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ABSTRAGCT

A common design/construction procedure for highway bridges in Alabama is the
use of steel HP piles driven to a firm stratum with a length above ground/water up to the
level of a concrete bent cap which supports the bridge superstructure. The use of 3, 4,
5, or 6 such piles in a row with the two end piles battered are very common bridge pile
bents. The bents are sometimes X-braced in the plane of the piles for lateral support
and sometimes the piles are encased in concrete from the bent cap down to 3 feet
below ground level (and the X-bracing eliminated).

The objectives of the Phase | research work were to identify the primary
parameters of importance in assessing the adequacy of bridge pile bents for extreme
scour events, and to identify the best approach to follow in developing a simple
“screening tool”, to check the adequacy. The objective of the Phase |l research work
was to develop a simple “screening tool” and a user’s guide explaining the proper use of
the tool, for use in evaluating the structural stability of simple pile bent supported
bridges in an extreme scour event. The objectives of this Phase Il research work were
to expand, refine, and automate the “screening tool” developed in the Phase 1l work.
This repqrt presents the expansions, refinements, and Tier-2 screenings added to the
original “screening tool”. The computer automation of the refined/2" edition “screening

tool” presented in this report is presented and discussed in a sister Phase Il report.
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1. INTRODUCTION

1.1  Statement of Problem

The Alabama Department of Transportation (ALDOT) is currently performing an
assessment of the scour susceptibility of its bridges, and a part of this assessment
requires an evaluation of the structural stability of these bridges for an estimated
flood/scour event. Because of the large number of bridges in the state subject to
flood/scour events, and because structural stability analyses of each bridge represents
a considerable effort in time and fnoney, there is a compelling need to develop a simple
“screening tool” which can be used, along with the scour analyses, to efficiently assess
the susceptibility of these bridges to scour.

Phases | and |l of the research toward this end have already been completed.
Phase | determined that it was indeed technically feasible to develop such a “screening
tool”, identified the primary parameters on which the scour susceptibility depend, and
verified that these parameters were in ALDOT’s databases or could be estimated.
Phase Il research developed a “screening tool” to assess the adequacy of bridge pile
bents for an estimated flood/scour event, and developed a Users Guide to assist

engineers in using the “screening tool”.

1.2 Research Objectives
The objectives of this Phase lll research were to enhance, simplify, expand the

scope of applicability, determine and incorporate Tier-2 screenings for bents that do not



pass safely through the “ST”, and to automate the “screening tool” developed in Phase

li. More specifically, the objectives of the Phase Iil work were as follows:

1. Work with ALDOT maintenance engineers performing bridge pile bent
evaluations for adequacy during estimated extreme flood/scour events
and identify how the “screening tool” can be simplified, enhanced, and
expanded in scope of applicability to make it more user friendly and

helpful to ALDOT engineers.

2. Work with ALDOT engineers to determine if there are minimal changes that
can be made in the “screening tool” that would allow significant expansion of
the scope of appilicability of the “screening tool”. If there are, then make these

changes.

3. Determine, where feasible, follow-up checking/assessment procedures
for those bents that do not pass through the “screening tool” with an
evaluation of “the bent is safe from plunging (buckling, push-over)”. More
specifically, identify the appropriate follow-up checking procedures for those
bents where the “screening tool” indicates that the “beﬁt should be looked at
more closely for possible plunging (buckling, push-over) failure”. This will

constitute a second tier of screening.

4. Work with ALDOT engineers to automate the “screening tool” as it
currently exists. As simplifications, enhancements, and expansions of the
“screening tool” are identified and made, it should be very easy to incorporate

these into the automated version of the “screening tool”.
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1.3 Work plan
A brief work plan to accomplish the research objectives cited above is given in

the work tasks below.

1. Work with ALDOT engineers in the bridge maintenance section to
identify problem areas with the “screening tool” (ST) and areas where
the ST is difficult to apply and/or where parameters needed by the ST
are not readily available, and make appropriate modification in the ST
to overcome these problems and render the ST more user friendly and

helpful.

2. Work with ALDOT engineers to identify bounding cases for other bents used
by the ALDOT for which the ST may be applicable in order that these
bounding cases may be used io assess the adequacy of these other bents.
Also, for these other bents determine what changes or additional analyses
must be made to extend the scope of application of the ST. If the changes in

the ST can reasonably be made, then make these changes.

3. ldentify what additional checking, analyses, and input data is needed
for bents for which the ST indicates “check more closely for possible

pile/bent plunging failure”.

4. ldentify what additional checking, analyses, and input data is heeded
for bents for which the ST indicates “check more closely for possible

pile/bent buckling failure”.
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5. ldentify what additional checking, analyses, and input data is needed
for bents for which the ST indicates “check more closely for possible

bent push-over failure”.

6. Develop a second tier “screening tool” which includes the checks
identified in Work Tasks 3, 4 and 5 above. Discuss with ALDOT
engineers whether this second tier of screening should be incorporated
into the present ST and have just one ST,.or have it be a second
ST which is used only for those bents which do not safely pass through

the present (first) ST.

7. Prepare and conduct a training program on the second tier “screening

tool” described in Task 6 above.

