which also contains a procedure that automatically searches
for the load level at which structural instability or collapse occurs. In GTSTRUDL, the Pushover

Analysis Data and Perform Pushover Analysis commands are used together to perform a
20
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pushover analysis. The Pushover Analysis Data command is used to specify the values for a
series of parameters that control the pushover analysis procedure and must be given first. The
Perform Pushover Anélysis command follows and is used to execute the pushover analysis
procedure. A Print Pushover Analysis Data command is used to verify the parameter values
specified by the Pushover Analysis Data command.

FB-Pier recently added a pushover analysis capability to its software which can now
perform a nonlinear pushover analysis of a pile or pile bent in a soil setting. As in the
GTSTRUDL procedure, in the FB-Pier analysis procedure, two loads cases are required — one for
permanently applied loads and one for loads to be incremented. FB-Pier’s pushover analysis
solution technique is not as sophisticated as GTSTRUDL’s in that once the iteration process fails
to converge it does not calculate reduced loading rates in order to converge to the exact solution.
Therefore, smaller loading increments must be used to produce more accurate p-delta curves.

Structural Analysis in FB-Pier may be performed with linear or nonlinear pile behavior
which are further explained by the FB-Pier help manual documentation (6) as follows:

Linear Behavior:

. Assumes the behavior is purely linear elastic.

. Deflections do not cause secondary moments; no P-delta moments (moments of

the axial force times the displacements of one end of element to another).

Nonlinear Behavior:

. Uses input or default stress strain curves which are integrated over the cross-
section of the piles.

. Uses P-delta moments (moments of the axial force times the displacements of
one end of element to another). Furthermore, since the user subdivides the pile
into a number of sub-elements, the P-y moments (moments of axial force times
internal displacements within members due to bending) are also modeled.

The solution procedure for FB-Pier consists of two parts, the determination of the member

strength criteria from the formation of interaction diagrams and the actual analysis of the structure

(8). For nonlinear analysis the program first applies loads to the structure and determines the
23



resulting displacements of the members. Member strains are then determined from these
displacements and the corresponding stresses are determined from either the default or user
defined stress-strain curves. The program performs an integration over the cross section to get
the forces from the stresses. Equilibrium is then checked to verify that the external loads are
balanced by the internal stresses. If these loads are not balanced, the program iterates until the
equilibrium is achieved (8).

When this solution procedure is performed for pushover analysis, the load at failure is
determined by the failure ratio which is defined for each member and load increment as demand
vs. capacity. The failure ratio is calculated from the interaction diagram for each cross-section of
the structure and is an estimate of the percentage of the cross sectio.ns’ capacity that has been
reached for a given loading. To compute the failure ratio the length of the vector for the current
load state is divided by the length of the vector when it pierces the failure surface as shown in the
3-D interaction diagram of Figure 2.20. This method assumes that the axial load will remain
constant, which for indeterminate structures is not very realistic (6). In indeterminate structures

all forces interact and in order for the moments to increase, the axial load must also increase (6).

Demand _ Actual Length
Capacity  Surface Length

P,

achual

Surface Piercing Vector Length

Force Result Vector (P,M,,M,)

Figure 2.20. FB-Pier 3-D Interaction Diagram Showing Failure Ratio Calculation (8)
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CHAPTER 3: THEORETICAL CONSIDERATIONS

3.1 General

Bridge bent piles are slender columns and subject to a possible stability or buckling
failure. In investigating this failure mode, the first question to address is if the pile or bent can
buckle in a sidesway mode. For existing bridges, this mode is probably not possible in the
longitudinal direction. In an eartier report, Ramey and Brown (3) indicate that in the longitudinal
direction of the bridge the end abutments will prevent a sidesway mode of buckling. They note
that a sidesway mode could occur for small lengitudinal movements (until the superstructure
expansion joints are closed), after which the top support condition of the piles/bents would
change to a pin condition with fixed translation and the associated elastic buckling load increases
by a factor of eight. In the transverse direction, the bent X-bracing will prevent a sidesway mode
of buckling. However, the sway bracing is often omitted for bent heights, H, <13ft and the effect
of this will be discussed in this chapter.

Where sway bracing is employed, the largest value of effective length for a bent pile in
the transverse direction will be the pile length from the bent cap to the ground line. Smaller
values of effective length may be in order, depending on the pile end boundary conditions and

bracing conditions, and this will also be discussed in this chapter.

3.2 Bent Pile Buckling in Transverse Direction
X-braced pile bents of the type used by the ALDOT cannot way in the transverse

direction due to

o diagonal angle iron swaybracing
. batter piles on each end of the bent
. lateral support from continuous superstructures (when applicable)
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(see Figure 2.1). Therefore, buckling of the bent piles in the transverse direction will be a
nonsway mode with partial rotational fixity at the top due to the bent cap (assume 50% fixity), and
partial fixity at the bottom due to the ground stiffness modulus (assume 50% fixity) as indicated in
Figure 3.1a. The assumption of 50% rotational fixity at the pile top, i.e., at the bent cap, seems
quite reasonable since the piles are typically embedded 1 ft into the cap as indicated in Figure 3.2
or connected by weldment to anchor plates embedded in the cap as indicated in Figure 3.3 (3). If
one assumes that the swaybracing does not buckle, then for the case of a 5-pile bent (shown in
Figure 3.4) with H=25ft (the largest value) and S=20ft (the largest probable value), the
approximate buckling load for each of the piles in the bent would be as follows:

b= £ 0"C" 3545 =”T'5+3.5+20 =29.25

where ¢, = buckled loop-length of the middle pile and “E” or “G” is defined in the table at the top

of Figure 3.4.

1512El, _1.51%(29,000)(71.1) _

2 (29.252)(144) 250%  (assume 50% fixity at bottom)

lp =3.5+5=38.5+20=235

where £, = buckled loop-length of an end pile

2
Pep:1.5n Ely _1.57%(29,000)(71.1) 387k
e 2 2
e, (23.5%)(144)

+3.5+8 = HT'5+ 3.5+20=26.4'
where &, = buckled loop-length of an intermediate pile

_ 2
pip _15n (29,2000)(71.1):307k
(26.4°)(144)

Due to “lean-on” bracing provided by adjacent piles and the bent cap,

pent= 3 pRies=250% +2(307) +2(387) = 1638

Pbent= 5 P = 5(446") = 2230*
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Figure 3.4. Bent Transverse Buckling (3)
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Note, however, that the swaybracing members (see Figure 3.2) are relatively small angle iron and
whereas they would prevent swaying of the bent, they will probably buckle themselves rather than
prevent buckling of the individual piles (see right end pile in Figure 3.4). Therefore, it will be
assumed that the swaybracing and batter piles will prevent transverse sidesway buckling of the
bent, but that the individual bent piles will buckle in the transverse direction from the bent cap
(assume 50% fixity) to the new ground line after scour (assume 50% fixity). Since 50% rotational

fixities will be assumed at each end of the piles, the buckling loads per pile are reduced from

2
E
Pe= 47[22 hy (for a pile with fully fixed ends) to
2n%El
P~ x w (3.1)
Where

by = hueaicanis = ly

€= "“H" (on pile bent standards) + S = height from new ground line to top of bent cap
Due to “lean-on” bracing from adjacent piles via the pile cap,

Pr=2P ;c):i::?
Using Eqgn. (3.1) yields the elastic values of Pcg shown in Table 3.1 for ¢ values ranging from 15'-
40’ for HP 10x42 and 12x53 piles. These failure loads are presented graphically in the form of
Pcr vs. € curves in Figure 3.5. As indicated in Chapter 2, for Pcg > P,/2, inelastic buckling loads
should be used.

2n%El,,

72 for transverse pile

Using the parameters indicated in Figure 2.10 and P, =

buckling, we can determine the pile length above ground which separates inelastic and elastic

buckling. This length is

2n’El, _Py e2_27t2EIW , - [2T°El,
e 2 T r P2 T P, /2

or for A36 steel,

€=35.74" (for HP 10x42 pile)
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above Ground Line after Scour (3)

32



€= 4254 (for HP 12x53 pile)
The inelastic buckiing loads are approximated by a parabola extending between ¢ = 0 and the
above lengths. The following derivation was made to compute inelastic buckling loads.
The equation of the parabola is Pcg = a + b + cé.

Até=0, Pcr =Py, andthusa="P,

~.Peg =P, +ct? (8.2)

Substituting the above pile lengths that divide elastic and inelastic buckling into Eqgn. (3.2) yields,

P,/2 = P, + C(35.74)°

P
C= ———~L— =-0.175k/ft? (for HP10x42 pile)
2(35.74)
Py 2 .
C= —————=-0.154k/ft" (for HP12x53 pile)
2(42.54)

Therefore, the inelastic buckling values in the range P, 2 Pioiaqtis bucking = Py/2 are approximated

from the following equations,
Pcr = 446-0.175 ¢ 2 (for A36 steel HP10x42 pile) (3.3)
Pcr = 558-0.175 £ (for A36 steel HP12x53 pile) (3.4)
These along with elastic buckling loads are given in Table 3.2 and plotted in Figure 3.6 over a

range of 0<€<50 ft.
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Table 3.1. Pile Elastic Buckling Loads, P, vs. £ for HP 10x42 and 12x53 Piles

*Pe (kips)
€ (ft) , HP10x42 HP12x53

15 1267 2244
20 713 1263
25 456 808
30 317 561

35 233 413
40 178 316

*Based on Buckling in Transverse Direction as given by Eqn. (3.1)

PHPI042 2 12,4 x 36 = 446" (for A36 steel)

PHP1042 = 15,5 x 36 = 558" (for A36 steel)

Table 3.2. Transverse Inelastic and Elastic Buckling Loads vs. £
for HP10x42 and HP12x53 Piles of A36 Steel

(=“H +S Pcr (Kips)
(f0) HP10x42 HP12x53
0 446 558
5 442 554
10 429 543
15 407 523
20 376 496
25 337 462
30 289 419
35 232 369
35.74 223 -
40 8 312
4254
45
50

* Shaded Values aré Peastic Buckling
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3.3 Ideal Bracing Stiffness
In general, column/pile bracing requirements are
¢ Stiffness — to hold the braced point in place
* Strength — brace force and strength required are directly related to the initial out-of-
straightness and/or load eccentricity.
For an ideal column pinned at its base the ideal top brace requirement (as shown in Figure 2.12)
is

. pile 2
kple _ Pe _mEl (Stiffness Requirement)

e?a

Forace = O (Strength Requirement)
These same results are also shown in Figure 3.7 except that B = brace stiffness rather then k.
The ideal brace stiffness of an entire pinned base pile bent model which consists of 5 piles is
#piles

Z Pgile

k bent _ — 5Pg”e
ideal ) ¢

bent

Values of k4., are summarized in Table 3.3 for HP 10x42 and HP 12x53 steel piles with pinned

bases and appropriate modifications for inelastic buckling. For smaller length piles the pile failure
mode will be one of inelastic buckling at loads well below the elastic buckling loads. Therefore, in

more general terms, the ideal brace stiffness of an individual pile with a pinned base is

pile
kpile - PCR
ideal ~ )

and the ideal brace stiffness of the entire pinned base bent is

#piles
Z Ppne
CR
k bent

ideal = ——e
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Figure 3.7. Ideal Brace Stiffness (2)
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Table 3.3. Elastic and inelastic Buckling Loads and k

ideal

bent y\/alues for

Pinned Base 5-Pile Bents with HP10x42 and HP12x53 Piles

Pile Buckling Capacity, Pcr (kips)
E="H"+8S B, = n2§|y wrge :.jeenat| ~ 5PCCR (K/in)
(*) ¢
HP10x42 HP12x53 HP10x42 HP12x53

13 387 506 12.40 16.22
15 366 487 10.17 13.53
20 305 433 6.35 9.02
25 366 3.80 6.10
30 128 2.19 3.89
35 1.38 2.45
40 0.93 1.65

* Shaded Values are Pgjastic uck| g
** VValues shown are for a 5-pile bent

The ideal brace stiffness for a pile with a fixed base is determined by multiplying the
stiffness of the ideal brace with a pinned base (shown in Figure 3.7) by a factor of five to achieve
95% of the fully braced P (3). This condition is shown in Figure 3.8. The K=0.7 condition
shown in Figure 3.8 (where K is an effective length factor) is approximately the condition of
ALDOT's bents in the transverse direction if they are prevented from sidesway. Therefore, for an

individual pile in fixed base bents,

pile
k ideal ™

¢

Thus for the entire fixed base bent,

#piles

> 5Pcr

bent
k ideal ~ )

The ideal bent stiffness values of the fixed base pile bent can be determined by muitiplying the

ideat Values of the pinned base S5-pile bent (listed in Table 3.3) by 5. The resuiting ki‘;’:, values for

a fixed base pile bent are summarized in Table 3.4 for HP 10x42 and HP 12x53 steel piles.
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Table 3.4. Elastic and Inelastic Buckling Loads and k ;o Values for
Fixed Base 5-Pile Bents with HP10x42 and HP12x53 Piles

L=“H"+S Pile Buckling Capacity, Pcr (kips) #piles
D 5P
® _ ©El i S p— )
€ 2 (4
HP10x42 HP12x53 HP10x42 HP12x53
13 387 506 62.0 81.1
15 366 487 50.8 67.6
20 305 433 31.8 45.1
25 366 19.0 30.5
30 11.0 19.4
35 6.90 12.3
40 464 8.23

* Shaded Values are Pegtic Buckling
** Values shown are for a 5-pile bent

Sidesway will occur if the pile bent fails as a result of insufficient lateral bracing. To
determine if the lateral bracing is adequate, a comparison must be made between the ideal bent
stiffness and the actual bent stiffness of the computer model. Most structures can be modeled by
a series of spring elements which may be reduced to a single spring stiffness. The resulting
elastic stiffness of the structure is defined as its equivalent stiffness, or keq. By comparing keq and
ki'f,‘;.[‘f, it can be determined whether the piles will fail by sidesway or non sidesway buckling. If
keq>Kigeal, the ideal brace stiffness requirement is exceeded and no sidesway occurs. In other
words, the lateral stiffness required to hold the top of the pile in place as the axial load
approaches Pcr is provided. Therefore, the bent cap is restrained from lateral translations and
the pile bent fails by non sidesway buckling. Alternatively, when Keq<kiea, the stiffness required
to hold the top of the piles in place is not provided and sidesway will take place. Thus, the bent

will fail by sidesway buckling and the buckling capacities will be significantly reduced. Values of

bent k;,.,, and keg may be conveniently plotted to compare keq and Kigea values.
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3.4. Simple Idealized Modeling of Bent for Estimating k.,

Bridge pile bents are sometimes used without X-bracing but with a concrete pile
encasement extending from 3 feet below ground line to the underside of the bent cap. However,
because of the light steel spiral employed in the encasement and the vibratory nature of bridge
and bent loads due to truck traffic, the concrete encasement could be lost with time (though
ALDQT engineers report no such losses). Thus, let us examine the case of a bent without X-
bracing and without pile encasement, but with batter piles at each end of the bent to see if the
batter piles will provide sufficient lateral bracing to prevent sidesway buckling in the lateral or
transverse direction. To simplify the analysis, Ramey and Brown (3), in their preliminary analysis,

worked with the simple idealized bent model shown in Figure 3.9.

Figure 3.9. Simpiified Bent Model (3)
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For this simplified model,

tan o = 1—5 =0.125
12

o=7.125°

. 0=90?-a=282875°

cos 0= %
Fo
CFR
P” cos@
« h
8= Folo _ 2c0s6 ~sing _ Fh
ApEp ApEp 2ApEpcos Osino
)
cos 6= >
A
5p Fh

cos8  2AE,cos? 0sin®

2A E,cos” Bsin o
F= A
h
4

eq

Therefore, for an idealized HP 10x42 pile bent (A =12.4 in2),

_ 2x12.4in* x 29,000 ksi x cos® 82.875 x sin 82.875 _ 10,980%
- h " h

Keg

For an idealized HP 12x53 pile bent (A=15.5 in2),

13,725

Keq o

Thus, keq for various values of h are as shown in Table 3.5 and in Figure 3.10.

42



Table 3.5. Bent k., Values for Simple Idealized Model in Figure 3.9

Bent Height, h (ft) Keq (Kip/in)
HP10x42 HP12x53
13 70.4 88.0
15 61.0 76.3
20 45.8 57.2
25 36.6 45.8
30 30.5 38.1
35 26.1 32.7
40 22.9 28.6

For an ideal column pinned at its base the ideal bracing requirements would be as

indicated in Figure 3.7, i.e.,
kideal :Te

For the simplified bent model shown in Figure 3.9,

) pile
k%”eeal= Pe
h
And
| bent _ Zpgile — 5Pe
ideal h h

Values of k%i':, for the simplified bent in Figure 3.9 are given in Table 3.3 for HP10x42 and

HP12x53 piles. These values of k ' for pinned base bents are plotted in Figure 3.10 for

convenience in comparing them with keq values from Table 3.5. As previously mentioned, since
each kqq>kigeal in Figure 3.10 sidesway buckling is not expected to occur based on the simplified
analysis. The k%i’:, values for fixed base bents are given in Table 3.4 for HP10x42 and HP12x53
piles. These k-values are plotted in Figure 3.11 to compare with the ke, values in Table 3.5. Note

that Figure 3.11 also indicates that the batter piles should provide sufficient lateral support to

prevent sidesway buckling of the pile bent, i.e.,
43



80

70 -

6 0

a
(=]
L

Bent k. and Kiqe, (k/in)
-
=)

* Note kjqeai cOMmputed for pinned base bents

Keq12X53

/

Keq10x42

30 -
20 -
kideal1 2x53
o “m{
1 0 . o,
S MMN
M\ws«, e R
e
Kigea10x42 e, NMWMWM _—
0 , , | | 3
15 20 25 30 35 40
h (ft)
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bent

koe" >Kiam - FOr h values below 20 ft the approximate koo values from the simplified analysis

and kﬁ,i’;t, are quite close, and the bents should probably be X-braced in addition to having the

batter piles.

However, upon closer examination and study during the Phase 1l work, it is recognized
that lateral bracing employing the axial stiffness of members as in the idealized frame of Figure
3.9 is much stiffer than bracing that employs the flexural stiffness of members as in the computer
models. If actual bridge pile bents were as shown in Figure 3.9 with the piles pinned to the cap
and foundation and the cap treated as a rigid member, they would have to resist lateral loads via
the axial stiffness of the two end batter piles. However, this is not the case. A typical 5-pile bent

(as shown in Figure 3.12) has some degree of fixity at the end of the piles.

Figure 3.12. Typical 5-Pile Bridge Bent

Note for this bent, the end batter piles contribute some resistance to lateral loads via their axial
stiffness; however, these same end piles can flex laterally and thus their lateral stiffness will be
controlled by this lateral flexing.

If the bent were constructed with battered members that could only develop axial forces,
such as that shown in Figure 3.13, then the lateral stiffness of such a bent would be controlled by
the stiffer pin-ended/axially loaded end members, and would have much greater lateral stiffness
than the bent of Figure 3.12.
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Figure 3.13. Hypothetical Bent with Pin-Pin End Members

Further simplified idealized bent models illustrate the significant difference in lateral
stiffness afforded by the members developing bending moment (and relying on flexural stiffness).

These models are shown in Figure 3.14.

AH AW?
—
"—> o9 00 *—
{7 ji
_./ ! /l
L=15" |/ L=15 :

;
I‘( I< 2 HP10x42 Piles

4é—— 2 HP10x42 Piles
Al
ol

a) Bent Relying on Member b) Bent Relying on Member
Flexural Stiffness Axial Stiffness

Figure 3.14. I|dealized Bent Lateral Stiffness

47



For the idealized bent resisting lateral loading via flexure as in Figure 3.14a,

QL 0.5%x15%x128

Al = = =0.4675 in/k
3El  3x29,000x71.7

1

= =2.14k/in
0.4675

kg

For the idealized bent resisting lateral loading via axial stiffness or truss action as in Figure 3.14b,
the member forces, deformations, and Ay due to the 1 kip horizontal load shown in Figure 3.14b
are shown in Figure 3.15. Therefore,

A%, =0.0648 in/k

1

Ky = =15.43 k/in
0.0648
Therefore,
Ky _1543 -,
ki 214

This reflects the much greater lateral stiffness of a system employing members in axial force to
provide the lateral stiffness as opposed to those relying primarily on member flexural stiffness.
Therefore the idealized bent in Figure 3.9 provides bent k., curves, shown in Figures 3.10 and
3.11, which are unconservatively high. Thus, bent lateral force, F, vs. Ay, curves with and
without vertical bent cap loading should be developed for pile bents without X-bracing via
stiffness analyses using GTSTRUDL and/or FB Pier to determine appropriate bent keq and Kigea
curves to replace those shown in Figures 3.10 and 3.11 (which were developed for the idealized
bent shown in Figure 3.9). This is done in Chapters 5 and 6, and the resulting curves are

presented and discussed in those chapters.
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JOINT FORCES

A
*—s

2 HP10x42 Piles
8.062¢  8.000¢

JOINT DISPLACEMENTS
Ax
v 8062x181.4
0-004067" = 59,000 x 12.4 100
“s ©)
=5
I S N, -_\::.: .................
@
7.125°
8.0x 180 _ 4 g04004"
29,000 x 12.4
@ =0.004067"-cos 7.125° = 0.004036"
® =0.008040"
tan 7.125° = ©
0.008040" |
@ = an7.1250 = 006432
@ = 0.004067" sin 7.125° = 0.0005044"
Mm=@+@

= 0.0005044" + 0.06432" = 0.06482" (DUE TO 1* FORCE)

1

‘ ky= ————— = 15.43 ki
S = T oeaee 15.43 k/in

Figure 3.15. ldealized Truss Behavior Bent
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3.5 Bent Cap Strength and Stiffness

As indicated in the Phase | report by Ramey and Brown (3), failure of the pile bent cap is
unlikely due to the superstructure girders sitting directly above the piles. Significant relative
vertical displacement between piles could cause failure of the cap in cases where the cap is
lightly reinforced (as some are). Let us examine the forces set up in the cap in the event of a pile
plunging or buckling faifure.

From an examination of numerous pile bent standards, many pile cap geometries and
pile spacings appear to be as shown in Figure 3.16 (see Table 4.1). For the pile cap indicated in
this figure, for the pile to plunge or buckle, the P,,.4 would have to exceed 87.1 k +Ppiunging OF
Pouckiing Of the pile as can be seen in Figure 3.16. The Pj,,q Will never be this large and thus the
failure indicated in Figure 3.16 will not occur.