8. Work with ALDOT engineers to automate the ST for simple computer
evaluation of the adequacy of bridge pile bents for estimated extreme
flood/scour events. The automated ST will be a stand-alone computer
program/expert system wherein ALDOT engineers input select bridge/
site parameter values into the program and the program executes the ST
evaluations and outputs intermediate and final results in a format appropriate
for filing for record in the bridge’s file folder for future reference if needed.
The automated computer program should allow the user to change one or
more input parameter values and generate a new evaluation without having

to re-input the other bridge/site parameters.



9. Prepare and conduct a training program on the automated ST

described in Task 8 above.

10. Prepare Phase 1ll Final Report.
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2. ADDITIONAL “ST” LOAD AND SCOUR CONDITIONS, LOAD LEVELS,
SENSITIVITY OF PUSHOVER LOAD TO BENT CAP STIFFNESS, AND
EFFECTS OF CONTINUOUS SPAN SUPERSTRUCTURES
2.1 General

A number of “what if’ questions regarding using the Phase Il Screening Tool
have surfaced since submittal of the Phase |l Report. Most of these questions
pertained to the effect of other loading conditions, scour conditions, height of application
of the pushover load, use of continuous superstructures; ete. on the possible pushover
failure of a bridge pile bent during an extreme flood/scour event. Answering mosi of
these questions required additional bent pushover analyses and these are presented
and discussed in the sections below.

Also, during this interval, ALDOT discovered that there are some sites in
Alabama where the estimated maximum scour may be in excess of 20 ft and poésibly
as large as 25 ft and thus our pushover analyses needed to be extended to a scour
level of 25 ft. Lastly, for completeness, ALDOT wanted to extend the pushover load
tables to include the 5-pile and 6-pile bents as well as the 3-pile and 4-pile bents. The

pushover analyses results of these extensions are presented in the sections below.

2.2 Sensitivity of Pushover Load to Bent Cap Size/Stiffness

Bent caps for all pile bents are either cast-in-place or precast concrete and thus a
fair degree of uncertainty occurs about the appropriate value of bending stiffness, |, to
use for the cap in a pushover analysis of pile bents. Since we were going to perform
many pushover analyses of different bent sizes, bracing conditions, loadings, scour

levels, etc., it was decided to conduct a limited sensitivity investigatidn on the sensitivity
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of a bent's pushover load to its cap size/stiffness. Only 3-pile and 4-pile bents of
HP10x42 piles that were unbraced, such as the ones shown with qualitative deflection
curves in Fig. 2.1, were considered for a rather short and tall bent height. A wide range
of | values were used in the analyses, ranging from 10,000 in* < lgoss < 2,000,000 in®.
Values of lgss for the caps of steel pile bents are typically in the range of

25,000 in* < lgoss < 50,000. “The | = 2,000,000 in* value was taken to represent an
infinitely stiff cap. The resulting bent pushover loads, F;, are shown in table form in

Table 2.1 and graphically in Fig. 2.2.

SV ACR N ) e 77 7 Q

= 5-—%1.&2'59#1’

b, b-VieBasr

Fig. 2.1. Qualitative Lateral Load Induced Bent Deformations for 3- and 4-Pile Bents
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Table 2.1. F; for Unbraced 3-Pile and 4-Pile Bridge Bents for Varying

Values of Bent Cap lgross - HP1ox42 Piles and P=100*

3-Pile Bent 4-Pile Bent
Igross (i) F: (kips) F¢ (kips)

H+S=10’ H+S=20’ H+S=10’ H+S=30’

10,000 19.52 4.25 28.40 7.44
25,000 19.59 4.30 31.62 11.13 -

50,000 19.61 4.31 34.06 12.47

100,000 19.62 4.32 35.92 13.06

150,000 19.63 4.33 36.75 13.38

| 200,000 19.63 4.33 37.26 13.49

2,000,000 19.64 4.34 38.61 13.80

Pile Bent Parameters::
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Fig. 2.2. Pushover Load vs. Bent Cap lgross for Unbraced 3- and 4-Pile Bents
(HP10x42 Piles) and P = 100X



It can be seen in Table 2.1 and Fig. 2.2 that for the 3-pile bent, the pushover load
is essentially independent of the bent cap size/stiffness. For the 4-pile bent the
pushover load was sensitive to the cap stiffness at values of lgess < 100,000 in*,
However, even in these cases, the pushover load only decreases by about 19% when |
decreases from | = 2,000,000 - 25,000 in*, a 99% decrease in |. These results are
consistent with the observation that for steel HP pile bents bending in the plane of the
bent, i.e., about the weak axis of the HP piles, the very small value of I, relative to the
leap OF the concrete cap and the large exposed pile length after scour relative to the
length of cap between piles, renders the bending stiffness of the piles to be vastly
smaller than that of the cap (see Figs. 2.1 and 2.3). Thus, the flexibility of the bent piles
is the controlling bent pushover parameter and the bent pushover load is essentially
independent of the cap size/stiffness (within a reasonable range of | values).

[t should be noted that for X-braced bents (see Fig. 2.4) that the bracing system
maintains the relative geometrical integrity (with or without the HB-1 brace shown in
Fig. 2.4) of the bent in the region of the X-bracing and the bent sidesways in the region
below the X-brace as shown in Fig. 2.4. In this case, the pushover load is even more

independent at the bent cap lgross.
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2.3 Additional Axial Pile Load due to Flood Water Loading
In checking bent pile plunging or buckling failures we need to give some
consideration to the additional pile axial load (AP) caused by flood “water loading, Fsy as

shown in Fig. 2.5. We can see from Fig. 2.5 that AP will be largest for the downstream

ﬁ?w&xg ¥ "é’Agaew Fae

Fig. 2.5. Maximum Pile Load for Checking Pile Plunging and Buckling

batter pile for the tallest and narrowest pile bent (3-pile bent). However we need to
determine the magnitude of AP for other bent sizes to determine whether we need to
consider the AP force in the analyses of those bents. ALDOT Pile Bent Standards
indicate the maximum pile bent height above the original ground line (OGL) to be 25 ft.
Using this value for bent height, “H”, a maximum scour of S = 20 ft, a girder/pile spacing
(at the bent cap) of 8 ft, and a maximum flood water loading of Fsy = 9.72%, the APmay
values of 3-, 4-, 5-pile bents are shown in Fig. 2.6. Thus the additional axial pile load on
the downstream bent pile due to the maximum flood water load, Fs, is fairly insignificant

except for the 3-pile bent. This additional axial load would contribute to trying to
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“plunge” or buckle the downstream pile; however, this pile would get some “lean-on”

support from the other piles in the bent. It should be noted that the ZAP, =0ata

ue to Fy,
bent and thus the fairly small value of AP« due to the Fs, loading can be and will be

neglected.
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2.4 Effect of Continuous Span Superstructures on Bridge/Bent Pushover

The flexural stiffness of a typical bridge deck/curb system bending in a horizontal
plane is quite stiff, especially relative to the lateral flexural stiffness of a typical 3-pile or
4-pile bent as can be seen in Figs. 2.7 and 2.8. Therefore, we can treat the bridge
deck as rigid when working with horizontal flood water loadings on a debiris raft, i.e.,
lateral loads in the plane of the deck, and thus all of the deflections due to these loads
result from the lateral deflection of the supporting pile bents.
| For simply—supported 2-span bridges, an accurate modeling for estimating lateral
flood water load, Fi, vs deflection behavior of the bridge, and for estimating the load
applied to the pile bent would be as shown in Fig. 2.9. For multi-span SS bridges, an
accurate modelling would be as shown in Fig. 2.10, and the F; load would be distributed
over all the bents of the bridge. However, most of the F; load goes to the bents near the
Fiload, and a conservative/worst case scenario would be to assume the adjacent bents
acts as abutments in the 2-span bridge of Fig. 2.9. Thus in this case, Fg = F; as it was
for the 2-SS span bridge of Fig. 2.9. This is indicated in Fig. 2.10. For a multi-span
bridge composed of 2-continuous span segments as shown in Fig. 2.11, we can do the
same thing as was done in Fig. 2.10. This is indicated in Fig. 2.11.

Bent forces for the simplified modellings shown in Figs. 2.8-2.11 are shown in

Fig. 2.12. Note, that the resulting bent forces for this approach can be generalized as

i 1
Fosti. = 7F
where N = No. of continuous spans in the rigid segments

Thus, for a 4-span continuous segment,

FApplied = _1_
Bent Max 4

Ny

xF =
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It should be noted that if the debris raft forms on a bent where the superstructure
is continuous, then the F; force would be applied at this location and the maximum bent
force would be half of that occurring when F; is applied at a bent where the
superstructure does not have continuity. This can be seen by comparing the Fgent max
forces in Figs. 2.12b and 2.13.

Therefore for,

SS Bridge:  Faentmax appied = Ft= 12.2% (Includes a F.S. = 1.25 against
bent pushover failure)

If Foushover > 12.2° the bent is OK for pushover

R

2-8pan Cont:  Faentwax appled = - = 6.1 (Includes a F.S. = 1.25)

If FEustover >6.1° the bent is OK for pushover

3-Spa'n Cont:  Fgent Max Applied = = = —— =4.1%(Includes a F.S. = 1.25)

If Fousrove >4.1% the bent is OK for pushover

4-Span Cont:  Fpent max Applied = —+ = —— = 3.1 (Includes a F.S. = 1.25)

(and larger)
If Fhoshever >3.1% the bent is OK for pushover

5-Span Cont:  Fpent Max Applied = — = —— = 2.5" (Includes'a F.S. = 1.25)

(and larger)
If FRushover > 2 5% the bent is OK for pushover

Capacity
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2.5 Effect of Continuous Span Superstructures on Bent Pile Buckling

For continuous superstructures, or those made continuous for LL, a pile or bent
cannot buckle in a sidesway mode unless the entire continuous segment does. This
would require an unrealistically large loading and thus the piles/bents in continuous
span, or those made continuous for LL, cannot buckle in a sidesway mode. For such
continuous superstructure bridges, Pcr and Prax aiowed Would be as shown in Fig. 2.14
and Table 2.2 for non X-braced bents (see Fig. 2.2 in Phase Il Report). Note in

Fig. 2.14 that fmax for ALDOT pile bents and maximum anticipated scour levels is 44 ft.