Many bent caps, however, are only lightly reinforced such as the one shown in Figure
3.17 and are very susceptible to cap flexural failures as indicated. They provide very little reserve
strength for resisting an applied P, if the pile capacity Pye is exceeded. For the pile cap
indicated in Figure 3.17, pile plunging or buckling would occur if the P,,q exceeded 34.8" +Phplunging
or Pyycing Of the pile as can be seen from FBD(a) in Figure 3.17. However, even in this case, due
to transverse continuity of the bridge superstructure, there would be a redistribution of loads
across the width of the bridge (via the deck slab and diaphragms) if at a given pile location,
Pload>Ppile-

The previous simplified bent model of Figure 3.9 assumes a completely rigid cap.

However, the actual flexural stiffness of the cap may significantly reduce kgg“‘ values. Therefore,

k‘;g"t values should be determined for various degrees of cap flexural stiffness, |. The sensitivity

of keq to the bending strength of the cap should be evaluated by assigning various magnitudes of |
for the cap in the computer models. These values include | for a completely rigid cap designated
by liigia, @ cap with flexural stiffness based on the gross cross section designated by ly.ss, @and
finally a cap with flexural stiffness of the cracked section (concrete is cracked to the neutral axis)

designated by I,. The effective stiffness of the cap under service loads, |, will lie
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THE PILE CAP WILL TRY TO FAIL AS
INDICATED ABOVE. HOWEVER IF THIS
CONDITION IS EVER REACHED, THERE
WILL BE A REDISTRIBUTION OF LOAD
ACROSS THE WIDTH OF THE BRIDGE
CHECK SHEAR CAPACITY (VIA THE DECK SLAB AND
DIAPHRAGMS)
Vi = 0V, + OV 0
— A
= 0V byd) + 0E)
= 0.85(2V3000 x 30 x 21)
= 58.7%.

SNAP I-I\I/[ASSSUFFICIENT SHEAR CAPACITY TO DEVELOP FULL
D

Note: stirrup spacing exceeds
max d/2 and Vs =0

Figure 8.17. Examination of Pile Cap Flexural Failure for Case
of Lightly Reinforced Cap (3)
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somewhere between g5 and I, since small cracks on the tensile surface of the cap will reduce
the gross section. According to ACI 318-02, the effective moment of inertia may be approximated
as 0.35l, for beams.

For the simplified bent cap cross-section of Figure 3.18 the following calculations were
used to determine values for | corresponding 1o lygig, lgss, le, @and le,. The rigid cap was given an
excessively large moment of inertia, i.e., ligis=10,000,000in".

Calculation of lgoss:
= 1 1 3 4
Igross = T—é— -36in - (24|n) =41,472in

Calculation of |:
le = 0.35lg105s = 14,515in*

Calculation of Ig:

Z Ay) by)%+nAsd1 +nA.d,
> A by +nA, +nA,

(by)—y- -nA,d, —-nA.d, +nA_y+nA .y =0

Es = 29,000,000psi E;=57,000 M= 3,605,000psi; n=28.06
(36?)% ~8.06(.88)(3) - 8.06(.88)(21) + 8.06(.88)y + 8.06(.88)y =0
y=2.7in

o= %b(y)3 £nA(d, -¥)? +nA,(d, -)?

ler = %36(2.7)3 +7.09(3-2.7)% +7.09(21-2.7)% = 2,612in*

Note that these values of
ligia = 10,000,000 in*
lgross = 41,472 in*

I =2,612in*
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give a huge range of | values and | ratios as follows:

Irigid — 241
gross

lgross -15.9
Icr

Irigld _ 3,828

I/ 36!!
# A
£ rA.
7 3|i;£
24"
4
7L3'24 —= : :
\ #6 Bars
(A = .44 in2)

Figure 3.18. Simplified Bent Cap Cross Section For Determination of lgrss and ler
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3.6 Effect of Soil Subgrade Modulus on Pile Buckling Load

As discussed in Chapter 2, H. Granholm (1) developed an analytical solution for pile
buckling when partially embedded in a soil supporting medium as shown in Figure 2.15. To gain
a feel for the sensitivity of pile and bent buckling capacity to soil subgrade modulus (k,) and
coefficient of lateral displacement (C) values, let us use Granholm’s Equation to determine the
buckling load about each axis for two of ALDOT’s most widely used bent piles, i.e.,

HP 10x42 (I, =210 in*, I, = 71.7 in*, A= 12.4 in®)

HP 12x53 (I, = 393 in‘, I, = 127 in*, A = 15.5 in?)
Buckling in the longitudinal direction (about pile x-x axis) is considered because the end
conditions that Granholm used were for the top of the pile being pinned which is the appropriate
boundary condition for buckling in the longitudinal direction. Buckling in the transverse direction
(about pile y-y axis) is considered because that is probably the controlling direction of bent
buckling.

In this sensitivity analysis, we will assume the conditions shown in Figure 3.19. It should
be noted that Earth Tech, Inc. used soil subgrade modulus values of

ko =28.94, 43.4, 57.9, 86.8, 115.7, 289.4 Ib/in®
in their earlier analysis with FB-Pier. Thus, we have expanded their range of k, values at both the
low and high ends to provide a range where the high value of k, (578.8 Ib/in®) is more than 100
times larger than the lower value used.

Recall in Granholm’s Eqn. (2.4) for the pile top being pinned that

k= &
El

El
C = soll coefficient of lateral displacement (Ib/in2)
C=keb
k, = soil subgrade modulus (Ib/in°)
b = pile width (in)
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<4 LONGITUDINAL DIRECTION

SR, —_—
eo = 167’
= ¥ &}
INITIAL 5 5t . 3
GROUND LINE i 0
Ei . =80’ 5
e Is
§=200 & 28.94
i _J) 434 . 3
f SOILk, =4 53 ¢Ib/in
i 86.8
g i 115.7
gl o BE 2 g 289.4
""" gee- i S 578.8
g . 4
i —

Figure 3.19. Pile Conditions for Sensitivity Analysis Using Granholm’s Equations (3)
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Using the above equations for k, values, pile sizes, and lengths above ground shown in Figure
3.19, al values can be calculated. The al values are then used with Figure 2.17 to determine the
kl values corresponding to buckling and from this the buckling load, Pcg. The Pcg values for each
of the two pile sizes are shown in Tables 3.6 and 3.7 for buckling about the strong axes and
Tables 3.8 and 3.9 for buckling about the weak axes. The corresponding plots of P¢cr vs k, are
shown in Figures 3.20-3.23.

Note in Tables 3.6 and 3.7 for buckling in the longitudinal direction (about the piles’

strong axis) that for k, = 0, the pile would be a pin-pin column with ¢ = 80ft and Pcg = 65% and 122"

for HP10x42 and HP12x53 piles respectively. Upper bound values of the buckling load (P gg ) for

€ = 16ft and ¢ = 36ft are given in the footnotes of Tables 3.6 and 3.7 as those for a pin-fixed
column. In Tables 3.8 and 3.9 for buckling in the transverse direction (about the pile’s weak axis)
when k, = 0, the pile would be partially fixed at the top by the bent cap (50% fixity was assumed)
and pinned at the bottom. Thus, when ¢ = 80ft, Pgg = 33.4* and 59" for HP10x42 and HP12x53
piles respectively. Pcg values for assumed 50% fixities at each end of the pile when € = 16ft and
80ft are given in the footnotes of Tables 3.8 and 3.9.

Note in Figures 3.20 — 3.23 the rather insensitivity of the pile buckling load, Pcg, to the
soil subgrade modulus value, k,. This insensitivity becomes quite extreme as the scour level
increases from S = 0 to S = 20ft as evident from the figures. Note that for a scour level of S =20
ft, i.e. & = 36ft, if k, > 30 Ib/in® (53k/ft3) then Pcg becomes almost totally independent of k,. As can
be seen in Table 3.10 from Bowles (5), a k, value this low is for a very soft soil setting. Thus for

most pile settings, Pcr of the pile will be almost independent of the soil setting.
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Table 3.10. Representative Range of Values of Lateral Modulus of Subgrade Reaction

(value of As in the equation ks = As +Bz) (5)

Soi* ks, MN/m® ks, kef k/t® lb/in’

Dense sandy gravel 220-400 1400-2500 2000 1157
Medium dense coarse sand 157-300 1000-2000 1500 868
Medium sand 110-280 700-1800 1250 723

Fine or siity, fine sand 80-200 500-1200 850 492
Stiff clay (wet) 60-220 350-1400 900 521

Stiff clay (saturated) 30-110 175-700 450 260
Medium clay (wet) 39-140 250-900 600 347
Medium clay (saturated) 10-80 75-500 300 174
Soft clay 2-40 10-250 156 87

* Either wet or dry unless otherwise indicated.

Approximate Median Values

66



CHAPTER 4: TYPICAL ALDOT BRIDGE PILE BENT AND BRACING

4.1 General

A typical bridge pile bent used by the ALDOT is shown in Figure 4.1. The complete
ALDOT Standard for the 5-pile bent shown in Figure 4.1 is shown in Figure 4.2. These figures
show a precast concrete bent cap. However, the cap may be cast in place (CIP). Also note in

the figures the range of bent height “H” values and the heights of single story and two story bents.

4.2 Summary of Common Pile Bent Parameter Values

In an earlier investigation by Ramey and Brown (3), A total of thirty-one ALDOT Bridge
Pile Bent Standards were examined and the primary bent parameter vaiues for these thirty-one
Standards are summarized in Table 4.1. With bent bracing in mind, an examination of Table 4.1

reflects the following breakdowns:

14" x 14” Prestressed Concrete -2
a. Bent Pile Type 4 Steel HP — 29 HP 10 x 42— 18
HP 12 x53-11
31 Bents
3 Piles~ 2
4 Piles — 10
b. No. of Piles in Bents 5 Piles - 8
6 Piles — 10
7 Piles —_1
31 Bents

c. End Pile Batter — 1 % in. per foot - 31 bents

None -- 2 (the two 14" x 14" Concrete Pile Bents)
Single or two story -- 23 (Bent Standard dates were 1951-1982)
X bracing with a L

d. Bent Sway Bracing 4 x 3 Y2 x 5/16 with 4”

leg welded to pile.
Omit sway bracing if
pile is encased to cap

Single or two story -- 6 (Bent Standard dates were 1990-2001)
X bracing with a L

4 x 3 Y2 x 5/16 with 4”

leg welded to pile. 31 Bents
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It appears that sometime between 1982 -1990 that the ALDOT may have stopped
omitting the sway bracing for piles encased up to the cap, and/or stopped allowing piles to be
encased up fo the cap. Prior to 1980, a note was on the Bent Standards allowing this
encasement, and Standards reviewed with a date of 1990 to the present time did not have this
note. No Standards were reviewed with a date between 1980 -1992. Whatever the reason and
change was, if they stopped omitting the sway bracing, it was a change that enhanced the
transverse stability of the bents.

Note in Figs 4.1 and 4.2 that bent piling has continuous bracing, i.e. the soil, below the
ground line to prevent buckling about any axis. For buckling in the plane of the bents, i.e., in the
transverse direction {about the pile’s weak axis) the steel angle swaybracing provides relative
bracing for the piling. Also, adjacent piling in the bent provide lean-on bracing (in the transverse
direction) to the most heavily loaded pile in the bent, Lastly, adjacent bent could provide lean-on
bracing for a sidesway mode of buckling in the longitudinal direction (about the pile’s strong axis).
However, the bridge abutments at each end of the bridge generally prohibit a sidesway mode of
buckling in the longitudinal direction.

Also note that an assumption of 50% fixity at the pile top, i.e., at the bent cap, for buckling
in the transverse direction seems quite reasonable since the piles are typically embedded 1 ft.
into the cap as indicated in Figure 4.3 for cast-in-place caps, or connected by weldment to anchor

plates in the cap as indicated in Figure 4.4 for precast caps.
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Table 4.1. ALDOT Bridge Pile Bent Standards (Subset)

Standard Standard Date Design Pile Pile Outside Cap Bent Sway

Dwg. No. Description Loading (No. Piles) Spacing Pile Batter Bracing

PCB-2434 Precast concrete bent cap 1990 H15-44 HP 12x53 5'-9” 1 %" per ft. 2' wide Single or two story
for use with steel piling and HS820-44 (5) 1'-4 % X bracing with
precast concrete bridge 1'-7" deep L 4x3%x5/16
slabs 24' & 34’ Spans 27'-6" long with 4” leg welded
24' & 24 ¥’ Clear Roadway to pile.

4 #9 Bars
Top & Bot.

PCB-2832- Precast concrete bent cap 1994 H15-44 HP 12x53 6’-9" 1 %" per ft. 2' wide Single or two story

30 for use with steel piling and HS20-44 (6) 1-9%"- X bracing with
precast concrete bridge 2'0 %" deep L 4x3% x5/16
slabs, 32’ Span 36'- 8 12" long with 4" leg welded
28’ Clear Roadway, 302 to pile.

Skew 4 # 9 Bars
Top & Bot.

PCB-2834 Precast concrete bent cap 1990 H15-44 HP 12x53 6-10 12" 1 %" per fi. 2' wide Single or two story
for use with steel piling and HS20-44 (5) 1-91/16" - X bracing with
precast concrete bridge 2'-0 deep L 4x3% x5/16
slabs, 24’ & 34’ Spans 31'-6" long with 4” leg welded
28’ Clear Roadway to pile.

4 # 9 Bars
Top & Bot.

PCB-2834- Precast concrete bent cap 1993 H15-44 HP 12x53 6'-10 %" 1 %" per ft. 2-9" wide Single or two story

C for use with steel piling and HS20-44 (5) 1'-9 1/16" deep X bracing with
precast concrete bridge 31'-6" long L 4x3%x5/16
slabs for a curved bridge with 4” leg welded
34' Span 4 # 9 Bars to pile.

28' Clear Roadway Top & Bot.

PCB-2840 Precast concrete bent cap 2001 HS20-44 HP 12x53 6'-10 %" 1%" per ft. 2’ wide Single or two story
for use with steel piling and (5) 1-91/16" - X bracing with
precast concrete bridge 2' deep L 4x3%x5/16
slabs 40' Span 31'-6" long with 4" leg welded
28' Clear Roadway to pile.

4 # 8 Bars
Top & Bot.

PCB-2840- Precast concrete bent cap 2001 HS20-44 14" x 14" 610 1" 1 %" per ft. 2'-3” wide None

CcP for use with 14’ x 14’ PC 1-51/16" -
concrete piling and 24’, 34", (5) 1'-8" deep
or 40’ precast concrete 31'-6" long
bridge slabs 28’ Clear
Roadway 4 # 8 Bars Top

2 # 11 Bars Bot.

PCB-3540- Precast concrete split bent 2001 HS20-44 HP 12x53 6-10 %" 1 %" per ft. 2" wide Single or two story

30 cap for use with steel piling @) 1/-91/16" - X bracing with
and 32' or 40" prestress 2/-1 5/16" deep L 4x3 % x5/16
concrete bridge slabs 45'-6” long with 4" leg welded
35' Clear Roadway to pile.

302 Skew 4 # 8 Bars
Top & Bot.

PB-2834 Steel Pile 1968 HS20-44 HP 10x42 g-0" 1%" perit. 3’ wide @ top Single or two story
Intermediate Bents 4) 2'-0" - X bracing with
24'-34' Spans 2’-4" deep L 4x3%x5/16

27'-2" long with 4" leg welded
to pile. Omit sway

2 #6 Bars bracing it pile is

Top & Bot. encased to cap.

B-3411P Steel Pile 1982 HS820-44 HP 12x53 7-6" 1 %" per ft. 3' wide @ top Single or two story
Intermediate Bent (5) 2'-0" - X bracing with
(for use with Type ! Girders) 2’-2 ¥" deep L 4x3%x516
34' Roadway 33-6" long with 4" leg welded

to pile. Omit sway
2#6Bars bracing if pile is
Top & Bot. encased to cap.

B-4011P Steel Pile 1979 HS20-44 HP 12x53 7-0" 1 %" per ft. 3' wide @ top Single or two story
Intermediate Bent (6) 2'-0" - X bracing with
(for use with Type | Girders) 2'-2 15/16" deep L. 4x3%x5/16
40’ Roadway 33'-6" long with 4" leg welded

to pile. Omit sway
2#6Bars bracing if pile is
Top & Bot. encased to cap.
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Standard Standard Date Design Pile Pile Qutside Cap Bent Sway
Dwg. No. Description Loading (No. Piles) Spacing Pile Batter Bracing
P8 2802 Steel Pile 1952 HS20-44 HP 10x42 8-0" 12" per ft. 3' wide @ top Single or two story
Intermediate Bents 4) 2'-0" deep X bracing with
24'-34’ Spans 27'-2" long L 4x3% x5/16
28' Roadway with 4" leg welded
2#6Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB 2802- Concrete & Steel Pile 1957 HS20- HP 10x42 11'-4" 12" per ft. 3' wide @ top Single or two story
45 Intermediate Bent - 4 Pile s16-44 4) 2'-0" deep X bracing with
(45’ Skew) 24'-34' Spans 40’-8” long L 4x3% x5/16
28' Roadway with 4" leg welded
(with 1'-6" Safety Curbs) 2#6Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB 2803 Steel Pile 1952 HS20- HP 10x42 &'-6" 1 %" per ft. 3' wide @ top Single or two story
Intermediate Bents 516-44 {5) 2'-0" deep X bracing with
32'-38' Spans 29°-0" long L 4x3%x5/16
28' Roadway with 4" leg welded
(with 1°-6” Safety Curbs) 2 # 6 Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB-4034 Steel Pile 1980 HS20-44 HP 12x53 9'-0” 1 %" per ft. 3’ wide @ top Single or two story
{1 Intermediate Bents {5) 2'-0" - X bracing with
34’ Spans 2'-3 %" deep L 4x3% x5/16
40’ Roadway 39'-6" long with 4” leg welded
to pile. Omit sway
2 # 6 Bars bracing if pile is
Top & Bot. encased to cap.
PCPB- Prestressed Concrete Pile 1975 HS20-44 14" x 14" 7-0" 1 %" per ft. 3’ wide @ top None
4041 Intermediate Bent PC (Std. 2-0" -
34'-41' Spans PSCP-1) 2'-3 1/16" deep
40' Roadway (6) 38'-6" long
4 # 6 Bars Top
2 # 6 Bars Bot.
B-4411P Steel Pile HS20-44 HP 12x53 8'-0" 1 %" per ft. 3' wide @ top Single or two story
Intermediate Bents (6) 20" - X bracing with
(for use with Type | Girders) 2'-4 11/16" deep L 4x3% x5/16
44' Roadway 43'-6" long with 4" leg welded
to pile. Omit sway
2#6 Bars bracing if pile is
Top & Bot. encased to cap.
PB-4434 Steel Pile 1979 HS20-44 HP 12x53 8'.0" 1 %" perft. 3 wide @ top Single or two story
PS Intermediate Bents (6) 2'-0" - X bracing with
34’ Spans with Type | 2'-4 11/16" deep L 4x3%x5/16
Girders 43'-6" long with 4” leg welded
44’ Roadway to pile. Omit sway
2#6Bars bracing it pile is
Top & Bot. encased to cap.
PB-3934 Steel Pile 1967 HS20-44 HP 10x42 8-0" 1%" per ft. 3’ wide @ top Single or two story
Intermediate Bents (6) 2-0"- X bracing with
24'-34' Spans 2'-5" deep L. 4x3%x5/16
39'-3” Roadway 38'-6" long with 4” leg welded
to pile. Omit sway
2#6Bars bracing if pile is
Top & Bot. encased to cap.
PB 4034 Steel Pile 1975 HS20-44 HP 10x42 7-0" 11" per ft. 3' wide @ top Single or two story
Intermediate Bents (6) 2'-0" - X bracing with
34’ Spans 2'-4" deep L 4x3% x5/16
40' Roadway 38-6” long with 4" leg weided
to pile. Omit sway
2#6Bars bracing if pile is
Top & Bot. encased to cap.
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Standard Standard Date Design Pile Pile Outside Cap Bent Sway
Dwg. No. Description Loading (No. Piles) Spacing Pile Batter Bracing
PB-2200 Steel! File 1951 HS15-44 HP 10x42 8'-6" 112" per ft. 3’ wide @ top Single or two story
Intermediate Bents 3) 2'-0" deep X bracing with
24'-34' Spans 20'-0" long L 4x3%x5/16
22’ Roadway (with 8" curbs) with 4" leg welded
4 #7 Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB-2200- Stesl File 1962 HS15-44 HP 10x42 12-0 %" 1%2" per ft. 3' wide @ top Single or two story
45 intermediate Bents 3 2'-0" deep X bracing with
{452 skew) Steel Beams and/or 30'-6” long L 4x3%x5/16
RCDG Spans with 4" leg welded
22' Roadway 3 # 6 Bars Top to pile. Omit sway
(with 8" curbs) 2 # 6 Bars Bot. bracing if pile is
encased to cap.
PB-2202- Steel Pile 1961 HS15-44 HP 10x42 71 1%" per ft. 3’ wide @ top Single or two story
30 Intermediate Bents (4) 716" 2'-2" deep X bracing with
(302 skew) Steel Beams and/or 24'-8" long L 4x3%x5/16
RCDG Spans with 4" leg welded
22' Roadway 4 #7Bars to pile. Omit sway
(with 8" curbs) Top & Bot. bracing if pile is
encased to cap.
PB-2202- Steel Pile HS15-44 HP 10x42 8'-8 11" per ft. 3' wide @ top Single or two story
45 Intermediate Bents 4) 11/16” 2'-0" deep X bracing with
(452 skew) Steel Beams and/or 30'-8" long L 4x3%x5/16
RCDG Spans with 4” leg welded
22' Roadway to pile. Omit sway
(with 8" curbs} 4 #7 Bars bracing if pile is
Top & Bot. encased to cap.
PB 2400 Steel Pile 1952 HS15-44 HP 10x42 6'-8" 1 %" per ft. 2’ wide @ top Single or two story
Intermediate Bents HS20-44 4) 2'-0" deep X bracing with
24'-42' Spans 23-0" long L 4x3%x5/16
24' Roadway with 4" leg welded
(with 1°-6" Safety Curbs) to pile. Omit sway
24#6Bars bracing if pile is
Top & Bot. encased to cap.
PB-2400- Steel Pile 1955 HS15-44 HP 10x42 7-8 2" 1 %" per ft. 3’ wide @ top Single or two story
30 Intermediate Bents HS20-44 4) 2'-0" deep X bracing with
(302 skew) 24'-42' Spans 28'-0" long L 4x3%x5/16
24' Roadway with 4” leg welded
(with 1'-6" Safety Curbs) 2 # 6 Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB-2434 Steel Pile 1973 HS20-44 HP 10x42 6'-8" 1%" per ft. 3 wide @ top Single or two story
Intermediate Bents (4) 20" - X bracing with
32’-38' Spans 2'-2" deep L 4x3%x5/16
24’ Roadway 23'-6" long with 4" leg welded
to pile. Omit sway
4 #5Bars bracing if pile is
Top & Bot. encased to cap.
PB-2800 Steel Pile 1952 HS20-44 HP 10x42 8-0" 1 %" per ft. 3’ wide @ top Single or two story
Intermediate Bents 4) 2-0" deep X bracing with
24'-34' Spans 27'-0"long L 4x3%x5/16
28' Roadway with 4" leg welded
(with 1°-6" Safety Curbs) 2 #6Bars to pile. Omit sway
Top & Bot. bracing if pile is
encased to cap.
PB-2800- Concrete Steel Pile 1952 HS20-44 HP 10x42 9'-3" 1 %" per ft. 3' wide @ top Single or two story
30 Intermediate Bents - 4 Pile 4) 2'-0" deep X bracing with
(302 skew) 24'-34' Spans 32'-6" long L 4x3%x5/16
28’ Roadway with 4" leg welded
(with 1'-6" Safety Curbs} 2 # 6 Bars to pile. Omit sway
Top & Bot. bracing if pile is

encased to cap.
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Standard Standard Date Design Pile Pile Outside Cap Bent Sway
Dwg. No. Description Loading (No. Piles) Spacing Pile Batter Bracing
PB-4434 Steel Pile 1967 HS20-44 HP 10x42 8-0" 1 %" per ft. 3’ wide @ top Single or two story
Intermediate Bents (6) 2-0" - X bracing with
32'-38' Spans 2'-411/16"deep | L 4x3% x5/16
44' Roadway 43'-6" long with 4" leg welded
to pile. Omit sway
2 #6 Bars bracing if pile is
Top & Bot. encased to cap.
PB-4434- Steel Pile 1967 HS20-44 HP 10x42 9-3" 1 %" per ft. 3" wide @ top Single or two story
30 Intermediate Bents (6) 20" - X bracing with
(302 Skew) 32'-38' Spans 2'-8" deep L 4x3%x516
44’ Roadway 51'-6" long with 4" leg welded
to pile. Omit sway
2 #6 Bars bracing if pile is
Top & Bot. encased to cap.
PB-4434- Steel Pile 1968 HS20-44 HP 10x42 11-3 %" 1%" perft. 3’ wide @ top Single or two story
45 Intermediate Bents (6) 2'-0" - X bracing with
(45° Skew) 32'-38' Spans 2'-4" deep L 4x3%x5/16
44' Roadway 62'-6" long with 4” leg welded
to pile. Omit sway
2#6 Bars bracing if pile is
Top & Bot. encased to cap.
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CHAPTER 5: FB-PIER MODELINGS AND RESULTS