Thus, from Table 2.2 if,
Prax appiied < 118%  for an HPox pile

Pmax applied S. 209k fOI’ an HP12x53 plle

then the pile/bent will be safe from buckling and doesn’t need to be checked further for
buckling. If Pmaxappiied is larger than the above values, the pile/bent may still be safe
depending on the bent height and level of maximum scour at the site. In this case, the

bent should be checked for buckling in the manner outlined in the “screening tool”.
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Fig. 2.14. Pile Buckling Modes and Equations for Bents
Supporting Continuous Bridges
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Table 2.2. Pcr and Pyax aLLowep for Bent Piles Supporting Continuous Span Bridge

HP10xa2 HP 12453
/ Pcr P MAX ALLOWED Pcr P’ Max ALLOWED

(ft) (k) (k) (k) (k)

20 375° 3002 4962 3972
25 3307 2642 460° 3682
30 2907 232° 4207 336°
35 2307 1842 365° 292°
44 147° 118° 261° 209°

* IncludesaF.S.=1.25
& Controlled by Pile Inelastic Buckling
P Controlled by Pile Elastic Buckling
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2.6 Pushover Loads for Additional P-load and Scour Levels of 80X and 60¥
and 25 ft

In the Tier 1 Screening Tool, i.e., the Phase Il work, possible pile/bent failures

via,

1. pile “kick-out”

2. pile plunging

3. pile buckling

4. bent pushover
were checked for ranges of bent sizes, pile sizes, scour levels, etc. In checking
possible pile “kick-out” failure the criterion used was simply the remaining pile depth of

embedment after an extreme flood/scour event. In checking possible pile plunging and

pile buckling, P s.nieq Was determined for the particular bridge/pile bent and this was

compared with the pile P, in plunging and P, in buckling. However, in

checking possible pile bent pushover, P, s Was determined for the particular

bridge/pile bent and this load was assumed to be uniformly distributed to the bent piles

Bent
Max Applied

No. of Bent Piles

as P-loads of

Using levels of uniformly distributed P-loads (one on the bent cap above each
pile) of P = {100, 120, 140, 160}, pushover analyses were performed on the same
range of bent sizes, pile sizes, scour levels, etc. as use in checking the other possible
failure modes to determine the lateral pushover load, Fi. Thus, tables of bent pushover
loads were determined and these loads could then be compared with the maximum
flood water load that could be applied of Fyax appied = 12.2° (includes a F.S. = 1.25) to a

bent via hydrodynamic flood water pressure acting on an assumed debris raft
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developed at the top of the pile bent. For a particular bent, if the pushover load, Fi, was
greater than the Fuax appiea then the bent was viewed as being safe from pushover
failure.

It was felt at the time of development of the pushover load tables that the P-load
range of {100, 120, 140, 160} would be such that any bent would be subjected to
maximum loads in this range. Later, the ALDOT determined that the upper limit of
P=160" was adequate for any of their bents, but that the lower limit of P=100% was too
large for some of their smaller bridges (smaller span lengths and widths). They
indicated that a P-load level of P=80 should be added to the tables of bent pushover
loads. The ALDOT also noted that only the smaller/narrower pile bents had pushover
loads, F;, low enough to be of concern about a pushover failure.

Additionally, it was initially felt that a scour level of S=20 ft would be the
maximum possible scour at a bridge site in Alabama. However, ALDOT has since
found sites where maximum scour levels as high as 22 and 23 ft are estimated. To
allow use of the “ST" at these sites, a maximum scour of 25 ft has been added to all of
the pushover analyses and tables of pushover loads. Thus, all pushover load tables
have been expanded to include scour levels of S={0, 5, 10, 15, 20, 25 ft}.

About this same time, we noted that a roadway LL such that the upstream lane of
a bridge was loaded and the downstream lane not loaded with LL may result in a more
severe load condition for pushover load than when all lanes are fully loaded (even
though the total gravity load on the bent for this load condition would be smaller). This
loading condition of using an unsymmetric LL distribution is described more fully and

discussed in Section 2.7. Thus, to address the situations/cases described above, it was
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decided to perform additional pushover analyses with lower uniformly distributed P-
loads of P = {60%, 80%}. The P=60F level was added in light of checking the loading
where LL is not used on the downstream traffic lane and also because this loading
would allow interprolation of results for uniform P-loads somewhat less th.an 80X,
Initially, in the new pushover analyses conducted in the Phase Il work, only the
smaller/narrower 3-pile and 4-pile bents were analyzed as these are the ones where
pushover failure may likely occur in an extreme flood/scour event. However, for
completeness, ALDOT desired that pushover results for the 5-pile and 6-pile bents be
ir{cluded, and this has been done.

Results of additional pushover analyses for 3- and 4-pile single-story bents for
P-loads of 60X and 80* and scour of 25 ft have been added to those of the earlier
analyses for larger P-loads and lower scour [evels and these are shown in Tables 2.3-
2.6. Also, these tables héve been expanded to include 5- and 6-pile bents. One can
note in these tables that there is a very dramatic reduction in pushover force after 5 ft of
scour. For the 3-pile bents, the reduction continues after the first 5 ft of scour but at a
reduced rate. For the 4-pile bents, the reduction tends to level out to approximately
zero in the scour range of 5 ft < S < 10 ft, and then the pushover load begins 1o
decrease again at a significant rate. The leveling out tends to be mofe dramatic for the
smaller P-load levels. To better illustrate the effect of the P-load level on a bents
pushover capacity, the data of Tables 2.3-2.6 are shown plotted on Pushover Force vs.
H+S curves in Figé. 2.15-2.18. Note in these tables and figures that the lower P-loads

of 60 and 80" do have a significant larger pushover load capacity.
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To better understand the initial drop in pushover load, F:, with scour (or H+S),
followed by a leveling off of F;, and then followed by significant drops in F; with
increases in scour (or H+S) shown in Figs. 2.15 and 2.16, we revisited bent Fyvs A
curves in earlier reports as well as performed additional GTSTRUDL analyses using
different bent end pile batters and cap stiffnesses. Using the F;vs A curves in Fig. 2.19
from Ref (6), and plotting the resulting pushover load vs H+S curves (see Fig. 2.20), we
see the same bent behavior as reflected in Figs. 2.15 and 2.16. Using the 5-pile bent,
we then investigated its F; vs S (or H+S) behavior as we varied the batter of the bent
end piles and the bending stiffness of the bent cap. The resulting F;vs S (or H+S)
curves for these variations are shown in Fig. 2.21. Note in this figure that when the
batter of the end piles is taken away, the pushover force decreases as expected as
scour is increased regardless of the stiffness of the bent cap. It can be observed that
the behavior without batter is similar to the behavior with batter after the bent reaches a
certain plateau point. This point is approximately ten feet of scour for the 5-pile bent of
Fig. 2.21. When the stiffness of the bent cap is increased there is a significant increase
in pushover force for the first ten feet of scour; however after ten feet of scour, the
increase in pushover force becomes significant less. 1t can be concluded that the batter
in the end piles causes the stiffness of the bent cap to increase the pushover capacity of
the bent, but at a certain scour level, the bent becomes much more flexible and the
failure is due to the lack of flexural strength in the piles.

It should be noted when the bents are X-braced, they act primarily as vertical
trusses when subjected to F; lateral loads prior to the occurrence of any scour.

However, after about 4-5 ft of scour, the smaller flexural stiffness and strength of the
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piles bending about their weak axis begins to dominate and they act as very flexible
bending frames, and thus the dramatic drop in bent pushover force when H+S > 17 ft as
indicated in Figs. 2.17 and 2.18.

Results of additional pushover analyses for 3, 4, 5, and 6-pile bents that are 2-
story and X-braced for P-loads of 60% and 80X and scours of 25 ft have been added to
those of earlier analyses for larger P-loads and lower scour levels and these are shown
in Tables 2.7 and 2.8. Again, it can be noted in these tables that the lower P-loaded
bents have a significantly larger pushover capacity.

Lastly, additional pushover analyses for 1-story and 2-story 6-pile bents having
double X-bracing across the width of the bent were berformed for the additional P-loads
of 60X and 80 and for scours of 25 ft and the results of these analyses are presented in

Tables 2.9a and b.
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Table 2.3a. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP;0x4 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in*

for Varying Values of P-Load and ‘H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) - - ” ” ” "
Piles P=60 P=80 P=100 P=120 P=140 P=160
10 21.6 20.6 19.6 20.0 18.8 17.6
15 12.9 11.5 10.1 8.9 7.3 5.6
10 20 8.2 6.3 4.3 2.3 unstable | unstable
10 15 25 4.9 23 unstable | unstable | unstable | unstable
20 30 2.0 unstable | unstable | unstable | unstable | unstable
25 35 unstable | unstable | unstable | unstable | unstable | unstable
: 13 15.6 144 13.2 124 11.0 9.5
18 9.8 8.2 6.4 4.7 2.8 unstable
13 10 23 6.1 3.9 1.5 unstable | unstable | unstable
15 28 3.1 unstable | unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable | unstable
25 38 unstable | unstable | unstable | unstable | unstable | unstable
0 10 38.3 35.7 33.5 34.8 32.3 29.9
15 31.8 28.9 26.1 24.8 21.8 18.9
10 10 20 30.8 272 24.3 22.0 18.5 15.1
15 25 24.8 21.6 18.2 14.8 11.6 8.4
20 30 19.0 15.5 12.3 9.0 6.3 3.8
25 35 13.6 10.5 7.8 53 3.3 1.8
4 13 33.6 30.6 27.9 27.5 24.8 22.0
18 30.7 27.6 24.6 22.7 19.3 16.0
03 10 23 27.8 23.8 20.8 17.8 14.3 10.9
15 28 21.3 17.8 14.5 11.1 8.0 5.3
20 33 15.6 12.3 9.3 6.5 4.1 2.5
25 38 11.0 8.3 6.0 4.0 2.5 unstable
Pile Bent Parameters:
' g L’r’ ¥
A o B-foz A
TRir—y Yt s
s HPfues 5