5.1 Methods for Estimating Pile Buckling Capacity

The method used thus far to determine the buckling load capacity of individual pile bents
is based on the assumption that a 50% rotational fixity should be placed at the top and bottom of
the piles. As mentioned previously (Section 3.2), this assumption seems reasonable since the
bottom of the piles are supported by the soil stiffness modulus and the top of the piles are either
embedded 1ft into the cap or connected by weldment to anchor plates embedded in the cap. The

result of placing these partial fixities at pile ends gives the approximate elastic buckling equation

_2n’El
==

Pe

where L is the length between the existing ground line and the cap (see Fig.5.1a) and the
coefficient represents n® w_here n is the number of half-sine waves of the buckled pile. For a pile

fully fixed at both ends n=2 and for a pile pinned at each end n =1. Therefore, for the case of

50% rotational fixities at each end the approximate value of n is \/5 or1.414.

It appears that State Transportation Departments use various methods for determining
the buckling load capacity of piles. Rather than to assume 50% fixities at the top and bottom of a
pile, an alternate method is to place a 50% rotational fixity at the top of the pile only and estimate
a new effective length where the bottom of the pile is assumed to be fully fixed. This method for

calculating the elastic buckling load of piles is based on the approximate equation

_3nEl
-

Pe

where ¢ is the length between the point of full fixity below the ground line and the cap (see Figure
5.1b) and the coefficient represents the square of the number of half-sine waves of the buckled

pile. For the case with a 50% rotational fixity at the top of the pile and full fixity at the bottom, n is
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approximately \/5 (the median of n=2 for fully fixed ends and n=\/_2_ for 50% rotational fixities at
both ends).

Thus, it is the purpose of this section to model pile bents and individual piles in various
soil settings using FB-Pier to determine if the soil subgrade modulus greatly affects pile
deflections, to locate the depths at which full fixity of the piles may be assumed, and to compare
the ultimate buckling loads of the piles to the above approximate Euler buckling equations. The
buckling capacity derived from Granholm’s equation will also be compared with the approximate

elastic buckling values.

5.2 Sensitivity of k., to Soil Subgrade Modulus

To take advantage of FB-Pier’s soil modeling capabilities a study was performed to
examine the effects that various soil modulus values, K,, have on bent displacements. For this
study a constant load of 1 kip was applied to the centerline of the bent cap for an HP10x42 5-pile
non X-braced bent to determine the resuiting displacements along the pile lengths. Soil modulus
values pertaining to a large group of soils were considered for this analysis. Table 3.8 lists the
representative ranges in soil modulus values for several soil types from dense sandy gravel to
soft clay and will serve as a guide in determining the range of values which should be considered
for this study. This table also gives median values of K, for each range of soil modulus values.
These median values were converted from kef units to Ib/in® since this conversion is required for
input in FB-Pier.

In the initial analysis, soils having stiffness moduli ranging from 5 Ib/in® to 2000 Ib/in® were
considered, but upon inspection of the resulting pile displacements it was determined that K,
values of 5 Ib/in®, 50 Ib/in®, 100 Ib/in®, and 500 Ib/in® would be sufficient. For these K, values the
horizontal nodal displacements along the pile lengths were plotted in order to determine if
increasing the soil modulus would significantly decrease bent displacements as well as to
establish the depth at which the piles were assumed to have fixed bases. The results of this

study are shown in Figures 5.2-5.5 for pile bents having pinned connections to the cap with a
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similar analysis for pile bents having fixed connections to the cap in Figures 5.6-5.8. It appears
from the graphs, that variations of the soil modulus does not greatly affect the pile displacements
unless the modulus is extremely small, i.e. K, < 5 Ib/in. Additionally, the figures show that for

each pile length, full fixity is usually achieved at 5ft below the ground (except where K, = 5 Ib/in®).

5.3 Single Pile Buckling Loads and Deflections

In order to determine the buckling load of individual HP10x42 piles, the pushover analysis
capability of FB-Pier was utilized to find the load just before collapse of the pile. Since two loads
are required for this procedure, a constant horizontal force of 1 kip was applied to the pile near
the center of the exposed length to simulate a small initial crookedness of the pile and an
incremented axial load was placed at the top of the pile as shown in Figures 5.9-5.16. Since it
was determined from Section 5.2 that the pile deflections are not very sensitive to different values
of K,, the soil modulus for this study was kept constant at K, = 100 Ib/in®. The initial axial force
on the pile of 100 kips was incremented by 10 kips using the automated pushover analysis
procedure until convergence couid no fonger be reached. Where PCR>Py/2=223K, the resulting
axial load at failure of the pile is assumed to be the inelastic buckling load (P¢g) since the piles
were analyzed with nonlinear (material) section behavior.

The results of this analysis are shown in Figures 5.9-5.16 for individual piles pinned at the
top. The buckiing loads (Pcr) for these piles were 410 kips, 380 kips, 310 kips, and 280 kips for
pile lengths of 10ft, 15ft, 20ft, and 25ft respectively (see Table 5.2). The buckling analysis results
for piles fixed at the top are shown in Figures 5.13-5.16. The buckling loads for these piles were
430kips, 420kips, 410kips, and 380k for pile lengths of 10ft, 15ft, 20ft, and 25ft respectively (see
Table 5.2). As observed in Section 5.2, it can be seen from the buckled shape of the piles that
full fixity is achieved approximately 5ft below the ground line regardless of the fixity condition at
the top of the pile. Therefore, this additional 5ft to fixity has been included in the approximate
elastic buckling equation which assumes a 50% rotational fixity at the top of the pile and full fixity
below the ground. A comparison of the buckling values produced by FB-Pier to the elastic

buckling equations of Section 5.1 shows that Pcg < P, for each pile length considered
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(L=10ft —40ft) and Pcg > P,/2 for L< 30ft. Thus, where L < 30ft the piles are expected to buckle
inelastically.
Figure 5.17 provides a comparison of the HP10x42 pile buckling loads (Pcgr) produced by

FB-Pier (for piles with a fixed and pinned top) to those plotted in Figure 3.6 which were derived

27%El
2

from the approximate buckling equation for piles with partial fixities (P, = )- This figure

shows that the Pcg values derived from the buckling equation for 50% rotational fixities at each
end lie directly between those for piles with fixed and pinned tops from FB-Pier. This is true even
for the case of inelastic buckling where the buckling loads were approximated with parabolic
curve equations based on the elastic buckling equation. The FB-Pier P¢g values for piles pinned
at the top lie slightly below the Pcr values of Figure 3.6, while the FB-Pier Pcg values for piles
fixed at the top lie just above those of Figure 3.6. This comparison confirms that the elastic

buckling loads as well as the parabolic approximation of inelastic Pgg, determined from the

2
buckling equation P, = 2t—F for 50% rotational fixities in Section 3.2, is a reasonable

assumption for non sidesway buckling. The inelastic buckling loads produced from this
approximate buckling equation (as shown in Figure 3.6) do not lie exactly in the middle of the Pcg
values from FB-Pier and this may also be the result of second order affects which are included in
FB-Pier’s nonlinear pushover analysis procedure. Second order effects occur as the pile
undergoes flexural displacements which create additional stresses within the extreme fibers of
the cross-section. These additional bending stresses were not accounted for in the first order

derivation of Table 3.2.

5.4 Pile Buckling Loads Using Granholm’s Equation

As mentioned in the Literature Review, H. Granholm developed an analytical solution to
determine the buckling load for a pile partially embedded in a soil supporting medium. The
buckling capacities (P,) of individual piles using Granholm’s equation assume that elastic

buckling will occur. The buckling loads produced from Granholm’s equation can be directly
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compared to the buckling loads of the approximate elastic buckling equations previously
discussed. Additionally, the elastic buckling loads predicted by Granholm can be compared to
the Pcr buckling loads calculated from FB-Pier’s pushover analysis. From this comparison the
significance of nonlinear effects during pushover (buckling) can be seen. Since the top of the pile
is prevented from translation in this study, the nonlinear effects only include the material
nonlinearity expressed by the stress-strain curve of the steel HP piles and geometric nonlinearity
from second order effects due to bending of the pile along its axis (because translation is not
allowed at the top of the pile, geometric nonlinearity from the p-delta effect is omitted here). In a
typical pushover analysis for an entire bent, however, geometric nonlinearity of the members also
considers second order p-delta effects, or moments that result from lateral translation of one end
of an axial loaded member with respect to the other end.

The process for determining Pcg using Granholm’s equation first requires calculation of
the coefficient “a” where a* = ¢/El,. In this equation “c” represents the soil stiffness modulus

(Ib/in’), i.e., ¢ =K, -b, where K, is the soil modulus (Ib/in®) and b is the bearing width of the pile

on the soil (the width of the wide flange = 10in for HP 10x42 piles). In Section 5.2 it was found
that increasing the soil modulus did not have a significant affect on pile bent displacement for soil
moduli values exceeding 5 Ib/in®. This conclusion can also be drawn from Figures 3.23 and 3.24
which show the relative insensitivity of Pcr to K, for piles buckling about their weak axis.
Therefore, in the analysis of Pcg from Granholm’s equation the soil modulus, K, was given a
constant value of 150Ib/in®. The value “a” multiplied by the pile length, /, results in the term “al,”
and this term is then used in Figure 2.17 to find the factor of buckling “k/ for the corresponding
fixity condition at the top of the pile. Finally, the factor of buckling “k’ is placed into Granholm’s

2 El
12

equation for P,, where P, = (ki)
Table 5.1 lists several key parameters used in calculating Granholm’s buckling capacity
for pile lengths ranging from 10ft to 33ft (the largest probable unbraced length for typical levels of

scour) and includes the factor of buckling terms (k/) extracted from Figure 2.17. Using

Granholm’s equation to calculate P, values for piles with pinned connections at the top gives
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buckling values ranging from 1388 kips to 210 kips for L=10ft to L=33ft respectively. With a fixed
condition at the top of the pile Granholm'’s equation gives P, values of 2898 kips to 416 kips for

L=10ft to 33ft respectively. Table 5.2 lists these P, values as well as the buckling loads predicted
by the other methods discussed previously in this chapter. For the two pile end conditions, the P,
values from Granholm’s equation can be averaged and compared with the P, values in columns 1

and 2 of Table 5.2 which account for partial fixities at the ends of the pile.

5.5 Comparison of Alternate Methods for Estimating Pile Buckling Capacity

A comparison of the alternate methods previously described in Sections 5.1, 5.3, and 5.4
to predict the buckling capacity of individual piles is provided in Table 5.2. The two methods used
to represent partial fixities at the pile ends, i.e., the first two columns in Table 5.2 give reasonably
similar buckling capacities except for the case of very short bent heights of L < 10ft. However,
the piles will buckle inelastically when Pcg > P,/2, or 223kips for an A36 steel HP10x42 pile.

When elastic buckling does occur, i.e. Pcr< P,/2, it appears that the modeling with 50% rotationall

2
fixities at both ends (P, = ZTQEI ) will give a more conservative buckling capacity in comparison
I iy iy iy 3n°El
to the modeling with a 50% fixity at the top and an additional length to fixity (P, = P ). These

results coupled with the belief that it is simpler to model the bent using its actual height, we will

henceforth model the bent as shown in Figure 5.1a in order to determine the elastic buckling

212El

loads using the approximate equation P, = 7

The average Pcr values from Granholm’s elastic buckling equation for individual piles
with fixed and pinned tops are less conservative than the Pcg values from the approximate
buckling equations where elastic buckling controls, i.e. Pca.ava<P,/2 (see Table 5.2). Since it
does not appear that the soil modulus greatly affects the pile buckling capacity, the approximate
buckling equation corresponding to 50% rotational fixities at each end of the pile is therefore

favored for its simplicity and conservatism over the other elastic buckling methods. According to
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the non sidesway Pcr values from Granholm'’s equation and realistic unbraced pile lengths of
10ft-33ft, Pcr values will be controlled by inelastic buckling since the elastic buckling capacities
for these lengths exceed P,/2. However, it is unlikely that the load applied to a pile will exceed
Py/2 (or 223 kips for an A36 HP10x42 pile) since typical pile loads are in the range of 100 — 160
kips. Therefore, bent piles which buckle inelastically should have sufficient buckling capacity and
inelastic buckling of piles is not expected to occur.

The Pcr buckling loads produced by the nonlinear FB-Pier pushover (buckling) analysis
(shown in Table 5.2) reveal that the geometric nonlinear p-y effects which occur due to bending
during pushover (buckling) analysis are fairly significant. This is evident by a comparison of the
average FB-Pier buckling capacity, Pcr.ave, (for piles pinned and fixed at the top) to the alternate
methods when elastic buckling controls and Pcg< P,/2. For the elastic buckling pile length,
L=40ft, the average FB-Pier buckling load (for piles pinned and fixed at the top) is smaller than
those of the other elastic buckling methods which do not account for second order p-y effects due
to geometric nonlinearity from displacements that occur due to bending along the axis of the

member.
An additional comparison can be made in Table 5.3 between the buckling loads (P g"; ) of

the alternate methods for estimating buckling capacity and FB-Pier's pushover (buckling) analysis
of a 5-pile non X-braced bent (as shown in Section 7.2 with incremented vertical gravity loads
over each pile). For the FB-Pier analysis in Section 7.2 two forms of geometric nonlinearity of the
piles are considered (p-delta and p-y), where p-delta second order effects account for the
additional moments which occur due to lateral displacement of the ends of an axial loaded
member with respect to each other. Theoretically, the buckling loads for each method should be
similar if elastic buckling controls and geometric nonlinearity is not considered. In Table 5.3, the
approximate elastic buckling equations and Granholm’s equation give much larger pile buckling
capacities than FB-Pier’s analysis of the non X-braced 5-pile bent even for pile lengths where

elastic buckling (for an A36 steel HP10x42 pile) should control, i.e. Pcr<223%. This is probably
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due to the occurrence of sidesway buckling of the non X-braced bent piles in FB-Pier which would
lower the buckling capacity.

By comparing the FB-Pier pile buckling loads from Table 5.2 to those in Table 5.3, the
effects of geometric nonlinearity due to lateral transiation of the top of the pile (which is allowed
only for the piles/bent in Table 5.3) can been seen. Although different pile lengths are considered
in each table, it is apparent that geometric nonlinearity from the lateral displacement of the cap
reduces the buckling loads of the piles in a non X-braced bent. This also supports the idea that
material and geometric nonlinearity (both of which are incorporated in pushover analysis) are
critical in the determination of pile and/or pile bent buckling loads. Furthermore, when geometric
nonlinearity includes secondary effects due to bending displacements along the pile’s axis (p-y)
as well as secondary effects created from translation at one end of an axial loaded member with

respect to the other end (p-delta), the pile buckling loads are further reduced.

Table 5.1. P, vs. Pile Length for HP10x42 Pile Buckling in Transverse Direction
or About Weak Axis Using Granholm’s Equation, K, = 150Ib/in®

Pile a = (c/Ely)’ Pinned at Cap Fixed at Cap
Length, / al ki P. ki P,
(ft) (i)™ Figure 2.17 (kips) Figure 2.17 (kips)
10 0.0291436 3.50 3.10 1388 4.48 2898
13 0.0291436 4.55 3.35 959 5.00 2136
15 0.0291436 5.25 3.50 786 5.17 1722
18 0.0291436 6.30 3.68 604 5.30 1252
20 0.0291436 6.99 3.72 500 5.35 1033
23 0.0291436 8.04 3.80 394 5.42 802
25 0.0291436 8.74 3.85 342 5.48 694
28 0.0291436 9.79 3.90 280 5.52 561
33 0.0291436 11.54 3.98 210 5.60 416
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Table 5.2. Comparison of Methods Used to Estimate Pile Buckling Loads
for an Individual HP10x42 Pile about Weak Axis

§0% fixity at §0% fixity at top/ full fixity Granholm’s FB-Pier Pushover
both pile ends §ft below ground line Equation (Buckling) Analysis
2 2
P, = 2n 2EI P, = 3n 2EI
L 1 Pinned Fixed Pinned Fixed
at Top at Top atTop at Top
L {ft) Pe £ (ft) Pe Pe Pe Pcr Pcr
10 2850 15 1900 1388 2898 410 430
15 1267 20 1069 786 1722 380 420
20 713 25 684 500 1033 310 410
25 456 30 475 342 694 240 380
30 317 35 349 250 494 180 320
35 233 40 267 190 372 140 270
20 25 : . '

* Note: Elastic bucfding is expectéd

for shaded values (Pcr<P,/2=223)

N

N

Use averages to compare with 50% fixity egns.

Table 5.3. Comparison of Methods Used to Estimate Pile Buckling Loads
for a 5-Pile Bent with HP10x42 Piles

50% fixity at §0% fixity at top/ full fixity Granholm’s FB-Pier Pushover
both pile ends 5ft below ground line Equatlon of('B,:::isd::ga) 5A_g?lleysB|2 nt
2 2
Pe=2n2E| &=MF
L £ Pinned Fixed Pinned at Top | Fixed at Top
at Top at Top (Figures 7.2- (Figures 7.12-
7.6) 7.16)
L (ﬂ) Pe [4 (ft) Pe I:>e Pe PCR I:,CR
13 1687 18 1320 959 2136 160 380
18 880 23 808 604 1252 140 280
23 539 28 545 394 802 130 240
28 364 33 393 280 561 120 200
33 262 38 296 210 416 110 180
40 45 0

* Note: élastnc buckling is expected for shaded values (Pcr<P/2=223")
** Values obtained from an individual study and are not shown in Chapter 7
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Figure 5.1. Alternate Models for Evaluating Elastic Buckling Loads of Individual Piles
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CHAPTER 6: GTSTRUDL MODELINGS AND RESULTS

6.1 General

Several GTSTRUDL computer models were analyzed in the development of a bent model
that behaves similarly to the expected behavior of those in the field. In particular, since partial
fixities cannot be modeled by GTSTRUDL, the pile connections to the ground and cap were
modeled as either fully pinned or fully fixed to provide a range of possible horizontal bent
deflections when a transverse unit load of 1 kip is applied at the cap. From these deflections the
equivalent transverse stiffness, kqq, of the bents can be calculated to see if the battered piles
provide sufficient bracing for non X-braced bents. This is checked by comparing the ideal bent
transverse stiffness (kigea) t0 the equivalent stiffness of the model (Keg)- If Keq > Kigeal, SUfficient

bracing is provided and the bent piles will buckle without sidesway. If sidesway buckling of the

2n%El

piles is prevented, the buckling equation is approximated as P, = E which accounts for 50%

rotational fixities at the pile ends. If it is found that sidesway buckling does occur, the

0.57El

approximate buckling equation becomes P, = ¥ which also accounts for the 50% rotational

fixities at the pile ends. Each non X-braced bent mode! analyzed in this research consists of
unencased steel H-piles. This assumption is believed to be valid since non X-braced bents do
not have shear studs along the piles to maintain composite action between the steel and concrete
encasement.

Initially, it was assumed that non X-braced bents may be modeled as the simplified bent
shown in Figure 3.9. However, before comparing the equivalent stiffness of this simplified
modeling to the ideal stiffness, a computer model should be developed to justify or reject the

simplified model. In the course of developing an accurate computer model, several bent
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parameters were varied to determine if ko4 is sensitive to the bending stiffness of the cap, the
connection between the piles and ground, and the degree of end pile battering. Although all of
ALDOT’s standard bents are constructed using an end pile batter of 1.5” in 12”, varying the end
pile batter provides insight into stiffness gains resulting from larger pile batters. This may
influence the use of larger pile batters in the construction of future bents (provided the non X-
braced bents are highly susceptible to sidesway).

Additional sections of this chapter include a buckling analysis of standard ALDOT non X-
braced bents as well as example GTSTRUDL input files which may serve as guides for future
pushover analysis in the event that a site specific evaluation is required. A brief description of
key analysis parameters are also provided. These example files include 5-pile bents that are non

X-braced (H=13ft), one story X-braced (H=13ft), and two story X-braced (H=25ft).