SN
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Table 2.3b. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP;2s3 Piles and Reinforced Concrete Bent Cap with Ig.e = 41,470 in*

for Varying Values of P-Load and ‘H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) " ” - ” - .
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
10 33.8 32.8 32.0 342 33.1 32.0
15 21.6 20.4 19.3 18.9 17.6 16.3
10 10 20 154 14.0 12.5 11.2 9.6 7.8
15 25 11.5 9.7 7.7 5.8 3.6 14
20 30 8.5 6.3 3.8 1.1 unstable | unstable
25 35 6.1 3.2 unstable | unstable | unstable | unstable
3 13 253 24.3 233 23.5 22.2 21.1
18 17.5 16.2 14.9 13.9 12.4 10.9
10 23 12.9 11.2 9.5 7.8 59 3.8
B 15 28 9.6 7.5 5.3 2.9 unstable | unstable
20 33 7.0 4.4 unstable | unstable | unstable | unstable
25 38 4.7 unstable | unstable | unstable | unstable | unstable
0 10 56.6 53.4 50.7 54.4 52.3 50.1
5 15 45.4 41.6 38.8 38.7 36.2 33.7
" 10 20 41.1 37.8 35.0 34.0 31.0 27.8
15 25 40.7 374 33.8 314 28.1 24.4
20 30 333 29.6 26.6 23.4 19.9 16.5
4 25 35 27.3 23.8 20.4 17.0 13.6 10.5
0 13 47.3 443 41.7 42.8 40.5 38.1
18 42.4 39.0 36.1 353 32.4 29.6
13 10 23 41.0 37.4 35.0 33.1 29.6 26.3
15 28 36.7 32,6 29.0 26.9 23.1 19.5
20 33 29.2 26.2 22.7 19.3 16.0 12.8
25 38 23.5 20.3 16.8 13.5 10.5 7.8
Pile Bent Parameters:
A
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Table 2.4a. Pushover Load, F;, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP1gx4>

Piles and Reinforced Concrete Cap with Igress = 41,470 in* for Symmetric Distribution

of Varying Values Values of P-Load and ‘H+S’

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) " . " " - -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
0 10 48.1 43.8 40.6 38.2 35.8 334
5 15 42.6 37.6 334 29.6 26.3 23.0
10 20 44.0 38.6 34,7 29.6 24.9 20.3
10 15 25 36.5 31.9 27.0 22.6 18.1 13.9
20 30 28.5 24.0 19.5 15.0 11.3 7.8
25 35 21.3 17.0 13.3 9.9 6.9 4.3
> 0 13 44.6 39.1 34.9 31.5 28.7 25.8
18 41.9 37.7 32.9 - 28.8 24.7 20.8
10 23 41.3 35.6 30.8 25.6 21.2 16.8
B 15 28 31.7 27.0 22.4 18.0 13.6 9.8
20 33 24.0 19.5 15.5 11.8 8.4 5.5
25 38 17.6 13.9 10.5 7.5 5.0 3.0
0 10 53.1 48.2 45.2 42.7 40.0 373
15 46.4 39.8 34.6 30.6 26.9 23.1
10 20 47.4 41.0 35.0 28.8 23.5 17.9
10 15 25 41.0 34.7 282 22.4 17.0 12.0
20 30 31.6 26.1 20.6 15.5 10.7 6.5
25 35 24.0 19.0 14.5 10.1 6.5 4.0
6 0 13 46.4 40.7 37.1 33.8 30.4 27.1
18 45.3 38.6 33.7 28.8 24.1 19.6
5 10 23 46.0 38.1 32.4 25.7 19.7 14.3
15 28 35.1 29.0 23.6 18.2 13.0 8.3
20 33 27.0 21.5 16.5 12.0 8.0 4.5
25 38 20.3 15.5 11.5 7.8 5.0 3.0
Pile Bent Parameters:
S S
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Table 2.4b. Pushover Load, F;, for Unbraced 5-Pile Bndge Bents with HPj2,s3 Piles

and Reinforced Concrete Cap with Igeoss =

of Varying Values Values of P-Load and ‘H+S’

41,470 in* for Symmetric Distribution

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) " o - " ” "
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
10 70.7 64.4 60.5 58.1 56.1 54.1
15 60.0 52.8 49.0 44.6 41.2 38.5
10 10 20 55.6 51.5 46.3 41.8 37.7 33.9
15 25 59.7 552 494 434 39.1 33.8
20 30 49.0 432 39.1 34.0 29.6 25.2
5 25 35 39.9 353 30.9 26.3 21.8 17.5
0 13 60.4 55.4 51.3 479 45.2 42.8
5 18 57.2 51.7 46.7 42.5 38.4 35.0
13 10 23 58.4 52.2 47.9 43.2 38.6 344
15 28 53.8 48.1 42.5 38.0 32.8 28.2
20 33 42.7 38.5 33.8 29.4 24.9 20.5
25 38 35.0 31.0 26.0 22.0 17.5 13.8
0 10 77.6 71.0 68.7 66.2 63.9 61.8
5 15 61.7 56.0 514 47.5 44.4 41.3
10 10 20 61.2 54.3 48.2 429 38.2 33.9
15 25 67.0 58.6 51.0 44.9 38.5 31.8
20 30 55.0 48.0 41.9 35.4 29.4 23.9
6 25 35 44.3 384 32.9 27.6 223 17.2
0 13 66.6 60.7 55.9 52.5 49.9 47.1
5 18 62.4 55.6 49.1 43.8 39.5 35.9
13 10 23 60.6 55.3 49.5 43.2 38.4 33.0
15 28 60.1 52.8 46.0 39.8 33.0 26.9
20 33 48.1 41.9 36.0 30.5 25.0 20.0
25 38 39.2 34.0 28.5 23.0 18.0 13.5
Pile Bent Parameters:
A A
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Table 2.5a. Pushover Load, Fy, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HP0x42 Piles and Reinforced Concrete Bent Cap with Ig.s = 41,470 in*
for Symmetric Distribution of Varying Values of P-Load and ‘H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) ” ” - " ” ”
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
: 0 13 46.7 44.5 42.5 41.5 39.7 38.3
5 18 19.1 17.1 15.5 14.4 12.8 11.2
10 23 10.6 8.5 6.3 4.0 2.8 unstable
B 15 28 5.9 33 unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable | unstable
3 25 38 unstable | unstable | unstable | unstable | unstable | unstable
17 44.9 42.9 41.2 399 38.3 36.8
22 17.8 15.9 13.9 12.6 10.6 8.7
10 27 9.6 7.1 4.8 2.9 1.0 unstable
17 15 32 4.9 2.0 unstable | unstable | unstable | unstable
20 37 unstable | unstable | unstable | unstable | unstable | unstable
25 42 unstable | unstable | unstable | unstable | unstable | unstable
13 62.8 58.6 55.1 51.2 48.2 45.3
18 35.1 314 28.1 24.7 220 19.3
10 23 28.7 24.6 21.0 17.3 14.0 10.9
13 15 28 25.9 21.7 17.4 13.1 94 5.8
20 33 19.7 154 11.3 8.0 5.0 1.8
25 38 13.3 10.0 7.0 4.1 2.0 unstable
4 0 17 58.4 53.7 49.8 45.5 42.6 40.2
22 32.7 28.7 25.1 21.4 18.3 15.5
10 27 27.0 22.4 18.2 14.3 10.7 7.4
17 15 32 23.3 18.6 14.0 9.7 5.8 2.1
20 37 17.0 12.4 9.0 5.0 2.1 unstable
25 42 11.0 8.0 5.0 3.0 unstable | unstable
Pile Bent Parameters:




Table 2.5b. Pushover Load, F;, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HP;2.s3 Piles and Reinforced Concrete Bent Cap with I;ros = 41,470 in*
" for Symmetric Distribution of Varying Values of P-Load and ‘H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) " - - ” " -
Piles P=60 P=80 P=100 =120 | P=140" | P=160
0 13 67.7 65.9 64.0 64.8 63.1 61.4
5 18 32.0 30.0 28.0 26.9 25.2 23.8
" 10 23 19.8 17.7 15.9 14.5 12.8 11.1
15 28 13.5 11.3 9.1 7.5 53 3.1
20 33 9.5 6.9 43 2.1 unstable | unstable
3 25 38 6.4 unstable | unstable | unstable | unstable | unstable
17 66.8 64.9 62.9 61.3 59.2 57.2
22 30.6 28.4 26.5 25.1 23.5 22.0
17 10 27 18.8 16.6 14.6 13.0 11.1 9.1
15 32 12.7 10.2 7.8 5.8 3.4 1.1
20 37 8.6 5.8 2.9 unstable | unstable | unstable
25 42 5.5 2.2 unstable | unstable | unstable | unstable
13 91.9 88.3 84.5 80.0 76.7 73.7
18 533 49.3 45.7 41.9 38.8 35.9
i3 10 23 42.5 38.4 34.8 31.0 27.8 24.7
15 28 38.9 349 30.9 26.6 22.9 19.4
20 33 35.4 30.8 26.7 222 18.2 14.4
4 25 38 28.2 24.1 19.9 15.6 12.0 9.0
0 17 85.1 82.3 79.4 76.3 72.7 69.0
22 50.9 46.4 42.4 38.2 34.9 31.8
- 10 27 40.8 36.4 323 28.1 24.6 21.3
15 32 37.4 32.8 28.1 23.5 19.7 15.9
20 37 325 27.9 23.3 18.7 14.6 10.7
25 42 25.6 21.1 16.6 12.5 9.0 6.0
Pile Bent Parameters:
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Table 2.6a. Pushover Load, F;, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents
with HP;g.4; Piles and Reinforced Concrete Cap with Igross = 41,470 in* for Symmetric
Distribution of Varying Values Values of P-Load and ‘H+S’

No. Pushover Force, F; (kips)
Bent | H(fH) | S0 | H+S (@) - - . - - -
Piles P=60* | P=80% | P=100% | P=120% | P=140* | P=160
0 13 74.8 69.0 64.4 60.2 56.3 52.5
5 18 44.6 39.6 35.1 31.0 27.2 23.5
10 23 40.0 342 28.9 24.0 19.5 15.3
13 15 28 40.6 33.9 28.2 22.3 16.7 11.7
20 33 31.8 26.1 20.6 15.4 10.6 6.4
25 38 23.0 18.0 13.6 9.6 6.0 3.5
> 17 69.0 63.0 57.8 53.3 49.3 45.7
22 41.7 36.0 31.2 26.9 22.8 18.9
17 10 27 38.3 32.0 26.2 20.9 16.0 11.6
15 32 37.5 30.6 244 18.3 12.8 7.7
20 37 28.8 22.8 17.1 12.0 7.4 3.6
25 42 20.3 154 11.1 7.3 4.5 2.0
13 82.3 75.6 70.0 65.1 60.5 56.0
18 49.4 43.1 37.7 32.7 28.1 23.7
3 10 23 43.9 36.8 30.2 24.4 19.0 14.0
15 28 46.5 37.5 30.2 22.8 15.8 9.8
20 33 36.9 29.9 23.0 16.6 10.7 5.4
25 38 27.4 21.3 15.8 10.6 6.3 3.0
6 17 76.1 68.7 62.6 57.3 52.6 48.5
22 46.0 393 335 28.4 23.6 19.1
10 27 42.2 34.4 27.2 21.0 15.2 10.0
17 15 32 43.4 34.6 26.5 18.8 12.0 6.0
20 37 34.0 26.6 19.8 13.3 7.5 3.0
25 42 24.7 18.8 13.2 84 5.0 2.0
Pile Bent Parameters:
i7 ;}F %P