6.2 Sidesway Analysis of Pinned/Pinned Pile Bents

The first GTSTRUDL non X-braced bent model to be examined in the analysis of
sidesway susceptibility has piles pinned to the cap and ground. From this model, a direct
comparison can be made to the original simplified bent model of Figure 3.9 which is also pinned
at each end of the piles and has a 1 kip horizontal force applied at the cap to measure its
stiffness. After performing a static analysis of the structure and viewing the deformed shape, it is
apparent that the entire cap experiences a slight rotation and flexure near the end piles. This
finding contests the original modeling of Figure 3.9 which bases its determination of ke, on the
assumption that no rotation or flexure of the cap occurs. Because of this rotation and flexure, the
battered piles undergo less axial deformation than predicted in the simplified model and much
lower values for keq are observed than previously calculated in Table 3.5.

The GTSTRUDL results of ke, for pinned/pinned bents with various pile lengths are
plotted in Figures 6.1-6.3 for end pile batters of 1”in 127, 1.5” in 12", and 2.0” in 12” respectively.
These kqq values can be compared with the Kige values also plotted in the figures to determine if
sidesway buckling would occur before the piles reach their buckling capacity. The values of Kigea

for 5-pile bents pinned at the cap and ground are taken from Table 3.3. When keq < Kigeas the
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lateral bracing provided by the battered piles is not sufficient to hold the top of the piles in place at
their non sidesway buckling capacities and the bent will experience sidesway buckling of the
piles. Since the effective stiffness, |, of the cap is closest to the actual flexural stifiness of the
cap under service loads, the heights at which sidesway buckling will occur are found to the left of
the intersection of kigea and the k., value associated with cap I=l,. The derivations of |, as well as
lvigia» lgross, @nd lg, are given in Chapter 3.

As shown in Figure 6.1 for an end pile batter of 1” in 12", sidesway buckling of the piles
will control when the bent height <43 ft (where the bent height is the iength of the piles after
scour, i.e. bent height = H + S). Similarly, in Figure 6.2 for an end pile batter of 1.5” in 127,
sidesway buckling will occur when the bent height <31 ft. From Figure 6.3 with end pile battering
of 2" in 127, sidesway buckling occurs when the bent height <25 ft. When the cap I=le, keq Shows
no significant sensitivity to the bent height. For each level of battering the decrease in ke is

nearly linear and relatively small when the flexural stiffness of the cap equals I,.

6.3. Sidesway Analysis of Pinned/Fixed Pile Bents

For the second sidesway analysis bent model the connection between the piles and bent
cap remain pinned, but the connection to the ground is given a full fixity. This model is being
analyzed to compare kqq values with the previous pinned/pinned bent model and to determine the
sensitivity of keq to the type of connection between the ground and piles. ldeally a 50% rotational
fixity would be placed at each end of the piles to account for the predicted partial fixities.
However, GTSTRUDL currently only has the capability to fully restrain or release a particular
degree of freedom and, therefore, a fully fixed connection was used at the base of the piles.

For various pile lengths ke, values for the pinned/fixed bent models are plotted in Figures
6.4-6.6 for end pile batters of 1”in 12”, 1.5” in 12", and 2.0” in 12” respectively. The
corresponding Kigea Values for this model were taken from Table 3.4. As mentioned previously,
when keq < Kigeal the lateral bracing provided by the battered piles is not sufficient to hold the top of
the piles in place at their non sidesway buckling capacities and the bent will undergo sidesway

buckling. Since |, of the cap is closest to the actual fiexural stiffness of the cap under service
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loads, the heights at which sidesway buckling will occur are found to the left of the intersection of
Kideal @Nnd the keq value associated with Ie.

As shown in Figure 6.4 for an end pile batter of 1” in 12, sidesway buckling will occur for
all pile lengths before and after scour. In Figure 6.5 for an end pile batter of 1.5” in 127, sidesway
buckling will also occur for all pile lengths considered. From Figure 6.6 with end pile battering of
2" in 127, sidesway buckling occurs when the height<45 ft. Unlike the previous pinned/pinned
bent model, ke, for the pinned/fixed model appears to be slightly more sensitive to the bent height
as observed for the smaller pile lengths. However, when the bent height > 25 ft and the cap I=l,,

the decrease in keq values becomes almost linear as in the previous pinned/pinned model.

6.4 Effects of End Pile Battering on Sidesway

To determine the sensitivity of keq to battering of the end piles, the previous bent models
were analyzed for end pile batters of 1”in 127, 1.5” in 12", and 2.0” in 12”. The main objectives
for increasing the end pile battering were to observe the respective stiffness increases, reveal
whether sidesway buckling is prevented or reduced, and determine if bents constructed in the
future should incorporate larger batters. To provide a better comparison of the stiffness gains
which result from increasing the degree of end pile battering, keq vs. H has been plotted in Figures
6.7 and 6.8 for the pinned/pinned and pinned/fixed models (with the cap | = I,) and all three end
pile batters. |, was chosen since it is assumed to be closest to the actual flexural stiffness of the
bent cap under service loads.

According to Figures 6.7 for the pinned/pinned model, increasing the battering by 0.5” in
12" nearly doubles k., Aside from the expected increase in stiffness, increasing the batter
reveals no major sensitivities. The increases in Kqqare nearly identical for each bent height.
Figure 6.7 also shows that sidesway buckling is less likely to occur when the batter equals 2” in
12”. Sidesway buckling occurs for bent heights <31 ft when the batter is 1.5”, whereas sidesway
buckling occurs for heights <26 ft when the batter is 2”. For the pinned/fixed modeling shown in
Figure 6.8, increasing the battering by 0.5” in 12” increases k. by a factor of approximately 1.5

for most bent heights considered. For this modeling sidesway buckling occurs for bent
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heights <45 ft for each of the end pile batters 0” — 2”. The latter pinned/fixed modeling is
probably more representative of actual bents and sidesway for this model occurs even for
maximum levels of scour whether the end pile batter is 1.5” or 2.0". Therefore, it does not appear
that increasing the end pile batter provides significant stiffness advantages for typical non X-
braced bent heights (L=H+S <383 ft), i.e. maximum bent height of 13ft and maximum scour of

20 ft.

6.5 Sidesway Analysis Conclusions

As shown from the previous sidesway study, most non X-braced bents are susceptible to
sidesway buckling since keq<kicea fOr bent heights corresponding to typical levels of scour
(L=H+S=33it). In Figures 6.1-6.6 it can be seen that k4 is most sensitive to the flexural stiffness,
!, of the cap at bent heights<30ft. Increasing | by adding reinforcement or other strengthening
measures would not increase the stiffness of the bent enough to prevent sidesway. Additionally,
it is expected that lg<laawa< lgoss, Since small stress cracks on the tensile surface of the cap
reduce the gross cross-sectional area that carries stress. Therefore, the region of most interest
on the graphs lies between Iy and | (where |, represents the fully cracked section), since the
effective flexural stiffness of the cap lies between these two upper and lower stiffness bounds.
This assumption is useful in that the range of heights at which the actual bent is susceptible to
sidesway will slightly larger than the length given by the intersection of kiges and the keq value
associated with cap I=lgss, but slightly smaller than the length given by the intersection of Kigeal
and the keq value associated with cap I=l;,. Although k.4 values for cap I=l, are shown in the
figures the effective stiffness of the cap may vary somewhat under service loads. AC| 318-02
permits the effective stiffness of beams to be derived from 16=0.35lg0ss, hOwever, this is only an
approximation to the actual stiffness.

To form a more complete study of the sidesway analysis of non X-braced bents, Keq
values were also determined for pinned/fixed bents having 3, 4, 5, and 6 piles. Plots of Keq VS.
pile length are shown in Figures 6.9-6.12 for bents with HP10x42 piles and Figures 6.13-6.16 for

bents with HP12x53 piles. In these figures pile lengths range from 13ft (the tallest non X-braced
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bent height) to 33ft (corresponding to the maximum expected scour of 20ft). Values for Kigeq are
also shown for comparison and were calculated in a manner similar to those in Table 3.4 for the
correct number of piles. With the cap | represented by the upper bound, Iy, it can be seen that
Keq < Kigear fOr each bent and pile length considered. Thus, sidesway buckling of each non X-

braced bent is expected and the pile buckling loads are governed by the approximate equation

_ 0.57°El

Pe B which has been reduced by half to account for 50% rotational fixities at the pile ends.

After performing the pushover analyses in the succeeding chapters, it was determined
that modeling bents with fixed connections at the cap and pinned at the ground seems to provide
slightly more realistic behavior of bents in the field and is the predominate model used in the
pushover analysis procedures in subsequent chapters. Therefore, an abbreviated study was
performed to compare kqq values of pinned/fixed bents to keq values for the preferred fixed/pinned
models. It should be noted that the pinned/fixed (fixed to the ground) bent modeling provides keq
values that are nearly identical to the fixed/pinned (pinned to the ground) models. However, the
kideal Values were established from Figure 3.8 for pinned/pinned or pinned/fixed piles and the two
previous models (pinned/pinned and pinned/fixed) provide the most appropriate modelings to
compare Keq With Kigear. Since the keq values for the pinned/fixed and fixed/pinned models are
nearly identical, the results of the pinned/fixed modeling shown in Figures 6.8-6.16 are

acceptable even though the fixed/pinned model is preferred.

6.6 Buckling Analysis of Standard ALDOT Bents

After determining that most non X-braced bents are susceptible to failure by sidesway
buckling, an additional study was considered to verify that these as well as standard X-braced
bents can safely support typical gravity loads during and after an extreme scour event.
GTSTRUDL's pushover analysis procedure can be used to perform a buckling analysis and make
sure that standard bents have adequate buckling capacity. This check can be performed in two
ways. The first method can be used to determine if a bent will provide adequate buckling

capacity “during” the extreme flooding event which places large transverse water loads on the
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bent. For this method, typical gravity loads may be assumed and placed above each pile of the
bents. Realistic values for the maximum gravity loads applied to a pile (Pﬂ;‘i applied ) are 100 Kkips,

120 kips, 140 kips, and 160 Kips depending largely on span length between bents. Even though
the gravity loads for this model are constant they create compression in the piles which can
significantly reduce their lateral stiffness and cause a corresponding reduction in pushover
capacity. The horizontal force for this model is created from water loads and is incremented until
failure is reached. If the actual pushover force (Fimax appiied) iS I€SS than the capacity predicted by
the pushover analysis (F; pusnover i0ad)s the bent should have adequate load carrying capacity. If the
GTSTRUDL pushover analysis fails to provide a solution even for small lateral forces, the gravity
forces have reduced the lateral stiffness of the piles enough to cause instability. For the
purposes of this research gravity loads were kept constant at 100kips per pile. Verification of the
stability of bents under a range of constant gravity loads is not provided here, but will be
presented in future research and the final “screening tool”. The second method to determine bent
buckling capacity aiso uses GTSTRUDL's pushover analysis procedure, but calculates the

buckliing capacity of bents “after” the extreme scour event has occurred. This method increments
the vertical loads above each pile to determine the buckling capacity (P,%g";‘( ) of the piles/bent

when only a very small lateral load is applied, i.e. 0.1 kip. The small 0.1 kip force was used to
introduce a very small lateral deflection of the piles which will be magnified by the p-delta effects
as the pile loads are incremented. This latter method is presented in the following study to verify
sufficient buckling capacity after an extreme scour event.

The buckling analysis was performed on standard bents with 3, 4, 5, and 6 piles to verify
that each bent has sufficient buckling capacity for scour leveis of S=0ft, 5ft, 10ft, 15ft, and 20ft.
For this study, each bent has an end pile batter of 1.5” in 12”, fixed connections between the piles
and cap, and pinned connections between the piles and ground. The constant horizontal force of
0.1 kip was placed at the cap and the gravity loads above each pile were incremented. Even

though the horizontal force and initial deflection are very small, the incremented gravity loads
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reduce lateral stiffness of the piles and greatly amplify the lateral deflection as the buckling
capacity of the piles is reached.

The buckling analysis results are shown in Figures 6.17a-6.20a for 3, 4, 5, and 6-pile non
X-braced HP10x42 bents with H=13ft and S=0ft-20ft. Similarly, the buckling analysis results for

the non X-braced HP12x53 bents are shown in Figures 6.17b-6.20b. These results are

e

summarized in Table 6.1. It was previously mentioned that typical gravity loads (Pf,’f;x applied )

range from 100kips to 160kips. As shown in the tables, the pile buckling capacity of the HP10x42
3-pile bent falls within or below the assumed range of gravity loads when S>10 ft. The pile
buckling capacities of the HP10x42 4-pile, 5-pile, and 6-pile bents on the other hand exceed the
expected gravity loads which are assumed to act above each pile. For the HP12x53 pile bents,
the pile buckling capacity of the 3-pile bent, falls within or below the assumed range in gravity
loads when S > 15ft. The buckling capacities of the 4-pile, 5-pile, and 6-pile bents also exceed
the expected gravity loads which act above each pile.

In general, buckling capacities determined from the pushover analysis are larger than

0.57°El
L2

those calculated from the proposed approximate elastic pile buckling equation P, = which

accounts for sidesway buckling as well as 50% rotational fixities at the pile ends. Reasons for the
larger than expected buckling capacities of the 4, 5, and 6-pile non X-braced bents where elastic
buckling should control are not quite clear but may be due to the redistribution of forces during
pushover of the highly indeterminate bent structures. The slight counter-clockwise rotation of the
bent cap caused the axial forces in some piles to be larger than others and allowed lean-on
bracing of the piles to occur.

The buckling analysis results for the one story X-braced bents with HP10x42 piles are
shown in Figures 6.21a-6.25a for 3, 4, 5, and 6-pile bents with H=13ft and S=0ft-20ft. Similarly,
the buckling analysis results for bents with HP12x53 piles are shown in Figures 6.21b-6.25b.
These results are summarized in Table 6.2. As shown in the tables, the pile buckling capacity of
the HP10x42 3-pile bent falls within or below the typical gravity load of 100 kips when S > 15ft.

The pile buckling capacities of the HP10x42 4-pile, 5-pile, and 6-pile bents, on the other hand
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exceed the expected gravity loads above each pile. For the HP12x53 pile bents, the pile buckling
capacity of the 3-pile bent, falls within or below the assumed range in gravity loads when S = 20ft.
The pile buckling capacities of the HP12x53 4-pile, 5-pile, and 6-pile bents also exceed the typical
range of gravity loads (100-160 kips) above each pile.

For the one story X-braced bents the proposed approximate elastic pile buckling equation

2
is Pe= 21|I_2El which assumes sidesway is prevented and pile ends have 50% rotational fixities.

As shown in Table 6.2a and 6.2b, the buckling capacities determined from the pushover analysis
of the one story X-braced bents with H=13ft are much smaller than the respective elastic buckling
values. This is reasonable since the piles in each of these bents are expected to buckle
inelastically, i.e. P.>P,/2.

Buckling analysis results for the two story X-braced bents with HP10x42 piles are shown
in Figures 6.26a-6.30a for bents with 3, 4, 5, and 6 piles and H=25ft. The buckling analysis
results for the two story X-braced bents with HP12x53 piles are shown in Figures 6.26b-6.30b.
These results are summarized in Table 6.3. Where elastic buckling controls, i.e. Pe>Py/2 = 223
kips for HP10x42 piles or P,>P,/2 = 279 kips for HP12x53 piles, GTSTRUDL’s pushover analysis

gives an average buckling load that is reasonably close to the approximate equation

. 21°El

Pe E

for the 4, 5, and 6-pile bents. Additionally, the buckling capacities of these bents

remain within or above the assumed range of typical gravity loads (100 — 160 kips) which act
above each pile. However, Pcg for the two story 3-pile bent becomes much lower than the elastic
buckling load for larger levels of scour. Similar results can be seen in Table 6.3b for the two story
X-braced bents with HP12x53 piles. It is not directly evident why the buckling capacity of the 3-
pile bents becomes much smaller than the elastic buckling value for large levels of scour.
However, some discrepancies in the buckling capacities where elastic buckling is expected may
occur if the structure becomes unstable due to external loading before the elastic load of the pile

is reached.
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After observing the buckling capacities produced from GTSTRUDL'’s pushover analysis it
appears that all 3-pile bents may require additional support near the foundation to prevent the
occurrence of large levels of scour and keep buckling capacities above the expected gravity
loads. Although there are some discrepancies between the approximate elastic buckling
equations and the buckling capacities from the GTSTRUDL models, the approximate equations
are thought to provide reasonable pile buckling values for the 4, 5, and 6-pile bents. This is
supported by the fact that the pile capacities for these bents are above the range of typical bridge
pile loads (100kips — 160kips) when the elastic buckling equations predict inelastic buckling (i.e.
Pcr<160kips when P.>P,/2). Additionally, when the elastic buckling equations predict elastic
buckling, i.e. P.<P,/2, the bent pile capacities are either very similar to the elastic buckling
equations (for the X-braced bents) or conservative (for the non X-braced bents).

It should be recalled that this buckling analysis was performed with only a very small
lateral load (i.e. 0.1kips) to simulate an initial imperfection in the piles which may be present in the
form of load eccentricities or initial crookedness of the piles, however, in the presence of debris
rafts and water currents these greater lateral forces may reduce the load carrying capacity of pile
bents. Therefore, it is recommended that an additional examination be considered to determine if
the bents have adequate buckling capacity during the extreme flood event. As stated at the
beginning of this section, this study may be accomplished by placing various constant gravity
loads above the piles in a bent and incrementing the horizontal force. If the pushover analysis
fails to obtain a solution even for small transverse forces, the gravity loads above each pile may
be too large. Thus adequate buckling capacity is not achieved by the bent and it is considered

unstable. The results of this study will be provided in future research.

6.7 GTSTRUDL Pushover Analysis Modeling

GTSTRUDL'’s pushover analysis procedure can be used to determine the lateral forces
that will cause a bent to fail for various levels of scour. This is particularly useful, since water
currents acting on bents during an extreme flooding event can create rather large transverse

loads. The goal of this section is to allow bridge engineers to become more familiar with the
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GTSTRUDL input files used in this research for pushover analysis. The following input files may
serve as a guide for creating non X-braced and X-braced bent input files in the event that future
pushover analysis is required for a specific bent not analyzed in this research.

When creating models in GTSTRUDL, the user may opt to use the Model Wizard, GT
MENU, or the Command Mode. Both GT MENU and the Command Mode allow the user to
create structures with more complex geometries than the Model Wizard. If unfamiliar with the
code or order of data required to create an input file, GT MENU offers a graphical interface to
create and model structures. Once a model is completed using GT MENU, a text input file can be
created, saved as a text file (with extension .txt), and edited using a basic text editing program
such as Windows Notepad. Note that if pushover analysis is desired for various levels of scour,
only the coordinates of the joints connected to the ground need editing. After the necessary
editing has been performed the text file can then be opened in GTSTRUDL and the desired
analysis can be performed. The foilowing subsections (6.7.1-6.7.3) include example input files for
5-pile bents that are non X-braced (H=13ft), one story X-braced (H=13ft), and two story X-braced
(H=25ft). A brief summary of key input parameters is provided with their descriptions given in the

order of occurrence in the respective input files.

- 6.7.1 Non X-braced Bent Input File

The input file for each bent begins with the joint coordinates to define the model
geometry. All joints are placed along the centerline of member axes as noted by joints 6-10 for
the bent caps in the figures associated with each of the following example input files. Member
incidences define which end of a member is specified as the start and which is the end. This
becomes important when defining the location of member loads and plastic hinges. For standard
shapes such as HP10x42 and HP12x53 piles, cross sectional properties are defined within
GTSTRUDL tables. If the section dimensions are unique as in the case of the bent cap, these
parameters may be specified under MEMBER PROPERTIES. When the command STATUS
SUPPORT is used, all degrees of freedom associated with a joint are restrained. This allows the

user to release key degrees of freedom later on using the JOINT RELEASES command and may
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speed the solution of more complicated structures. Since the piles are modeled with pin
connections at the ground, moments in the X, Y, and Z directions have been released for joints 1-
5. The beta constant is used to define the orientation angle of the member in the global
coordinate system. By using a beta value of 90 degrees for the piles they become oriented so
that they buckle about their weak axis for transverse bent loads. The material constants are
listed next and include the modulus of elasticity, density, poison’s ratio, and coefficient of thermal
expansion for each member. Following the material constants is the load data. The loading
conditions for pushover are as shown in the respective figures. The horizontal force, “incr”, is
given an initial vaiue of 1 kip at joint 6 whereas the vertical forces, “const”, are given constant
values of 100 kips at each joint 6-10. The nonlinear effects cannot be added to the model from
GT MENU and, therefore, these parameters must be input by creating and/or editing the text
input file. The nonlinear parameters included in typical pushover analysis include geometric
nonlinearity as well as plastic hinges to account for material nonlinearity. When the plastic hinge
parameter is included, a plastic hinge is placed at both the start and end of the member unless a
specific end is specified. The first line of parameters associated with plastic hinges defines the
hinge geometry and length. The number of divisions through/across the web and flange are
listed and a grid is generated to compute fiber stresses throughout the member cross-section.
This also allows the percentage of plastic hinge formation to be viewed after the analysis. The
second line of plastic hinge parameters defines the stress strain relationship and is discussed
further in Chapter 7. The plastic hinges in the following input file exhibit elastic-perfectly piastic
stress strain behavior, since the ultimate stress at failure, FSU, is nearly equal to the yield stress,

FY.

Example Non X-braced Bent GTSTRUDL Input File

STRUDL **

$$ This GTSTRUDL file created from GTMenu on 1/11/2005
$$

$$

UNITS INCH KIPS DEG FAH

$$

$$

JOINT COORDINATES GLOBAL
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1 0.0000000E+00 0.0000000E+00
2 1.1400000E+02 0.0000000E+00
3 2.1000000E+02 0.0000000E+00
4 3.0600000E+02 0.0000000E+00
5 4.2000000E+02 0.0000000E+00
6 1.8000000E+01 1.4400000E+02
7 1.1400000E+02 1.4400000E+02

- 8 2.1000000E+02 1.4400000E+02
9 3.0600000E+02 1.4400000E+02
10 4.0200000E+02 1.4400000E+02

$3

%

UNITS INCH KIPS DEG FAH

$$

$$

TYPE SPACE FRAME

ME
1

»
PLPooNonswn

$$
UN

$$

MBER INCIDENCES
1 6
2 7
3 8
4 9
5 10
6 7
7 8
8 9
9 10

ITS INCH KIPS DEG FAH

0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00

MEMBER PROPERTIES TABLE 'M/S/HP9 ' 'HP10x42

1
$$

2 3 4 5

Constant Loads = 100 kips each

Increment

joint 1

P P P P

H=13ft

8ft Pile Spacing

MEMBER PROPERTIES PRISMATIC AX 8.6400000E+02 (X 1.0000000E+07 -

1Y 1.0000000E+07 1Z 4.1472000E+04
6 7 8 9
$$
STATUS SUPPORT -
1 2 3 4 5 -
6 7 8 9 10
£
$$
UNITS INCH KIPS DEG FAH
%
JOINT RELEASES
6 7 8 9 10 -
FOR X Y MOM z
$$
1 2 3 4 5 -
MOM X Y Z
$$
$$
UNITS INCH KIPS DEG FAH
CONSTANTS
BETA 0.0 ALL
BETA 9.0000000E+01 -
1 2 3 4 5
UNITS INCH KIPS DEG FAH
CONSTANTS

E 2.9000014E+04 ALL

G 1.1000007E+04 ALL

POl 3.0000001E-01 ALL
DEN 2.8330021E-04 ALL
CTE 6.4999999E-06 ALL
E 3.6000017E+03 -
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6 7 8 9
G 1.4400009E+03 -

6 7 8 9

POl 1.7000000E-01 -

6 7 8 9

DEN 8.6800042E-05 -

6 7 8 9

CTE 5.5000000E-06 -

6 7 8 9
UNITS INCH KIPS DEG FAH
3%

LOADING ‘incr'
JOINT LOADS FOR X 1.0000000E+00

6
$$
UNITS INCH KIPS DEG FAH
$$

LOADING 'const'

JOINT LOADS FOR Y -1.0000000E+02
6 7 8 9 10

$$
NONLINEAR EFFECTS

GEOMETRY ALL MEMBERS
$$
PLASTIC HINGE -
FIBER GEOMETRY NTF 1 NTW 1 NBF 8 ND 8 LH 3.0 -
STEEL FY 36.0 ESH .124 ESU .2 FSU 36.001 ALPHA 0.0 MEMBER 12345

6.7.2 One Story X-braced Bent Input File

The one story X-braced bent input files were created with GTSTRUDL'’s graphical
interface, GT MENU, so that the joint coordinates could be easily determined where the X-
members intersect the piles. These locations are required so that pinned connections between
the X-bracing and intermediate piles may be formed. Much of the one story X-braced bent input
file is repeated from the non X-braced bent input file whose parameters were previously
discussed in Subsection 6.7.1. An additional MEMBER PROPERTY group is added for X-
members which are modeled using C4x7.25 channel members rather than the standard 4”x3 ¥ “x
5/16” angle members. The reason for this substitution is explained in Section 8.4. The MEMBER
RELEASES command is also unique to the X-braced bent models and must be specified for the
X-members so they will not carry bending moments. Because these members do not carry
moments, axial plastic hinges are inserted in the compression X-members so they fail (buckle) at
their Euler buckling load of 34.3 kips (see Section 8.3). When the 34.3 kip buckling load is

divided by the area of the C4x7.25 channel X-members, the corresponding axial stress at failure
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is 16.1kips. Since the plastic hinges for the X-members have different properties from the plastic
hinges in the H-piles, they must be kept separate. Thus, the plastic hinges in the cdmpression X-
members are represented by the second PLASTIC HINGE command. As shown, these hinges
also exhibit elastic-perfectly plastic stress strain behavior. Plastic hinges were not inserted into

the tension X-members since the axial forces in these members did not exceed the yield load of

the member.

Example One Story X-braced Bent GTSTRUDL Input File

STRUDL '

$$

$$ This GTSTRUDL file created from GTMenu on 10/28/2004

$$

$$

UNITS FEET KIPS DEG FAH Constant Loads = 100 kips each

$$
JOINT COORDINATES GLOBAL Increment )
1 0.0000000E+00 0.0000000E+00 0.0000000E+00 Load:F
2 9.5000000E+00 0.0000000E+00 0.0000000E+00
3 1.7500000E+01 0.0000000E+00 0.0000000E+00
4 2.5500000E+01 0.0000000E+00 0.0000000E-+00
5 3.5000000E+01 0.0000000E+00 0.0000000E-+00
6
7
8
9

P P P P P

H=13ft

9.5000000E+00 1.2000000E+01 0.0000000E+00
1.7500000E+01 1.2000000E+01 0.0000000E+00
2.5500000E+01 1.2000000E+01 0.0000000E+00

1.5000000E+00 1.2000000E+01 0.0000000E+00 ‘
Joint 1

\
N\
§
.

10 3.3500000E+01 1.2000000E+01 0.0000000E+00 8t Plle Spacing
11 1.3125000E+00 1.0500000E+01 0.0000000E-00
12 3.3687500E+01 1.0500000E+01 0.0000000E+00
13 4.3750000E-01 3.5000000E+00 0.0000000E-+00
14 3.4562500E+01 3.5000000E+00 0.0000000E+00
15 9.5000000E+00 8.7763157E+00 0.0000000E-+00
16 1.7500000E+01 7.0921054E+00 0.0000000E+00
17 2.5500000E+01 8.7763157E+00 0.0000000E+00
18 9.5000000E+00 5.4078951E+00 0.0000000E+00
19 2.5500000E+01 5.4078951E+00 0.0000000E-+00

$$

$3

UNITS FEET KIPS DEG FAH

$$

TYPE SPACE FRAME
MEMBER INCIDENCES

1 6 7
2 7 8
3 8 9
4 9 10
5 1 13
6 13 11
7 11 6
11 5 14
12 14 12
13 12 10
16 2 18
17 18 15
18 15 7
19 3 16
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21 4 19
22 19 17
23 17 9
24 11 15
25 15 16
26 16 19
27 19 14
28 13 18
29 18 16
30 16 17
31 17 12

$$

$3

UNITS INCH KIPS DEG FAH

MEMBER PROPERTIES TABLE 'M/S/HP9' 'HP10x42 '

5 6 7 11 12 -
13 16 17 18 19 -
20 21 22 23

MEMBER PROPERTIES PRISMATIC AX 8.6400024E+02 |X 1.0000008E+07 -
IY 1.0000008E+07 1Z 4.1472023E+04

1 2 3 4

MEMBER PROPERTIES TABLE 'CHANNELY ' 'C4x7.25 '
24 25 26 27 28 -
29 30 31

STATUS SUPPORT -
1 2 3 4 5 -
6 7 8 9 10

$$

UNITS INCH KIPS DEG FAH

$$

JOINT RELEASES
1 2 3 4 5 -

MOM X Y Z

$$

6 7 8 9 10 -
FOR X Y MOM Z

%

UNITS INCH KIPS DEG FAH

35

CONSTANTS
BETA 0.0 ALL
BETA 9.0000000E+01 -
5 6 7 11 12 -
13 16 17 18 19 -
20 21 22 23

$$

MEMBER RELEASES

$$
24 25 26 27 28 -
29 30 31 -

STAMOM Y Z ENDMOM Y Z

$$

UNITS INCH KIPS DEG FAH

CONSTANTS

E 2.9000002E+04 ALL

G 1.1000001E+04 ALL

POl 3.0000001E-01 ALL
DEN 2.8330003E-04 ALL
CTE 6.4999999E-06 ALL
E 3.6000022E+03 -

1 2 3 4
G 1.4400011E+03 -

117



1 2 3 4
POI 1.7000000E-01 -

1 2 3 4
DEN 8.6800042E-05 -
1 2 3 4
CTE 5.5000000E-06 -
1 2 3 4

$$

$$

UNITS INCH KIPS DEG FAH

$$

LOADING 'incr'

$$

JOINT LOADS FOR X 1.0000000E+00

6

UNITS INCH KIPS DEG FAH
$3
LOADING ‘const'
$3$
JOINT LOADS FOR Y -1.0000000E+02
6 7 8 9 10
$$
$3$
NONLINEAR EFFECTS
$
GEOMETRY ALL MEMBERS
$
PLASTIC HINGE -
FIBER GEOMETRY NTF 1 NTW 1 NBF 8 ND 8 LH 3.0 -
STEEL FY 36.0 ESH .124 ESU .2 FSU 36.001 ALPHA 0.0 MEMBER 5 TO 23
$
PLASTIC HINGE -

FIBER GEOMETRY NTF 1 NTW 1 NBF 8 ND 8 LH 3.0 -
STEEL FY 16.1 ESH .124 ESU .2 FSU 16.101 ALPHA 0.0 MEMBER 24 TO 27

6.7.3 Two Story X-braced Bent Input File

All parameters used in the two story X-braced GTSTRUDL input files are also seen in the
one story X-braced input files. The only significant difference between the one and two story X-
braced files, is the more complex geometry associated with the two story bent. The complex
geometry greatly increases the number of members and joints and also calls for the use of GT
MENU to locate the precise joint coordinates of X-member and pile intersections. As seen in the
one story input file, the first set of plastic hinge parameters correspond to the H-piles whereas the
second PLASTIC HINGE command represents those hinges used in the compression X-
members. The X-bracing for the two story bent contains a horizontal strut which divides the
upper and lower story and is modeled without axial plastic hinges. Plastic hinges are not required

for the strut because only small axial loads are expected in this member and any compression
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forces that may develop are not expected to reach its buckling capacity, since it is composed of

two angle members welded together with battens to prevent buckling.

Example Two Story X-braced Bent GTSTRUDL Input File

STRUDL "'

$$ This GTSTRUDL file created from GTMenu on 11/21/2004

$$
$$

UNITS FEET KIPS DEG FAH

$$
$$

JOINT COORDINATES GLOBAL

0.0000000E+00
1.1000000E+01
1.8000000E+01
2.7000000E+01
3.8000000E+01
3.0000000E+00
1.1000000E+01
1.9000000E+01
2.7000000E+01
3.5000000E+01
2.8125000E+00
3.5187500E+01
2.0000000E+00
3.6000000E+01
1.9375000E+00
3.6062500E+01
1.8750000E+00
3.6125000E+01
4.3750000E-01
3.7562500E+01
1.1000000E+01
1.9000000E+01
2.7000000E+01
1.1000000E+01
2.7000000E+01
1.1000000E+01
1.8000000E+01
2.7000000E+01
1.1000000E+01
1.9000000E+01
2.7000000E+01
1.1000000E+01
2.7000000E+01

TYPE SPACE FRAME
MEMBER INCIDENCES

OCONO O~ WN =

0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
2.4000000E+01
2.4000000E+01
2.4000000E+01
2.4000000E+01
2.4000000E+01
2.2500000E+01
2.2500000E+01
1.6000000E+01
1.6000000E+01
1.5500000E+01
1.5500000E+01
1.5000000E+01
1.5000000E+01
3.5000000E+00
3.56000000E+00
2.0896423E+01
1.9329567E+01
2.0896423E+01
1.7762712E+01
1.7762712E+01
1.6500000E+01
1.5500000E+01
1.6500000E+01
1.2059546E+01
9.4816122E+00
1.2059546E+01
6.9036779E+00
6.9036779E+00

0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
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Increment

Load, F

Constant Loads = 100 kips each

P P P

P P

8ft Pile Spacing

H=25ft




14 5 20
15 20 18
16 18 16
17 16 14
18 14 12
19 12 10
25 2 32
26 32 29
27 29 26
28 26 24
29 24 21
30 21 7
31 3 30
32 30 27
33 27 22
34 22 8
35 4 33
36 33 31
37 31 28
38 28 25
39 25 23
40 23 9
41 11 21
42 21 22
43 22 25
44 25 14
45 13 24
46 24 22
47 22 23
48 23 12
49 15 26
50 26 27
51 27 28
52 28 16
53 17 29
54 29 30
55 30 33
56 33 20
57 19 32
58 32 30
59 30 31
60 31 18
$$
$$
UNITS INCH KIPS DEG FAH
$$
MEMBER PROPERTIES TABLE 'M/S/HP9' 'HP10x42 '
5 6 7 8 9 -
10 14 15 16 17 -
18 19 25 26 27 -
28 29 30 31 32 -
33 34 35 36 37 -
38 39 40
$%

MEMBER PROPERTIES PRISMATIC AX 8.6400006E+02 IX 1.0000002E+07 -
1Y 1.0000002E+07 1Z 4.1472004E+04

1 2 3 4

$$

MEMBER PROPERTIES TABLE 'CHANNELY' 'C4x7.25 '
41 42 43 44 45 -
46 47 48 49 50 -
51 52 53 54 55 -
56 57 58 59 60

$$

STATUS SUPPORT -
1 2 3 4 5 -
6 7 8 9 10

$$
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$
UNITS INCH KIPS DEG FAH

$$

JOINT RELEASES
1 2 3 4 5 -

MOM X Y Z

$$

6 7 8 9 10 -
FOR X Y MOM Z

$$

$3

UNITS INCH KIPS DEG FAH

$$

CONSTANTS
BETA 0.0 ALL
BETA 9.0000000E+01 -
5 6 7 8 9 -
10 14 15 16 17 -
18 19 25 26 27 -
28 29 30 31 32
BETA 9.0000000E+01 -
33 34 35 36 37 -
38 39 40

$$

MEMBER RELEASES

$$
41 42 43 44 45 -
46 47 48 49 50 -
51 52 53 54 55 -
56 57 58 59 60 -

STAMOM Y Z ENDMOM Y Z

$$

UNITS INCH KIPS DEG FAH

$$

CONSTANTS

E 2.9000004E+04 ALL
G 1.1000002E+04 ALL
POl 3.0000001E-01 ALL
DEN 2.8330006E-04 ALL
CTE 6.4999999E-06 ALL
E 3.6000017E+03 -

1 2 3 4
G 1.4400009E+03 -
1 2 3 4
POl 1.7000000E-01 -
1 2 3 4
DEN 8.6800042E-05 -
1 2 3 4
CTE 5.5000000E-06 -
1 2 3 4
$3
$$
UNITS INCH KIPS DEG FAH
$$
LOADING 'incr'
$$
JOINT LOADS FOR X 1.00000000E+00
6
UNITS INCH KIPS DEG FAH
$$
LOADING ‘const'
$$
JOINT LOADS FOR Y -1.0000000E+02
6 7 8 9 10
$3$
$$
NONLINEAR EFFECTS
$3
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GEOMETRY ALL MEMBERS

$$
PLASTIC HINGE -
FIBER GEOMETRY NTF 1 NTW 1 NBF 8 ND 8 LH 3.0 -
STEEL FY 36.0 ESH .124 ESU .2 FSU 36.001 ALPHA 0.0 MEMBER 5 to 40

$
PLASTIC HINGE -
FIBER GEOMETRY NTF 1 NTW 1 NBF 8 ND 8 LH 3.0 -
STEEL FY 16.1 ESH .124 ESU .2 FSU 16.101 ALPHA 0.0 MEMBER 41 TO 44 53 to 56
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2
Table 6.1 Comparison of Non X-braced Bent Buckling Capacities using P~ 0.52°El

L2
and GTSTRDUL Pushover Analysis Procedure
Scour, S (ft) Pcr from GTSTRUDL
0.572El Pushover Analysis (Buckling) Procedure

Original H=13ft | Pe~

2
L 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent

0 320 405 400 380
10

15

20 <l

* Note Elastic Buckling is Expected for Shaded Values Only Since P.<P,/2
a) HP 10x42 Pile Bents
Scour, S (f) Pcr from GTSTRUDL
0.572El Pushover Analysis (Buckling) Procedure

Original H=13ft | Pe~

2
L 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent
0 519 550 550 546
5 315 435 420 390
10 53
15
20

*Note Elastic Buckling is Expected for Shaded Values Only Since P.<P,/2

b) HP 12x53 Pile Bents
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Table 6.2 Comparison of One Story X-braced Bent Buckling Capacities using P, =

21°El

L2
and GTSTRDUL Pushover Analysis Procedure
Scour, S Pcr from GTSTRUDL
(ft) . 2n2E] Pushover Analysis (Buckling) Procedure
o =
Original L? 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent | 6-Pile Bent
H=13ft single double
X-braced X-braced
0 1686.5 453 441 442 442 445
5 879.7 320 360 345 330 360
10 538.8 173 248 255 240 242
15 363.6 110 200 218 203 210
20 261.7 76 178 205 190 200
*Note Inelastic Buckling Controls for Each Bent Since P>P,/2
a) HP 10x42 Pile Bents
Scour, S Pcr from GTSTRUDL
(ft) b on2E| Pushover Analysis (Buckling) Procedure
&2
Original L 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent | 6-Pile Bent
H=13ft single double
X-braced X-braced
0 2987.3 551 554 554 553 555
5 1558.2 527 532 520 480 534
10 954.4 300 370 370 331 360
15 644.0 191 293 315 285 300
20 463.6 136 255 280 253 270

*Note Inelastic Buckling Controls for Each Bent Since P.>P,/2

b) HP 12x53 Pile Bents
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Table 6.3 Comparison of Two Story X-braced Bent Buckling Capacities using P~ B

and GTSTRDUL Pushover Analysis Procedure

2n°%El

Scour, S Pcr from GTSTRUDL
(ft) 5 272El Pushover Analysis (Buckling) Procedure
e
Original L2 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent | 6-Pile Bent
H=25ft single double
X-braced X-braced
0 456.0 437 436 439 439 443
5 316.7 245 265 270 255 315
10 232.7 143 180 195 195 225
15 5
20

*Note Elastic Buckling is Expected for Shaded Values Only Since P.<P,/2

a) HP 10x42 Pile Bents

Scour, S Pcr from GTSTRUDL

() P on2El Pushover Analysis (Buckling) Procedure
e™ 2
Original L 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent | 6-Pile Bent
H=25ft single double
X-braced X-braced

0 549 552 554 554 554
5 425 440 423 400 492
10 240 285 300 285 320
15 158 225 248 240 270
20 49 15 2 4

b) HP 12x53 Pile Bents
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CHAPTER 7: COMPARISON OF FB-PIER AND GTSTRUDL PUSHOVER ANALYSIS

MODELINGS AND RESULTS FOR NON X-BRACED BENTS

7.1 General

The focus of this chapter is to compare the FB-Pier and GTSTRUDL pushover analysis
results for non X-braced bents to develop an accurate modeling of these bents and better
understand their predicted behavior. Two different loading conditions were examined using the
pushover analysis procedures of FB-Pier and GTSTRUDL on the tallest 5-pile non X-braced bent
with H=13ft. For the first loading condition a constant horizontal load of 1 kip was applied to the
bent cap and the gravity loads centered over each pile, Py;e, Were incremented to the point of
collapse (see Figure 7.2 for loading details). This modeling was performed to simulate the
ultimate pile buckling capacities due to dead loads of the superstructure as well as live loads from
traffic for different levels of scour. The 1 kip lateral force has no significance other than to
introduce a small initial displacement or imperfection to the piles which often occurs in the form of
load eccentricities or crookedness of the piles from formation of the wide flange sections. As the
gravity loads are incremented, the initial deflection is magnified only when instability is reached.
A similar model was examined with GTSTRUDL in Chapter 6, but with a constant horizontal load
of 0.1 kip. For both models the initial lateral displacements are insignificant, but become greatly
magnified as the incremented vertical loads approach the pile buckling loads. As the vertical
loads are incremented, the lateral stiffness of the piles decreases and eventually results in
pushover of the bent. In the second load case the gravity loads centered over each pile remained
constant at 100 kip, a typical bridge pile load, while the horizontal force was incremented (see
Figure 7.8 for loading details). This model is serving as a preliminary analysis for horizontal

forces that develop in the transverse direction of the bent due to the debris raft which may collect
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around the pile bent during major flood events. The constant 100 kip forces over each pile are
thought to be reasonable approximations for the gravity loads and are therefore unfactored loads.
Variations in the magnitude of these constant gravity loads are not presented in this research, but
will be analyzed further in the final screening tool.

In addition to varying the bent loading conditions, the end boundary conditions of the
piles were also altered for the pushover analysis. Initially, it was conservatively assumed that the
piles were attached to the bent cap via pinned connections in the computer models as shown in
Figures 7.2-7.11. Along with this assumption, the bents were given fixed connections to the
ground for GTSTRUDL whereas a cohesionless soil with a subgrade modulus of 150 Ib/in® was
used as the base condition in the FB-Pier models. For the second modeling of pile boundary
conditions, shown in Figures 7.12-7.21 the piles were assumed to have rigid connections to the
cap with pinned connections at the base for the GTSTRUDL models and a cohesionless soil
having a subgrade modulus of 150 Ib/in® for the FB-Pier models. The pushover analysis
procedures for both FB-Pier and GTSTRUDL were performed for a 5-pile non X-braced bent with
H=13ft and scour levels of 0ft, 5ft, 10ft, 15ft, and 20ft. Additionally, the bent cap was modeled
using a flexural stiffness equal to lg,.ss and all piles are modeled as unencased steel H sections.
After determining the most appropriate bent model, a subsequent analysis will include pushover
results for a bent with H=10ft to allow for comparisons when H<13ft. For each modeling the bent
height, H, is given as the distance from the top of the bent cap to the ground line before a scour

event has occurred.

7.2 FB-Pier Pushover Analysis Results

The FB-Pier pushover analysis results for pile bents with pinned connections at the cap
are plotted in Figures 7.2-7.11. When the vertical gravity loads are used as the incremented
loads as in Figures 7.2-7.6 with piles pinned at the cap, the ultimate pile buckling capacities, P,
from FB-Pier range from 160 kips to 110 kips for S=0ft to S=20ft. It is meaningful to note here
that for each level of scour the gravity load capacity over each pile remains above 100 kips (the

load which was used in the pushover analysis model with constant gravity loads). According to
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this analysis bents modeled with pinned connections at the cap would not be at risk of failure for
the realistic approximation of gravity loads on the bent (provided the horizontal force remains
below 1 kip). The constant 100 kip loads were based on a girder line analysis which
approximates the gravity load of the superstructure and is applied to each pile from girders which
sit directly above the piles. Additionally, placing a pinned connection between the piles and cap
is somewhat conservative, and these bents are not expected to fail when P=100 kip for the levels
of scour presented. Alternatively, when the vertical gravity loads remain constant and the
horizontal force is incremented at the cap as shown in Figures 7.7-7.11 for piles pinned at the
cap, the ultimate horizontal loading in FB-Pier ranges from 7 kips to 2 kips for S=0ft to S=20ft.
These curves exhibit linear load-deflection behavior until termination of the pushover analysis.
The FB-Pier pushover analysis results for pile bents with rigid connections at the cap are
plotted in Figures 7.12-7.21. When the vertical gravity loads are used as the incremented loads
as in Figures 7.12-7.16, the ultimate pile buckling capacities Py, range from 380 kips to 180 kips
for S=0ft to S=20ft respectively. Examining the second pushover loading condition with constant
gravity loads and incremented horizontal force as shown in Figures 7.17-7.21, the horizontal
loads are bound by 31 kips when S=0ft and 7 kips when S=20ft and also appear to exhibit linear

p-delta behavior until failure.

7.3 GTSTRUDL Pushover Analysis Results

The GTSTRUDL pushover analysis results for pile bents with pinned connections at the
cap are plotted with the FB-Pier results in Figures 7.2-7.11. When the vertical gravity loads are
used as the incremented loads (Figures 7.2-7.6), the ultimate pile buckling capacities, Pyile, range
from 360 kips to 210.6 kips for S=0ft and S=20ft respectively. When the vertical gravity loads
remain constant and the horizontal force at the cap is incremented (Figures 7.7-7.11), the
ultimate horizontal loading ranges from 424.8 kips to 18.1 kips for S=0ft and S=20ft respectively.

The GTSTRUDL pushover analysis results for pile bents with rigid connections at the cap
are plotted in Figures 7.12-7.21. Values of P, for the incremented gravity loading condition of

Figures 7.12-7.16 range from 400 kips to 200 kips for S=0ft and S=20ft. Examining the second
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pushover loading condition with constant gravity loads and an incremented horizontal force as
shown in Figures 7.17-7.21, the horizontal load capacities are 453.1 kips when S=0ft and 17.6

kips when S=20ft.

7.4 Comparison of FB-Pier and GTSTRUDL Pushover Analysis Results

As shown by comparison of the p-delta curves for the bents modeled with pinned
connections at the cap (Figures 7.2-7.11) to the bents modeled with the rigid connections at the
cap (Figures 7.12-7.21), the bents modeled with rigid connections at the cap produce p-delta
curves for both FB-Pier and GTSTRUDL that are much more similar for initial loads and
displacements. For this fixed-pinned modeling and the load case where vertical gravity loads, P,
are incremented and the horizontal force, F, at the cap remains constant (Figures 7.12-7.16), the
p-delta curves for both programs track similar paths until a reasonably precise collapse load is
achieved. Slight variations of the two curves are expected due to the effects of different base
conditions modeled by the two programs. With GTSTRUDL the bents are fully pinned, whereas
with FB-Pier the bents are supported by an elastic soil foundation. While the FB-Pier modeling
would seem to model the base condition more accurately, there appears to be a significant
disadvantage as seen by the pushover analysis results for the case with constant vertical loads
and an incremented horizontal load (Figures 7.17-7.21), i.e. the FB-Pier results appear to end
prematurely before the structure begins to lay over.

Due to the extreme differences in pushover capacities between FB-Pier and GTSTRUDL
shown in Figures 7.7-7.11 and 7.17-7.21 when the vertical forces remain constant and the
horizontal force is incremented, a closer look at the stresses developing within the piles was
made in order to determine a realistic limit state for this loading. While examining the pile
stresses for the GTSTRUDL model, excessively large stresses were found. This revealed that
the GTSTRUDL modeling was accounting only for the geometric nonlinearity of the bent and was
not taking into account material nonlinearity, since the stresses exceeded the yield strength of the
piles by such a large degree. To account for the steel strength/yielding, plastic hinges were

placed at both ends of each pile with yield strengths of 36 ksi as all standard ALDOT bents are
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constructed using A36 steel piles. The GTSTRUDL pushover analysis was then performed again
with the plastic hinges included and the resulting p-delta curves placed in Figures 7.22-7.26.
Introducing plastic hinges into the piles for this loading dramatically decreased the ultimate
horizontal load, F, on the p-delta curve from 453 kips to 42 kips for S=0ft. It should be noted that
the pile stresses during pushover analysis for the load case with incremented vertical loads and a
constant horizontal load did not exceed the yield stress of A36 steel prior to failure of the bent.
Therefore, the p-delta curves for this loading are unchanged and remain as shown in Figures 7.2-
7.6 (for bents pinned at the cap and fixed at the ground) and 7.12-7.16 (for bents fixed at the cap
and pinned at the ground).

Although the inclusion of plastic hinges in the GTSTRUDL models significantly reduced
the difference between the ultimate horizontal force of the FB-Pier and GTSTRUDL pushover
analysis results, a significant difference still remained between the failure loads produced by each
program (Figures 7.22-7.26). The resulting pile stresses were therefore examined in the FB-Pier
models, and it was found that in most trials the analysis procedure terminated before yield
strength of the piles was reached. Upon review of FB-Pier’s Help Manual, early termination of the
pushover analysis procedure is thought to be the consequence of FB-Pier’s failure ratio
parameter which is calculated from the bi-axial interaction diagram of each pile. As mentioned in
the Literature Review, FB-Pier's Help Manual (6) states that the cross section failure ratio is
calculated by taking the M,-M, diagram for a constant axial load. This failure ratio is calculated as
the vector (P, M,, M,) length divided by the point at which the extended vector will touch the
failure curve (see Figure 2.20) and terminates the pushover analysis procedure when the ratio
exceeds a value of one. This method assumes that the axial load of the cross-section will remain
constant and although it is conservative, it is not very realistic (6). In indeterminate structures, all
forces interact and for the moments to increase, the axial load must also increase. Therefore, it
appears that the pushover analysis results of FB-Pier in fact do terminate prematurely and the
results of GTSTRUDL give more realistic approximations to the ultimate horizontal force capacity
of the bents. Furthermore, from simply looking at the P-delta curves for the FB-Pier results in

Figures 7.22-7.26, something looks incorrect. In most of the figures the curves appear to be
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exhibiting linear behavior of the bent (which is highly indeterminate and made of ductile material)
and the curve suddenly ends without “laying over”. This does not seem realistic or feasible and

further supports the notion that FB-Pier’s failure ratio criterion is not reasonable for this modeling.

7.5 Material Nonlinearity and Plastic Hinge Parameters

After noticing an increase in stiffness near the end of several of the pile bent p-delta
curves for the GTSTRUDL modelings (Figures 7.22-7.26), GTSTRUDL's plastic hinge parameters
were examined to better understand the nonlinear stress strain relationship being used during the
pushover analysis procedure. As indicated in the GTSTRUDL 27 Release Guide (4), the
assumed steel stress-strain curve for plastic hinges is a very sophisticated modeling of the
nonlinear material behavior (see Figure 7.62). Most notable is the inclusion of a strain-hardening
region in which the ultimate stress is bounded by 1.5FY or 54 ksi, when FY, the yield strength of
the steel, is 36 ksi. In order to simplify the modeling and attempt to give a more distinct pushover
load for the bents, the default stress-strain curve parameters shown in Figure 7.62 were modified
to exhibit an elastic-perfectly plastic, or elastoplastic, relationship with a yield strength of 36 ksi.
The resulting pushover analysis p-delta curves are shown in Figures 7.27-7.31 for bents with
fixed bases. As expected the p-delta curves for the elastic-perfectly plastic hinges and the hinges
with a sophisticated stress-strain modeling behave similarly (elastically) to the point where the
curves begin to lay over. However, the curves for bents with elastoplastic hinges level off and
reach a failure load at the point where the sophisticated plastic hinge models are just entering the
strain-hardening region of the stress strain curve. Additionally, by plotting the p-deita curve
resulting from the elastic-perfectly plastic model beside the model exhibiting a sophisticated
stress-strain relationship, the reserve capacity developed from strain hardening of the steel is
shown. Since the nonlinear behavior during strain hardening is somewhat unpredictable, the
elastic-perfectly plastic stress-strain curve will be used in future models in an effort to attain a
more distinctive pushover load and to remain conservative and not assume that strain-hardening
will occur. For succeeding non X-braced bent models the pushover results of bents modeled with

the sophisticated plastic hinges will be plotted along side those with elastoplastic hinges to show
175



any reserve capacity resulting from strain hardening. However, the actual capagcity of the bent
will be taken from the model with elastic perfectly plastic hinges. (It may be noted that FB-Pier's
default stress-strain curve for steel is elastic perfectly plastic, although bents modeled with FB-
Pier behave linearly until premature failure.)

GTSTRUDL also offers a sophisticated method for modeling material/member behavior
by its' capability to model residual stresses that may be present in steel members as a result of
the H-pile formation process. The assumed residual stress distribution of GTSTRUDL for wide
flange plastic hinges is shown in Figure 7.63. These residual stresses are accounted for via the
ALPHA term in the plastic hinge parameters. According to the GTSTRUDL Release Guide, any
positive value for ALPHA is allowed; however, in practice, ALPHA should be 0.5 or less (4).
Therefore, the pushover analysis procedures were performed with ALPHA equal 0.5 to account
for residual stresses and compared to the pushover analysis data for models with no residual
stresses where ALPHA was set equal to 0. The pushover analysis results for these two values of
ALPHA are plotted in Figures 7.32-7.36 for bents with fixed bases. The graphs show that the
presence of residual stresses in the piles does not affect either the horizontal load capacity or
lateral stiffness of the pile bents, and therefore the residual stress term will be set equal to 0

henceforth.

7.6 Pushover Analysis for Bents with Fixed Bases

Figures 7.37-7.41 show a comparison of the pushover analysis results from FB-Pier bent
models and GTSTRUDL bents modeled with fixed bases for H=13ft. As a result of the previous
study on material nonlinearity, the GTSTRUDL results are shown for bents having both
elastoplastic and strain hardening plastic hinges. It is believed that the connection between the
ground and the pile lies somewhere between a fully pinned and fully fixed condition. Since
GTSTRUDL does not have the capability to model partial fixities, pushover analyses will be
performed on bents with alternate models of pile fixities as shown in Figure 7.1. Modeling bents
with fixed bases using GTSTRUDL is considered to provide the stiffest, strongest, and least

conservative model but may come close to the actual pile end conditions of some existing pile
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bent structures. Although FB-Pier's pushover analysis terminates before the bent “lays over” it
remains possible to compare the stiffness of the FB-Pier and GTSTRUDL models for initial loads
and displacements (note FB-Pier's premature termination is discussed in Section 7.4). The
GTSTRUDL pushover loads for the loading conditions shown in these figures (Figures 7.37-7.41)
are 60.3 kips, 48.1 Kips, 42.7 kips, 39.4 kips, and 37.3 kips for S=0ft, 5ft, 10ft, 15ft, and 20ft
respectively, when elastic-perfectly plastic material behavior is assumed. Additionally, each of
these figures shows that the bent stiffness for the GTSTRUDL models with fixed bases is
approximately twice that of the FB-Pier models which have elastic foundations, and as a result
may be too unconservative for future pushover analyses. The pushover loads for bents modeled

with fixed bases are listed in Table 7.1 for ease of comparison.

7.7 Pushover Analysis for Bents with Additional Length to Fixity

As mentioned in Chapter 5, alternate methods may be used to assume partial fixities at
the top and bottom of bent piles. Previous GTSTRUDL pushover analysis procedures were
performed by placing a rigid connection at the cap and either a fully pinned or fully fixed
connection at the base. Alternatively, we can examine the case with the top and bottom of the
piles fully fixed with an additional length of & = 5ft added to the bent height, H, as indicated in
Figure 7.1. This additional 5ft was drawn from the previous results of FB-Pier modelings in
Chapter 5 where it was concluded from both a buckling analysis and a stiffness analysis that the
pile lateral displacements decreased to approximately zero at a depth of 5ft below the ground
surface for a very wide range of soil subgrade modulus values (5-500 Ib/in®). As shown in the
depiction of this modeling provided in Figures 7.42-7.46, the distance ¢=5ft is added to H + S in
order to reach the elevation below the ground line (after scour) where a full fixity may be
assumed. Thus, the total bent height after scour is represented by the sum of H+S+5ft for the
GTSTRUDL model. The total bent height of the FB-Pier model with an elastic foundation remains
as H+S.

The p-delta curves produced by the GTSTRUDL model with an additional length to fixity

are compared with the pushover results of the original FB-Pier models which have a total bent
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height of H+S in Figures 7.42-7.46 for H=13ft. The corresponding GTSTRUDL pushover loads
for bents with effective pile lengths of H+S+5ft when S=0ft, 5ft, 10ft, 15ft, and 20ft are 48.1 kips,
42.7 kips, 39.4 kips, 37.3 kips, 36.5 kips respectively when elastic-perfectly plastic behavior is
assumed. These values are also summarized in Table 7.1. Using Figures 7.42-7.46 to compare
the stiffness of bents modeled with an additional 5ft to fixity using GTSTRUDL to those modeled
with elastic foundations in FB-Pier shows that the stiffness of the GTSTRUDL model is somewhat
greater than that of the FB-Pier model for each level of scour. However, the difference in bent
stiffness for GTSTRUDL and FB-Pier is much smaller when the GTSTRUDL model incorporates
the additional length to fixity instead of the original bent height as in the previous section. This
modeling may produce fixity levels quite similar to many actual pile end conditions, since placing
full fixities at the cap and base is mostly likely an overly unconservative estimate of pushover
failure loads. However, in an effort to remain conservative, the pushover analysis results for
bents modeled with pinned connections to the ground in GTSTRUDL should also be evaluated

and compared to FB-Pier's modeling of bents with an elastic soil foundation.

7.8 Pushover Analysis for Bents with Pinned Bases

The pushover analysis results for GTSTRUDL bents modeled with pinned bases are
compared with the original FB-Pier bent models in Figures 7.47-7.51 for H=13ft. The GTSTRUDL
pushover analysis results are shown for bents which exhibit both elastic-perfectly plastic and
strain hardening behavior as in the previous sections. When gravity forces above each pile are
constant at 100 kips and the horizontal force is incremented, the GTSTRUDL pushover loads are
34.9 kips, 32.9 kips, 30.9 kips, 22.5 kips, and 15.5 kips for S=0ft, 5ft, 10ft, 15ft, and 20ft
respectively when elastic-perfectly plastic material behavior is assumed. These capacities are
also listed in Table 7.1. Comparing the p-delta curves of bents modeled with pinned bases for
GTSTRUDL to those modeled with an elastic foundation in FB-Pier, the stiffness for each
modeling is very close. For smaller levels of scour the pinned base modeis of GTSTRUDL
appear to provide slightly conservative stiffness behavior. The stiffness of each model becomes

nearly identical for S=15ft, and beyond this value the stiffness of the FB-Pier model is slightly less
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than that of GTSTRUDL. Thus, it seems that modeling bents with pinned bases is a close
approximation to those modeled with an elastic soil foundation.

Since the GTSTRUDL modeling of bents with pinned bases appears to be the closest
approximation to the load deflection behavior predicted with FB-Pier’s elastic foundation, a
GTSTRUDL pushover analysis for this model was also performed on bents with H=10ft so that p-
delta curve comparisons can be made for non X-braced bents with H<13ft. The FB-Pier and
GTSTRUDL comparisons of these results are shown in Figures 7.52-7.56. A comparison of the
stiffness of the GTSTRUDL models to the FB-Pier models for bents with H=10ft also suggests
that modeling the bents with pinned bases produces stiffness behavior that is very close to the
FB-Pier bents with elastic foundations. The maximum loads at pushover according to the
GTSTRUDL model with elastic-perfectly plastic behavior and H=10ft are 40.6 kips, 33.5 kips, 34.7
kips, 27.0 kips, 19.5 kips for S=0ft, 5ft, 10ft, 15ft, and 20ft respectively. These pushover
capacities are summarized in Table 7.2. As expected the pushover loads for bents with H=10ft
are slightly larger than those for H=13ft, however, the differences between the two are only minor.
Therefore, the pushover analyses for non X-braced bents with H=10ft and 13ft are thought to

provide sufficient comparison for the majority of non X-braced bent heights.

7.9 GTSTRUDL Pushover Analysis for Bents with Various Pile Numbers

As noted in Chapter 4, typical bridge pile bents may have 3 to 7 piles (see Section 4.1).
Of the 31 Standard bent drawings examined the majority have between 3-6 piles. This section
will further evaluate whether non X-braced bents with more piles are less susceptible to scour
failure (Figures 7.57a-7.57¢) and directly determine the impact of scour on the pushover loads for
standard non X-braced ALDOT bents with H=13ft (Figures 7.53-7.56).

To determine if bents with more piles are less susceptible to scour failure, a pushover
analysis was performed using GTSTRUDL for scour levels of S=0ft, 5ft, 10ft, 15ft, and 20ft on the
non X-braced bents with the results shown in Figures 7.57a-7.57e. For each bent in this study
the piles were given rigid connections to the cap and pinned connections to the ground as shown

in the corresponding figures. It was concluded in previous sections that this GTSTRUDL
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modeling appears to provide very accurate stiffness behavior to FB-Pier bents modeled with an
elastic foundation. For S=0ft (Figure 7.57a) stiffness and strength both increase as the number of
piles in the bent increases. The pushover loads for these 3, 4, 5, and 6-pile bents (H=13ft) with
no scour are 13.2 kips, 27.9 Kips, 34.9 kips, and 37.1kips respectively with corresponding
increases in stiffness. When S=5ft (Figure 7.57b), however, there is no increase in stiffness
between the 5-pile and 6-pile bents, although the 6-pile bent withstands a slightly larger pushover
load. As scour increases to 20ft (Figure 7.57e), it appears that the stiffness of the 6-pile bent
becomes slightly less than that of the 5-pile bent even though the pushover load of the 6-pile bent
remains slightly larger. The pushover capacities of these bents are listed in Table 7.3 for ease of
comparison.

To obtain a more direct assessment of the impact that scour has on the pushover load for

standard non X-braced ALDOT bents with 3, 4, 5, and 6 piles, Figures 7.58-7.61 show the p-delta
curves for each bent with H=13ft and scour of S=0ft, 5ft, 10ft, 15ft, and 20ft. For simplicity this
study only considers the placement of the horizontal force at the center of the cap and all bents
were conservatively modeled with pinned connections to the ground. The resultiﬁg GTSTRUDL
pushover analysis curves are used to show the level of scour at which the bents become
unstable. This is characterized by a rapid increase in deflection for small increases in loading.
As mentioned previously, the maximum lateral forces at failure are summarized in Table 7.3 for
each level of scour considered. Unlike the 3-pile non X-braced bent, the 4, 5, and 6-pile non X-
braced bents were stable for each level of scour up to 20ft. Scour had a much larger impact on
the 3-pile non X-braced bent which lost half of its lateral capacity with the first 5ft of scour and

became unstable for S > 15ft (Figure 7.58).
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Table 7.1 Horizontal Failure Loads at Bent Cap in the Transverse Direction for Three GTSTRUDL
Pushover Analysis Modelings of the HP10x42 5-Pile Bents Shown in Figure 7.1.
Horizontal Failure Load, F (kips)

Scour (ft) Bents w/ Fixed Base Bents w/ Fixed Base Bents w/ Pinned Base
Original H =13t 5ft below Ground Line
Fig. 7.1a Fig. 7.1b Fig. 7.1¢

(see Figs 7.37-7.41) (see Figs 7.42-7.46) (see Figs 7.47-7.51)

0 60.3 48.1 34.9
5 48.1 42.7 32.9
10 42.7 39.4 30.9
15 39.4 37.3 225
20 37.3 36.5 15.5

* Note: All bents are modeled with rigid connections to the cap.

Table 7.2 Horizontal Failure Loads at Bent Cap in the Transverse Direction for GTSTRUDL
Pushover Analysis Modeling of the HP10x42 5-Pile Bents Shown in Figure 7.1c.
Horizontal Failure Load, F (kips)

Scour (ft) Bents w/ Pinned Base
Original H =10ft Fig. 7.1¢

(see Figs 7.52-7.56)

0 40.6
5 33.5
10 34.7
15 27.0
20 19.5

* Note: All bents are modeled with rigid connections to the cap.
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Table 7.3. GTSTRUDL Pushover Capacity of Non X-braced Bents with Scour
(See Figures 7.58-7.61)

Horizontal Failure Load, F (kips)
Scour, S (ft) | 3-Pile Bent | 4-Pile Bent | 5-Pile Bent | 6-Pile Bent

H=13ft (kips) {(kips) (kips) (kips)

0 13.2 27.8 34.9 37.1

5 6.4 24.6 32.9 33.7

10 1.5 20.8 30.9 32.4

15 unstable 14.5 225 23.6

20 unstable 9.3 15.5 16.3
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Figure 7.62. GTSTRUDL Stress Strain Curve and Nonlinear Plastic Hinge Parameters (4)
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CHAPTER 8: PUSHOVER ANALYSIS OF X-BRACED PILE BENTS

8.1 General

Pile bents that incorporate X-bracing may be classified as one or two story bents.
Typically, pile bents with heights, H, between 13 and 19ft are designed as one story bents
whereas bents with heights ranging from 20 to 25ft are constructed as two story bents (where H
is taken as the distance from the original ground line to the top of the bent cap). Standard
dimensions of common ALDOT pile bents are as shown in Figure 4.1. For purposes of modeling
the pushover behavior and buckling capacity of X-braced bents, two extreme cases were
examined by modeling the shortest single story X-braced pile bent at H=13ft and the tallest two

story pile bent at H=25ft.

8.2 FB-Pier X-braced Pile Bent Models _

It appears from experimentation with the FB-Pier program as well as through
communication with ALDOT engineers and FB-Pier support staff that X-bracing cannot be added
to pile bents in the transverse direction with FB-Pier. Many bridge designers have previously
thought that buckling of pile bents in the longitudinal direction (directed along the length of the
bridge deck) would be the controlling failure mode due to the lack of lean-on support (during
construction before the bridge superstructure is completely in place), and the lack of X-bracing in
this direction. However, this appears to be a significant oversight. After construction of the
bridge superstructure and its positive connection to the bridge bents and end abutments, the
roadway prevents swaying of the bridge pile bents in the longitudinal direction of the bridge.
Translation of the bent caps is thereby restricted and longitudinal sidesway is prevented. This
being the case, transverse buckling of the bent piles should be the controlling buckling mode.

There are additional factors that contribute to buckling failure in the transverse direction.
249



Significant river loads imposed by debris rafts often act on the bents in the transverse direction,
and flood water loads in conjunction with gravity loads may cause pushover of the bent in the
transverse direction or buckling of the bent piles about their weak axes. Thus it is thought that
the controlling buckling mode will be in the transverse direction, and due to the inability of FB-Pier
to model pile bents with transverse X-bracing, no FB-Pier models or corresponding pushover
analysis results are presented in this chapter. However, FB-Pier modeling and evaluation of non
X-braced bents, such as those sometimes used when H<13ft, have been made and the results

reported in Chapter 7.

8.3 GTSTRUDL. X-braced Pile Bent Models

Unlike FB-Pier, GTSTRUDL is capable of modeling bents with transverse X-bracing and
quite an extensive study of the X-braced member behavior is examined in this chapter. Because
the standard X-brace members are small angles (4”x3 ¥z x 5/16"), the braces themselves are
very susceptible to buckiing and for this reason, two separate models for the one and two story
pile bent classifications were initially considered. One case models the X-bracing as tension
and/or compression members in which the angles can support both tensile and compressive
forces. The bent X-bracing will behave in this manner to the point where the axial compressive
forces in the X-bracing become large enough to buckle the angle members. Once this point is
reached, the buckled X-brace members will maintain the Euler buckling load, but they will provide
no further contribution to additional lateral stiffness. Since these members may be neglected
from this stage forward, any remaining resistance to loading is achieved via only the X-braced
members in tension. Therefore, the second case to be considered models the X-bracing as
tension only members which essentially act as cables. For all X-braced bent models the X-
braced members are pin connected to the piles so that the X-bracing carries no bending
moments.

In an effort to simplify the models the X-bracing is pinned to the battered piles only. This
is thought to be a reasonable model since GTSTRUDL does not check to see if the X-members

have buckled during its structural analysis. However, this makes it necessary to keep track of the
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axial forces that are developed in the X-bracing and determine the load increment during the
pushover analysis where the Euler buckling load of the brace is exceeded. The following
calculation was made to estimate the buckling capacity of the 4’x3 %2” x 5/16” angle members
between adjacent piles of a bent. Typical pile spacing ranges from 7-9ft with the majority falling
between 7 and 8ft. As a result, an effective unbraced length was approximated as 1 = 100in (the
brace length corresponding to a 7’-6” pile spacing).
For the L 4"x3 2" x 5/16” bracing members:

A = 2.25in”

r, = 0.730in

lnin = Ar,2 = 2.25 (0.730)? = 1.20in*

7" Bl

Pcr = }\’2

2
P, = V4 29,0020 1.20 _ 34.3*
100

Py = Aoy

For A36 steel,

P, = 2.25x36 = 81.0"

.. P<P,/2 and buckling of the X-member between piles is elastic

Thus, the maximum compressive axial force that can be applied to the X-brace members
without them undergoing elastic buckling or yielding is approximately 34.3 kips. This was the

value taken as the upper limit of what a bracing member in compression could support.

8.4 GTSTRUDL Pushover Analysis Results of X-braced Bents

Results of the GTSTRUDL pushover analysis for the 5-pile bents modeled with tension
and compression X-bracing as well as tension only X-bracing are plotted in Figure 8.1 for the one
story HP10x42 pile bent with H=13ft and Figure 8.2 for the two story pile bent with H=25ft. For
the one story X-braced bent shown in Figure 8.1 the maximum pushover load was determined to

be approximately 110kips when X-members support tension and compression forces. However,
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if X-members are only allowed to resist tensile forces, the pushover load only reaches
approximately 81kips. To determine the actual pushover capacity of the bent, the axial forces in
the X-members must be examined. Table 8.1 provides a summary of axial forces developed in
the compression members of the bent X-bracing for the Horizontal load increments used during
the pushover analysis procedure. It should be noted for the two story bents, that the axial force
developed in the horizontal strut is not significant, since the force in this member is relatively
small and the member consists of two 4x3 %z x 5/16 angle members which are connected to each
other via battens to prevent buckling.

Examination of the axial forces within the X-bracing of the one story bents modeling
tension and compression X-members (Table 8.1a), shows that the 34.3 kips Euter buckling load
for the 4”x3 ¥2” x 5/16” angle is exceeded when the horizontal force on the bent cap is between
70-80kips for the one story bent with H=13ft. Therefore, the bent should exhibit the
load/deflection behavior plotted in Figure 8.1 (for the tension and compression model) until the
horizontal force reaches approximately 75kips. From this point on, it is assumed that the X-
braced member in compression has buckled and bracing resistance for any additional horizontal
force is provided solely from the bracing tension member. The level of additional load which can
be resisted via the tension bracing members can then be determined from the mode! with tension
only X-members also plotted in Figure 8.1. Although with this method it is difficult to determine
the deflection behavior of the bent beyond the load where the X-member in compression has
buckled, the ultimate lateral load capacity is conservatively estimated as the pushover load for the
bent modeled with tension only X-bracing (81kips).

This same analysis can be applied to the two story bent pushover analysis of Figure 8.2.
When modeled with tension and compression X-members, the pushover load for the two story
bent (H=25ft) was found to be approximately 89 kips. Axial forces of the X-members of the two
story bent are provided in Table 8.1b and show that the Euler buckling load for the 47x3 V2" x
5/16" angle is exceeded for both compression members when the horizontal force nears 70Kkips.
Similar to the previous analysis, it is thought that the bent will exhibit the load/deflection behavior

of the tension and compression model below 70kips. Beyond this force the strength gain is only
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achieved through additional tension via the bracing member in tension to an approximate
pushover load of 81kips.

To provide a more accurate modeling of the load-deflection behavior of the pile bents
after the X-members in cémpression have buckled, an alternate model was conceived to force
the X-bracing compression members to fail when their buckling load is reached. To do this, axial
plastic hinges were placed in the compression members of the X-bracing. Since the area of the
angle members is known (2.25in%) as well as the axial force at which they will buckle (34.3 kips
from previous calculation), a yield strength for the plastic hinges can be computed (15.2kip/in2).
Once this yield stress is reached, the axial force at yielding remains equal to the Euler buckling
load for the X-bracing compression members. Therefore, from an analysis stand point, the axial
plastic hinges prevent the axial forces in the compression member from going beyond the elastic
buckling load, but will allow the angle member to continue to support or resist its buckling load.

Due to the fact that GTSTRUDL only allows specific cross section shapes to have plastic
hinges, a slight modification had to be made to the X-braced pile bent models. According to
Table 2.5.2-1 of the GTSTRUDL Reference Manual (4), plastic hinges may only be placed in
cross sections of the following shapes: wide flange, tees, channels, pipes, structural tube, R-C
circular, and R-C rectangles. To account for this, a channel section with a cross sectional area
nearly equal to the 4”x3 %" x 5/16” angle was used in place of the X-members. Although a
channel section was used, any shape having a similar cross sectional area could be used. Since
the X-members are pin-connected at their respective ends, they only carry an axial force and are
prevented from developing bending stresses. This means that the entire cross section will
become plastic at precisely the same time and, therefore, as long as the area is nearly eq'ual toa
4"x3 V" x 5/16” angle, the shape is not significant.

Using the Manual of Steel Construction, the replacement member for the 4"x3 72" x 5/16”
angle is determined to be a C4x7.25 channel having an area of 2.13in?, since this is the closest
area to that of the actual angle member. In order to keep the bucking load of the X-members at
the previously calculated Euler buckling load of 34.3 kips, the slightly smaller area of the channel

members was accounted for by setting the yield stress of the plastic hinges in the X-bracing
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compression members to 16.1kip/in2. Although the X-members are modeled as being pinned to
the battered piles only, the buckling load assumes that the X-bracing will buckle over an effective
length of 100in (the brace length corresponding to a 7°-6” pile spacing). Thus, the actual buckling
mode of the X-members is represented by buckling of the X-members between each intermediate
pile.

Results of the GTSTRUDL pushover analysis containing the new channel X-members
with plastic hinges are plotted in Figures 8.3 and 8.4 along with the p-delta curves for the bents
previously modeled with tension and compression members and tension only members for a
comparison of behavior. In Figures 8.3 and 8.4 the p-delta curves for the X-bracing with axial
plastic hinges further supports what was expected from the previous tension and compression
and tension only models of the X-bracing. The load-deflection behavior for the X-bracing with
plastic hinges is initially identical to that for the X-bracing modeled with tension and compression
members. It was determined in Table 8.1a that the buckling load of the X-members was reached
when the horizontal force at the cap was between 70-80 kips. As expected, Figure 8.3 diverts
from the tension and compression model when the horizontal force approaches 75kips. For
larger values of the horizontal force, the bent stiffness is reduced and the changes in slope for the
new curve appear to be identical to that modeled by the tension only X-members. This also was
expected since any additional load resistance gained after the X-member has buckled is
accomplished via the bracing tension members.

Likewise, in the two story bent the X-members reach their buckling load when the
horizontal force at the cap is approximately 70kips (Table 8.1b). Figure 8.4 shows identical
elastic load-deflection behavior between the tension and compression X-bracing model and the
X-bracing model with plastic hinges until the horizontal force surpasses 70kips. Beyond this load
the p-delta curve exhibits changes in slope very similar to the tension only X-braced model.

Previously it had been expected that the ultimate capacities of the pile bents would be
equal to the capacity given by the bents with tension only X-members. Figures 8.3 and 8.4,
however, reveal that the capacity can be significantly greater than that of the tension only X-

bracing models. The single story bent with axial plastic hinges in the compression X-member
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gives an ultimate pushover capacity of approximately 105 kips compared to the capacity of 81kips
for the tension only model as shown in Figure 8.3. The difference is less significant for the two
story bent of Figure 8.4 which shows an ultimate capacity of approximately 85kips in contrast to
81kips for the tension only model.

An additional modification to the pile bent models was evaluated to determine if the
previous models with X-bracing pinned to the end piles only was an oversimplification. The
pushover analysis for bents modeled with the X-bracing pin-connected to each intermediate pile
was performed and the results are presented in Figures 8.5 and 8.6. When compared with the p-
delta curves of Figures 8.3 and 8.4, the p-delta curves for bents modeled with X-members pinned
to each intermediate pile reveal a considerable increase in stiffness and pushover capacity. By
pinning the X-members to each pile the pushover capacity for the single story bents having X-
members with plastic hinges increases from 105 kips to 118 kips. Similarly, the lateral load
capacity for the two story pile bent is increased from 85 kips to 115 kips. Aside from the general
increases in stiffness of the pile bents, all other aspects of the p-delta curves remain unchanged.
For instance, the p-delta curve for the bent with plastic hinges in the compression X-members is
initially identical to that for the bent modeling X-bracing with tension and compression members.
Beyond the horizontal force at which the compression X-members reach their buckling load the
curves exhibit similar changes in slope as the bent modeled with tension only X-bracing. Since
the X-bracing is typically welded to each pile during construction of the bent, all future pushover

analysis models of X-bracing will be pinned to each intermediate pile as this seems more realistic.

8.5 GTSTRUDL Pushover Analysis for X-braced Bents with Fixed Bases

As with the non X-braced bents in Chapter 7, pushover analyses were performed on the
X-braced pile bents for different base condition fixities and scour levels 0-20ft. The p-delta curves
for a one story HP10x42 5-pile bent with original H=13ft are plotted in Figure 8.7. Previous
research has suggested that the addition of a horizontal strut near the base of the X-bracing may
provide significant increases in stiffness and lateral load capacity in the event of scour due to

improved truss action of X-bracing, thus, Figure 8.8 shows the pushover analysis for the single
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story bent with the new strut included. This strut is treated similar to the horizontal strut which
divides the upper and lower stories of the two story bents. In other words, it is composed of two
4x3 . x 5/16 angle members that are welded to one another by battens to prevent buckling of the
angles. The load-deflection behavior will be compared for both models (with and without the
strut) to determine the impact of the proposed addition to the X-bracing.

For the single story bent without the proposed strut (Figure 8.7) the lateral load capacity,
F, is 117.4 kips when no scour is present. Significant reduction in lateral load capacity and
stiffness occurs as scour is introduced. For S=5ft, 10ft, 15ft and 20ft the capacities, F, are
68.8kips, 50.4kips, 42.4kips, and 26.1kips respectively. Each of the p-delta curves lay over
clearly with the exception of the curve for S=20ft. When scour becomes this severe, the bent
deflects linearly until capacity is achieyed. This behavior may be explained by a quick loss of
capacity due to instability of such a tall structure with large unbraced pile lengths below the X-
bracing. For p-delta curves of bents with the proposed strut (Figure 8.8) the horizontal load
capacities for S=0ft, 5ft, 10ft, 15ft, and 20ft are F=170.9kips, 78.7kips, 52.7kips, 42.7kips, and
30.9kips respectively. The additional stiffness of the bent provided by the proposed horizontal
strut is relatively small, and the increase in horizontal load capacity is only significant when
S<5ft.

P-delta curves for the two story HP 10x42 pile bent with H=25ft are plotted in Figures 8.9
and 8.10 where the latter includes the new horizontal strut. From Figure 8.9 the ultimate
horizontal load capacities for S=0ft, 5ft, 10ft, 15ft, and 20ft are F=115.0kips, 64.4kips, 45 .8kips,
37.4kips, and 33.2kips respectively. Pushovér analysis results for the two story bent with the
extra horizontal strut placed just below the lower X-bracing (Figure 8.10) give capacities
F=190.0kips, 128.2kips, 81.8kips, 61.0kips, and 49.3kips for the same range of scour. In contrast
to the single story bent, inclusion of the horizontal strut in the two story bent increases the
horizontal loading capacity significantly for each value of S. Additionally, because the two story
X-bracing serves to more evenly distribute the lateral and vertical loads, this bent is slightly more
stable at S=20ft than the single story bent. This is evident by observing the corresponding p-

delta curves in Figure 8.7 - 8.10. Unlike the curves for S=20ft in Figures 8.7 and 8.8 which
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deflect linearly to failure, the curves for S=20ft in Figures 8.9 and 8.10 for the two story bent are
clearly laying over when capacity is reached. The resuits of this analysis show that for each level
of scour the addition of the proposed lower strut only‘has a significant impact on the one story
bent when S < 5ft, but greatly improves the load capacity of the two story bents for each level of

scour.

8.6 GTSTRUDL Pushover Analysis for X-braced Bents with Pinned Bases

in the previous bent models of Section 8.3, fixed connections to the ground were
assumed:; however, this is an exaggeration of the actual level of fixity as mentioned in previous
chapters. Therefore, as was considered for the non X-braced bents, the case with pinned
connections at the base should also be evaluated. The behavior of these bents can then be
compared to those with fixed bases as well as those with an additional length to fixity to gain a
better understanding of how the bent would behave with partial fixities at the pile ends.

The pushover analysis results for the single story X-braced bents with pinned connections
at the ground are shown in Figures 8.11 and 8.12 for bents with and without the proposed lower
strut. As seen in Figure 8.11 the lateral load capacities of the typical single story bent for S=0ft,
5ft, 10ft, 15ft, and 20ft are F=64.4kips, 35.1kips, 28.9kips, 28.2kips, and 20.6kips. In general, the
values for horizontal ioad capacity for these bents are nearly half of the capacities observed if the
base is fixed (except for S >15ft). Similar to the fixed base models, when S=20ft the load-
deflection behavior of the bent appears to be linear until failure occurs. This is explained as the
consequence of a rapid loss in capacity due to instability associated with the bent’s height.
Figure 8.12 shows the p-delta curves for the single story X-braced bent with the proposed
horizontal strut. For S=0ft, 5ft, 10ft, 15ft, and 20ft the lateral load capacities are F=88.1kips,
37.2kips, 27.6kips, 26.3kips, and 22.5kips respectively. The horizontal strut has similar effect
whether the base of the bent is pinned or fixed. It only provides a considerable increase in
capacity when S<5ft. Additionally, when the strut is included, the unbraced length of the piles is

decreased and the p-delta curve for S=20ft appears to lay over slightly. This shows that the
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unbraced length of the piles below the X-bracing is responsible to some extent for the tendency of
the curve to lay over.

P-detta curves for the two story X-braced bents are shown in Figures 8.13 and 8.14. The
two story bent without the lower horizontal strut (Figure 8.13) gives horizontal load capacities of
F=56.2kips, 27.8kips, 21.0kips, 18.3kips, and 12.8kips when S=0ft, 5ft, 10ft, 15ft, and 20ft. These
lateral capacity values are also roughly half the capacity values of the fixed base bents. For the
two story bent modeled with the proposed lower horizontal strut (Figure 8.14) the capacities are
F=148.6kips, 59.9kips, 37.8kips, 28.7kips, and 16.3kips when S=0ft, 5ft, 10ft, 15ft, and 20ft.
These capacities are significantly larger compared to the capacities without the strut. When no
scoulr is present, the increase in capacity due to the strut is nearly threefold. For ease of
comparison, the horizontal load capacities for bents with fixed and pinned bases are given in
Table 8.2 for single story X-braced bents and Table 8.3 for two story X-braced bents. It appears
from this analysis of bents with pinned bases that the proposed lower strut has a considerable

impact on one story bents when S<5ft and two story bents for all levels of scour.

8.7 GTSTRUDL Pushover Analysis for X-braced Bents with Additional Length to Fixity
Pushover analysis was also performed for X-braced bents with an additional length to
fixity of 5ft to allow for a comparison of relative fixities similar to that considered for the non X-
braced bents in Chapter 7. The results of this analysis for the single story X-braced bents are
plotted in Figure 8.15 for typical bent construction and Figure 8.16 for bents with the proposed
horizontal strut. Results of the two story X-braced bents with additional 5ft to fixity are shown in
Figure 8.17 for typical bents and Figure 8.18 for bents with the proposed strut. The addition of 5ft
to the bent height has the same effect of adding 5ft of scour. Therefore, the p-delta curves for
bents with the additional 5ft length to fixity as shown in Figures 8.15-8.18 are identical to curves
corresponding to S+5ft in Figures 8.7-8.10. Scour was incremented by intervals of 5ft until the
pushqver analysis could no longer be performed due to structural instability of the bents. This

occurred as scour levels approached S=20ft for the X-braced bents with additional 5ft to fixity.
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For ease of comparison, the horizontal load capacities at the bent cap for pile bents
modeled with fixed bases, pinned bases, and an additional length to fixity are given in Table 8.2
for single story X-braced bents and Table 8.3 for two story X-braced bents. It can be seen in both
of these tables that the bents modeled with pinned bases and bents modeled with an additional
length to fixity 5ft below the ground line give fairly comparable results. Also, the pinned base
modeling gives lower and thus more conservative failure results. Based on these comparisons,

the unencased bent piles should be modeled as pinned at the ground line in future analyses.

8.8 GTSTRUDL Pushover Analysis for Bents with Various Pile Numbers

In Chapter 4 it was noted that the number of piles in typical ALDOT bridge pile bents
varies from 3-7 piles (see Section 4.1). Of the 31 standard bent drawings examined 2 have 3
piles, 10 have 4 piles, 8 have 5 piles, 10 have 6 piles, and only 1 has 7 piles. Since the majority
of bents have between 3-6 piles, these bents will be studied in this section to compare the effects
of adding X-bracing to non X-braced bents (Figures 8.19a-8.22¢), determine whether X-braced
bents with more piles are less susceptible to scour failure (Figures 8.23a-8.24¢), and directly
determine the impact of scour on the pushover load for standard ALDOT X-braced bents (Figures
8.25-8.34). Further examination of the standard bent drawings revealed that X-braced bents with
3-5 piles are always constructed with a single X-bracing layout as shown previously in this
chapter. X-braced bents having 6 or more piles on the other hand, may be configured so that
they contain a single X-braced or double X-braced layout per story.

Figures 8.19a-8.22e compare pushover data for X-braced and non X-braced bents in
order to directly asses strength gains as a result of adding X-bracing. This comparison is made
for 3, 4, 5, and 6-pile bents with scour levels of Oft, 5ft, 10ft, 15ft, and 20ft. Reviewing these
figures, the addition of X-bracing to pile bents is shown to significantly increase bent pushover
capacity ohly when S<5ft. Bent stiffness, on the other hand, remains considerably greater for the
X-braced bents when S<10ft. P-delta curves for the 3-pile bents are shown in Figures 8.19a, b,
and c for S=0ft, 5ft, and 10ft (the 3-pile non X-braced bent becomes unstable when S> 15ft).

When no scour is present Figure 8.19a shows pushover loads of 13.2 kips for the non X-braced
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bent and 43.7 kips for the X-braced bent. For S=5ft Figure 8.19b gives a pushover capacity of
6.4 kips for the non X-braced bent and 16.2 for the X-braced bent. Finally, for S=10ft Figure
8.19¢ shows pushover capacities of 1.5 kips for the non X-braced bent and 7.0 kips when X-
braced. For better comparison a summary of these pushover capacities is shown in the second
column of Tables 8.4a and 8.4b, where the data in Table 8.4a has been repeated from Section
7.9.

As shown in Tables 8.4a and 8.4b, the strength gain which results from adding X-bracing
is almost entirely lost after the first 5t of scour with exception of the 3-pile bent. (For the 3-pile
bent at S=5ft, the strength of the X-braced bent remains 2.5 times larger than the strength of the
non X-braced bent.) Despite this rapid loss of strength with scour, the stiffness gained from
adding X-bracing does not fully diminish with the first 5ft of scour. As shown in Figures 8.20d,
8.21d, and 8.22d for the 4, 5, and 6-pile bents, the stiffness of the X-braced bent becomes very
similar to that of the non X-braced as S approaches 15ft. For bents with various pile numbers the
corresponding columns of Tables 8.4a and 8.4b reveal that X-bracing increases the strength of-
each bent by approximately 30 kips when S=0ft, but only slight increases in strength are seen for
S 5ft. When double X-bracing is used in the 6-pile bent, stiffness is increased and strength
improves by 15 kips beyond the strength of the single X-braced bent for S=0ft (see Figure 8.22a).
However, the strength gain created by the double X-bracing is also significantly diminished after
the first 5ft of scour. This is evident in that the 6-pile non X-braced, single X-braced, and double
X-braced bents provide similar pushover capacities for S > 5ft.

In a few instances, the capacity of the non X-braced bent actually exceeded the capacity
of the X-braced bent (namely the 5 and 6-pile bents at S=10ft). This is thought to be a result of
beam action on the battered piles caused by the X-bracing. When H=13ft and S=10ft, the X-
bracing frames into the battered piles very near mid height. With a transverse force applied in
this critical section, or mid height, the battered pile buckles with slightly less effort, i.e. when the
force in the compression X-member is smaller. Thus, for H=13ft and S=10ft a one story X-braced

bent will fail at slightly smaller transverse cap loads than a non X-braced bent.
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In order to determine if bents with more piles are less susceptible to scour failure a
pushover analysis was performed for scour levels of S=0ft, 5ft, 10ft, 15ft, and 20ft on one story
and two story X-braced bents having 3-6 piles (see Figures 8.23a-8.24e). The pushover results
for the one story X-braced bents (H=13ft) are provided in Figures 8.23a-8.23e for S=0ft, 5ft, 10ft,
15ft, and 20ft. When S=0ft, pushover loads for the one story bents with 3, 4, 5, and 6 piles are
43.7 kips, 55.1 kips, 64.4 kips, 70.0 kips (single X-braced), and 85.7 kips (double X-braced).
Although lateral strength increased with the addition of each pile, stiffness does not show the
same direct proportionality. As shown in Figure 8.23a the stifiness actually decreases slightly as
more piles are added to the bent when S=0ft, an exception being the 6-pile bent with double X-
bracing. The double X-bracing layout commonly seen in bents with 6 or more piles significantly
increases stiffness and pushover load if no scour is present. At the onset of scour (Figures
8.23b-e), bents having more piles show greater stiffness than those with fewer piles. However,
as scour increases to 20ft the stiffness-of the single X-braced 6-pile bent becomes identical to
that of the 5-pile bent, although it maintains a slightly larger pushover capacity. Additionally, the
double X-bracing in the 6-pile bent does not have nearly as great an effect on stiffness or
capacity when S=20ft.

The two story bent pushover analysis results are shown in Figures 8.24a-8.24e as well as
Table 8.4c for S=0ft, 5ft, 10ft, 15ft, and 20ft. The pushover forces applied to the 3, 4, 5, and 6-
pile bents (H=25ft) are 45.9 kips, 49.7 kips, 57.1 kips, 61.7 kips (single X-braced), and 79.9 kips
(double X-braced) respectively when S=0ft. P-delta curves for the two story bents reveal similar
stiffness behavior as the one story bents. While stiffness decreases for bents with more piles
when S=0ft, lateral strength continues to increase with the addition of piles. As observed for the
one story bents, the stiffness of the double X-braced 6-pile two story bent remains substantially
larger than the single X-braced bent when S=0ft. Also, the pushover capacity of each bent is
reduced by approximately half with the first 5ft of scour, an exception being the 3-pile bent. When
S=5ft, the capacity of the two story 3-pile X-braced bent is reduced by only 1/3 of the capacity at
S=0ft. As scour is incremented (Figures 8.24b-e), the two story bents having more piles show

greater stiffness than those with fewer numbers of piles, and the double X-bracing in the 6-pile
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two story bent has a somewhat greater impact on stiffness and lateral strength than seen in the
double X-braced one story bent.

To obtain a more direct assessment of the impact that scour has on the pushover load for-
each ALDOT standard X-braced bent studied in this section, Figures 8.25-8.34 show the p-delta
curves for each bent with scours of S=0ft, 5ft, 10ft, 15ft, and 20ft. These figures may be used to
determine the level of scour at which the bents become unstable, which is characterized by a
rapid increase in deflection for small increases in loading. For simplicity this study only considers
the placement of the horizontal force at the center of the cap and all bents were conservatively
modeled with pinned connections to the ground.

Figures 8.25-8.29 show the pushover results for one story X-braced bents with 3-6 piles
and H=13ft. The respective lateral load capacities have been summarized in Table 8.4b. As
stated previously, this table reveals for each bent that the largest decrease in capacity occurs
within the first 5ft of scour. Scour of 5ft reduces the pushover capacity of the 4, 5, and 6-pile
bents by at least half and nearly 2/3 for the 3-pile bent. Similar to the non X-braced bents, the 3-
pile one story X-braced bent is greatly affected by scour and nearly becomes unstable for S=15ft.
Furthermore, at each scour level greater than 5ft, the one story 6-pile bents provide nearly the
same capacity regardless of whether single X-bracing or double X-bracing is used (see columns
5 and 6 of Table 8.4b).

The pushover analysis results of the two story X-braced bents with 3-6 piles and H=25t
are given in Figures 8.30-8.34 as well as Table 8.4c. With the exception of the 3-pile bent each
of the two story bents were stable at scour levels of 20ft. Additionally, at least half the lateral load
capacity is lost with the first 5ft of scour. The 6-pile bents show only small strength gains due to

the double X-bracing when S > 5ft.
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Table 8.1. Horizontal Force at Bent Cap and Resulting Axial Forces In
Compression Member of X-bracing for HP10x42 Pile Bents,
X-bracing Modeled with Tension and Compression Members

Horizontal Force (kips) Axial Force (kips)
At Bent Cap In Compression Member
40 -19.3
50 -23.9
60 -28.5
70 -33.2
80 -37.8

a) Single Story (H=13ft)

Axial Force (kips)
Horizontal Force (kips) | Compression Member Compression Member
At Bent Cap in Top Story In Lower Story
40 -20.5 -20.5
50 -25.5 -254
60 -30.4 -30.2
70 -34.8 -35.3
80 -39.0 l -40.4

b) Two Story (H=25ft)
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Table 8.2 Horizontal Failure Loads at Bent Cap in the Transverse Direction for
GTSTRUDL Pushover Analysis Modelings of HP10x42 Single Story X-braced 5-Pile Bent

Horizontal Failure Load, F (kips)

Scour, S (ft) | Bents w/ Fixed'Base | Bents w/ Pinned Base Bents w/ Fixed Base
H=13ft (Plus 5ft to fixity)
(See Fig. 8.7-8.8) (See Fig. 8.11-8.12) (See Fig. 8.15-8.16)
w/ strut w/ strut w/ strut
0 117.4 170.9 64.4 88.1 68.8 78.7
5 68.8 78.7 351 37.2 50.4 52.7
10 50.4 527 28.9 27.6 424 42.7
15 42.4 427 28.2 26.3 26.1 30.9
20 26.1 30.9 20.6 22,5 unstable unstable

Table 8.3 Horizontal Failure Loads at Bent Cap in the Transverse Direction for
GTSTRUDL Pushover Analysis Modelings of HP10x42 Two Story X-braced 5-Pile Bent

Horizontal Failure Load, F (kips)

Scour, S (ft) | Bents w/ Fixed Base | Bents w/ Pinned Base | Bents w/ Fixed Base
H=25ft (plus 5ft to fixity)
(See Fig. 8.9-8.10) (See Fig. 8.13-8.14) (See Fig. 8.17-8.18)
w/ strut w/ strut w/ strut
0 115.0 190.0 56.2 148.6 64.4 128.2
5 64.4 128.2 27.8 59.9 458 81.8
10 458 81.8 21.0 37.8 37.4 61.0
15 374 61.0 18.3 28.7 33.2 49.3
20 33.2 49.3 12.8 16.3 unstable | unstable
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Table 8.4a. Pushover Capacity of Non X-braced Bents with Scour (See Figures 7.53-7.56)

Scour, S (ft) 3-Pile Bent 4-Pile Bent 5-Pile Bent 6-Pile Bent
H=13ft (kips) (kips) (kips) (kips)
0 13.2 27.8 34.9 371
5 6.4 246 329 33.7,
10 1.5 20.8 30.9 324
15 unstable 14.5 225 23.6
20 unstable 9.3 15.5 16.3

Table 8.4b. Pushover Capacity of One Story X-braced Bents with Scour (See Figures 8.25-8.29)

6-Pile Bents (kips)
Scour, S (ft) | 3-Pile Bent 4-Pile Bent 5-Pile Bent Single Double
H=13ft (kips) (kips) (kips) X-braced X-braced
0 43.7 55.1 64.4 70.0 85.7
5 16.2 28.1 35.1 37.7 39.8
10 7.0 21.0 28.9 30.2 314
15 1.2 174 28.2 30.2 304
20 unstable 11.3 20.6 23.0 23.4

Table 8.4c. Pushover Capacity of Two Story X-braced Bents wi

th Scour (See Figures 8.30-8.34)

6-Pile Bents (kips)
Scour, S (ft) | 3-Pile Bent 4-Pile Bent 5-Pile Bent Single Double
H=25ft (kips) (kips) (kips) X-braced X-braced
0 45.9 49.7 57.1 61.7 79.9
5 15.3 223 28.2 31.0 348
10 48 13.9 211 23.3 26.7
15 unstable 9.3 18.4 20.7 248
20 unstable 5.0 13.2 15.7 18.6
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

9.1 General
During major flood/scour events, it appears that buckling of bridge pile bents in the
transverse direction governs the bridge failure load from a structural stability viewpoint. Although
ALDOT pile bent standards show pile bents X-braced in the transverse direction, when bent
~ heights are less than 13ft, the X-bracing is usually omitted and replacved with a concrete
encasement of the pile from 3 feet below the ground line to the underside of the bent cap. When
this is doné, the steel H-pile and encasement are not interlocked to act compositely and only a
very light steel spiral (No. 2 bar at 12 in. pitch) is used in the encasement. Due to the lack of
» composite action between the conérete encasement and steel H-pile, the encasement may spall
off during extreme flooding events as debris gathers around the end piles. Water currents may
act on these debris rafts and impose large transverse forces on the bents. When forces are
applied in the transverse direction of a pile bent, the piles are oriented so that they bend and may
buckle about their weak axes. This, in combination with the fact that sidesway buckling is
prevented by the superstructure in the longitudinal direction (after the expansion joints are
closed), leads to the conclusion that buckling in the transverse direction and/or frame action in
this direction governs the bridge failure load.

FB-Pier allows a sophisticated modeling of the pile-soil system of a pile bent and appears
to be widely used by state highway agencies. However, its modeling of nonlinear behavior is not
as sophisticated as the nonlinear analysis capabilities of GTSTRUDL. GTSTRUDL's pushover
analysis procedure on the other hand, does not allow sophisticated modeling of soil foundations.
According to H. Granholm, elastic buckling capacities of piles are quite insensitive to the
properties of the soil. Thus, it appears that the GTSTRUDL modeling and pushover analysis

procedure may provide an easier modeling and more accurate failure load estimation than FB-
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Pier. Checking this via comparative modeling and analyses was one of the goals of this
research. The most appropriate computer program and bent modeling were investigated so that
these may be utilized in ALDOT’s final bridge bent “screening tool” and for bents requiring an
individual evaluation.

The second impetus and purpose of this research was to determine if the bent end batter
piles provide sufficient lateral support to prevent sidesway bucking of non X-braced bents in the
transverse direction after a major scour event has occurred. By developing accurate computer
models and examining the failure mode of these bents, more precise buckling equations and
pushover capacities can be incorporated into ALDOT’s final “screening tool” to determine which
of its bridge bents are safe during an extreme flooding event and which bents require additional

evaluation.

9.2 Conclusions

The extent of this research was limited to computer modeling and analysis as no
laboratory or field tests were performed. The pushover and buckling analysis was for the most
part limited to the tallest non X-braced bents at 13ft, the potentially shortest one story X-braced
bents at 13ft, and the tallest two story bents at 25ft. It is believed that these bents provide an
adequate sampling for comparative modeling and analysis of bents in the transverse direction
with FB-Pier and GTSTRUDL. Additionally, all piles in the non X-braced bent models were
conservatively modeled as unencased H-sections due to the lack of composite action between
the concrete encasement and the steel H-pile.

Based on the work conducted in this research, the following conclusions can be drawn
from the FB-Pier modeling and analysis.

1. The soil subgrade modulus, K,, does not appear to have much of an effect on

lateral pile/bent displacements and capacities during pushover.
2. When a pile approaches its buckling capacity and begins to deflect laterally, the

lateral displacements along the pile’s axis approach zero at a distance of 5 ft
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below the ground line. This is true for nearly any subgrade modulus value as

long as K,>5 Ib/in® which should be the case for all existing bent structures.

2n°El

If sidesway is prevented for a bent, the equation P ~ > provides a close
L

approximation to the elastic buckling capacity of piles with 50% rotational fixities
at each end (even when a parabolic distribution of inelastic buckling loads is
assumed as illustrated in Figure 5.17).

Of the methods listed in Table 5.2 to determine the non sidesway buckling loads
of individual piles, FB-Pier’s analysis (which includes material and geometric

nonlinearity) appears to provide the most accurate buckling load, P ,E{'aex , Since

piles will buckle inelastically for pile lengths, L < 35.74ft when sidesway is
prevented. Where elastic buckling occurs, the average FB-Pier buckling load (for

piles pinned and fixed at the top) is most similar (although slightly smaller) to that

given by P, » which assumes 50% fixities at both pile ends. Therefore this

271%El
2

equation provides reasonable elastic buckling capacities for piles of X-braced
bents not susceptible to sidesway buckling.

if sidesway is prevented and sufficient scour occurs for elastic buckling to control,

it appears that buckling loads given by the approximate equation P, ~ are

2n2El
2

3n°El

> (where the effective length, 1, includes
I

more conservative than both P, ~

an additional 5ft to the assumed fixity below the ground line), and Granholm’s
Equation (where P, is the average buckling capacity of piles with a pinned and
fixed top).

Both material and geometric nonlinearity (incorporated in pushover analysis) are
critical in the determination of pile and/or pile bent buckling loads. FB-Pier (and

GTSTRUDL) considers two forms of geometric nonlinearity during pushover
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analysis. These exist in the form of secondary effects due to bending
displacements along the axis of an axial loaded member (p-y effects) as well as
lateral translation of one end of an axial loaded member with respect to the other
end (p-delta effects). |

A significant oversight exists in FB-Pier in that it does not allow for modeling of X-
braced bents since X-members cannot be added to computer.models of the bents

in the transverse direction.

Based on the work conducted in this research, the following conclusions can be drawn

from GTSTRUDL modeling and analysis.

1.

For typical levels of scour, i.e. S$=0ft-20ft, all non X-braced bents constructed with
the standard end pile batter of 1.5” in 12” will be susceptible to failure by
sidesway buckling as noted in Figures 6.9-6.16 where Keq<Kigeal-

Using a larger end pile batter equal to 2.0” in 12” oniy slightly decreases bent
flexibility and does not increase bent stiffness enough to prevent sidesway for
typical levels of scour. Therefore, increasing the batter for bents constructed in
the future does not appear to offer significant advantages.

Sidesway is not greatly affected by the flexural strength of the beht cap, and it
does not appear that increasing the flexural strength of the cap via strengthening
measures would increase the stiffness of the bent enough to prevent sidesway for
expected levels of scour.

The buckling analysis results in Section 6.6 reveal that 4, 5, and 6-pile bents
should have adequate buckling capacity to support typical bent pile gravity loads
(approXimately 100 kips from a girder-line analysis) even for extreme levels of
scour (when lateral loads are minimal). The 3-pile bents, however, may not have
adequate buckling capacity for large levels of scour and may require additional
support near the foundation to prevent scour from occurring and keep buckling

capacity above 100 kips.
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The pushover analysis results of the X-braced bents reveal that for scour levels
exceeding 5ft, nearly all of the additional pushover capacity gained by adding X~
bracing is lost (see Table 8.4), although the additional stiffness provided from the
X-bracing is lost more gradually as scour is increased.

The addition of a horizontal strut in the lower portion of one story X-braced bents
(H=13ft) does not appear to offer significant improvements in pushover capacity
when S>5ft. The addition of this lower strut does however increase the pushover
capacity of the two story X-braced bent (H=25ft) for each level of scour.

Although elastic-perfectly plastic material was used to determine the capacities of
the steel piles in this research, GTSTRUDL offers a very sophisticated model of
the stress-strain relationship of steel. This provides an estimate of the additional
capacity gained from strain hardening to be observed. However, it is not
recommended that strain hardening be used in the determination of pushover
capacities since this phenomenon will only occur after large deformations/strain

have taken place, thus, instability has already occurred.

The following conclusions are provided from comparisons of the FB-Pier and GTSTRUDL

pushover analysis procedures and results as well as their respective ease of modeling.

1.

Modeling bents with FB-Pier is very straightforward. The tabbed dialogue boxes
within the program direct the user through the modeling process by showing the
required input for a specific type of problem. Tabs not required for a certain
problem type are crossed out and cannot be selected. Nonlinear analysis of the
bent is easily specified as well as nonlinear material behavior of the piles (the
default o—¢ curve for steel is elastic-perfectly plastic). Additionally, only two
parameters are required to execute the pushover analysis procedure, the loading
rate and number of loading increments. The pushover failure load is determined
from interaction diagrams of each element and the analysis appears to terhinate

before material failure occurs.
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Modeling bents with GTSTRUDL is somewhat more complicated than with FB-
Pier since the software is designed for more general modeling applications. The
user must calculate joint coordinates (and find X-member/pile intersections if X-
braced) of the structure which can be much more time consuming for complicated
models. For the pushover analysis procedure nonlinear geometry of the
members must be specified and plastic hinges must be inserted to account for
nonlinear material behavior (elastic-perfectly plastic behavior must be specifically
specified). These nonlinear parameters cannot be defined using GTSTRUDL's
graphical interface (GTMENU) and must be accounted for by inserting them
directiy into the input file as shown in Chapter 6. GTSTRUDL’s pushover
analysis procedure is much more sophisticated than FB-Pier’s and, as a resuilt,
makes use of mény more parameters, such as the back-up loading rate and
various convergence tolerance values to more accurately locate the failure load.
The failure load is determined directly from the p-delta curve using the Newton-
Raphson tangent stiffness method which corresponds to a rapid reduction in
structural stiffness.

Pushover analysis is a nonlinear analysis which considers both geometric and
material nonlinearities, and thus it implicitly checks for possible buckling failure of
a bent due to inadequate strength or stiffness. Both programs account for
geometric nonlinearity in the form of p-delta effects due to lateral transiations of
one end of an axial loaded member with respect to the other end as well as p-y
effects from displacements along a member’s axis due to bending.

After running the pushover analysis of both programs on non X-braced bents
modeled with different pile end conditions, it was determined that GTSTRUDL
bents modeled with piles fixed to the cap and pinned to the ground produce p-
delta curves initially very similar to FB-Pier bents modeled with piles fixed to the

cap and elastic foundations at the ground.
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5. When the pushover analysis was performed on non X-braced bents with the
transverse load incremented, the resulting FB-Pier p-delta curves terminate very
early without laying over. Furthermore, the steel piles do not reach the yield
stress before the analysis ends for this loading which may explain why the p-deita
curves exhibit linear behavior through failure. This is believed to be the result of
FB-Pier’s failure ratio (demand/capacity) which is determined from the interaction
diagram of each element as discussed in the Literature Review.

6. When the pushover analysis procedure was executed on non X-braced bents
with the gravity loads incremented (buckling analysis), the resulting p-delta
curves for both programs are very similar (provided that the GTSTRUDL bents
are modeled with piles fixed at the cap and pinned at the ground). This appears
to be due in part to the fact that the pile stresses did not reach yielding at capacity
for either program using this loading.

7. Although modeling bents with GTSTRUDL is slightly more compiicated than FB-
Pier, the pushover analysis output is much more convenient and user friendly
than that of FB-Pier. After running the pushover analysis command in
GTSTRUDL each load increment is listed sequentially and the joint deflections for
each load can be shown in tabular form. This makes graphing the p-delta curves
in a spreadsheet fairly simple. FB-Pier, on the other hand, creates one large
output file which requires the user to search through a large amount of data and
find the cap deflections for each load increment. This becomes somewhat more

time consuming when many small load factors are used.

9.3 Recommendations
Based on the previous conclusions the following recommendations are given for use in
the development and formation of a screening tool that will help to determine which ALDOT

bridge bents are at risk of failure after an extreme scour event.
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GTSTRUDL appears to offer the most suitable bridge pile bent modeling and
pushover analysis procedure for use in a bridge bent screening tool since the
pushover analysis procedure is much more sophisticated and many of FB-Pier’s
pushover analysis results terminate before the bents lay over. Additionally,
GTSTRUDL has the ability to model bents with X-bracing in the transverse
direction unlike FB-Pier.

When modeling pile bents with GTSTRUDL, the bents should be modeled with
piles having fixed connections to the cap and pinned connections to the ground. |
In general, this appears to produce p-delta curves with bent stiffness very similar
to FB-Pier’s bents having elastic foundations. This should also provide
conservative results, since the level of fixity at the base of existing bents is
expected to be somewhat greater than a pinned cohnection.

Since it was determined that all non X-braced bents are susceptible to sidesway

for typical scour levels, the individual pile buckling capacity of these bents should -

_ 0.5%°El

be calculated from the elastic buckling equation Pcg = , where the

coefficient has been reduced by half to account for 50% rotational fixities at pile
ends. This buckling equation should also be used in the case of X-braced bents
that have experienced enough scour to make them susceptible to sidesway
buckling below the X-bracing which can occur for large levels of scour.

For X-braced bents which prevent sidesway buckling, the individual pile buckling

, where

2
capacity may be calculated from the elastic buckling equation P¢cg = anE'

the coefficient has been reduced by half to account for 50% rotational fixities at
pile ends. For the non sidesway pile buckling mode in X-braced bents, it is
assumed that X-members do not provide intermediate support for the piles. It is
likely that the small angle members will buckle simultaneously with the piles

rather than create a point of inflection.
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The pushover analysis results for X-braced bents with and without the proposed
lower horizontal strut appear to be somewhat inconclusive. The extra member
does not greatly affect the pushover capacities of the one story bent (H=13ft), but
significantly increases the capacity of the two story bent (H=25ft) for nearly each
level of scour. Therefore, unless the final screening tool finds that the two story
bents are highly susceptible to pushover failure, the inclusion of this lower strut in
future bents is not warranted.

It is recommended that additional pushover analyses be performed to verify
adequate load carrying capacity of pile bents. The buckling analysis results
provided herein give the buckling capacity after much of the lateral load produced
in a flood subsides (recall these results were obtained in Chapter 6 by
incrementing the gravity loads and assuming a very small constant lateral force of
- 0.1 kip at the cap). Although typical bent pile gravity loads are well below the
buckling capacity for the 4, 5, and 6-pile bents at each level of scour, it is very
likely that some bents may be at greater risk of failure during a flooding event
which may impose large constant gravity loads simultaneously with large
transverse water loads. Therefore, a range of typical gravity loads (i.e. P = 100k,
120k, 140k and 160 kips from a girder line analysis of typical dead loads and
HS20 AASHTO live loads) should be placed above each pile with the horizontal

load incremented until failure is reached. If the actual applied lateral force is less

than the capacity predicted by the pushover analysis (Ft o applied < Fi push-over load )

the bent will have adequate load carrying capacity and should be safe from
buckling.

The pushover analysis results provided in this research were obtained by placing
the incremented transverse “pushover” force at the centerline of the bent cap.
However, the actual location of this force is dependant on the size/depth of the

debris raft and the height of the water surface during the extreme flooding event.
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Therefore, these parameters should be taken into consideration in future bent .
models and ALDOT'’s final bridge bent screening tool.

The appropriate safety factors should be determined from ALDOT and applied to
the bent pushover capacities in the final screening tool since the GTSTRUDL
failure loads are the result of a rapid reduction in stiffness due to instability or

yielding of the piles.
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