———

I RN 74 £ £ ANSNNNNNETA 7 27 L AL RTINS 727

2-32




Table 2.6b. Pushover Load, F;, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents
with HP;2s3 Piles and Reinforced Concrete Cap with Ig.o = 41,470 in* for Symmetric
Distribution of Varying Values Values of P-Load and ‘H+S’

No. Pushover Force, F; (kips)
Bent H (ft) S ) | H+S (ft) - - . ” . .
Piles P=60 P=80 P=100" | P=120 =140 =160
13 107.2 102.1 97.1 92.3 88.2 84.4
18 66.9 61.4 56.4 52.1 47.9 44.0
13 10 23 57.5 50.9 452 40.6 36.2 31.8
15 28 54.1 49.0 43.4 38.1 32.9 279
20 33 55.0 48.6 42.1 36.3 30.4 24.8
25 38 44.0 38.5 33.0 275 223 17.3
> 17 99.0 952 91.1 84.8 80.1 76.0
22 63.4 57.5 52.4 47.6 43.2 39.1
17 10 27 55.2 48.2 42.2 37.2 32.5 28.1
15 32 54.6 47.6 41.4 354 29.6 24.4
20 37 51.8 447 38.1 32.0 26.0 20.3
25 42 41.1 35.3 29.5 23.9 18.6 13.6
13 118.8 111.7 105.5 99.9 95.0 90.6
18 74.1 67.5 61.7 56.4 51.5 46.7
13 10 23 64.1 55.4 48.6 42.8 37.5 32.3
15 28 60.8 53.5 46.3 39.6 33.3 27.4
20 33 63.5 54.8 46.8 39.3 31.7 24.6
25 38 51.7 44.4 37.4 30.6 24.1 18.0
6 17 108.4 103.0 96.6 90.7 85.5 80.8
22 70.1 62.7 56.6 50.9 45.7 41.0
17 10 27 61.6 52.5 45.5 39.3 33.7 28.4
15 32 59.5 51.7 43.9 36.9 29.9 23.7
20 37 60.8 51.8 43.2 35.5 27.6 20.4
25 42 48.6 41.2 34.1 27.1 20.5 14.5
.| Pile Bent Parameters:
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Fig. 2.15. Pushover Load vs. Bent Height Plus Scour for Unbraced 3- and 4-Pile
Bents (HP4ox42 Piles) with P-Loads of 60, 80, 100%, 120, 140, and 160*
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Table 2.7a. Pushover Load, F;, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents

with HP1ox42 Piles and Reinforced Concrete Bent Cap with Lgroes = 41,470 in*
for Symmetric Distribution of Varying Values of P-Load and “H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S () | HAS (ft) - . ” " - -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
0 21 51.3 48.9 46.7 44.7 43.2 41.3
5 26 20.6 18.4 16.5 14.5 12.3 10.4
91 10 31 11.1 8.6 6.1 3.8 unstable | unstable
15 36 5.8 2.8 unstable | unstable | unstable | unstable
20 41 unstable | unstable | unstable | unstable | unstable | unstable
25 46 unstable | unstable | unstable | unstable | unstable | unstable
: 0 25 49.1 46.9 45.0 43.2 41.3 39.1
30 19.1 16.8 14.5 12.1 9.8 7.6
10 35 9.9 7.0 4.3 unstable | unstable | unstable
2 15 40 4.6 unstable | unstable | unstable | unstable | unstable
20 45 unstable | unstable | unstable | unstable | unstable | unstable
25 50 unstable | unstable | unstable | unstable | unstable | unstable
0 21 63.3 58.9 55.1 51.6 48.5 45.6
5 26 32.8 28.9 25.5 22.3 19.6 16.9
o1 10 31 25.0 20.6 16.8 13.2 9.7 6.4
15 36 21.7 16.7 12.2 8.0 4.0 unstable
20 41 16.8 12.0 7.4 4.0 unstable | unstable
4 25 46 11.3 8.0 4.1 unstable | unstable | unstable
0 25 583 53.5 49.7 46.6 44.1 41.7
5 30 30.1 26.1 22.3 18.9 15.8 12.8
05 10 35 23.2 18.1 13.9 10.0 6.4 2.8
15 40 19.2 14.1 9.3 4.9 unstable | unstable
20 45 144 9.4 5.0 unstable | unstable | unstable
25 50 10.0 6.0 3.0 unstable | unstable | unstable
Pile Bent Parameters:
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Table 2.7b. Pushover Load, Fy, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents

with HP;5,s3 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in*
for Symmetric Distribution of Varying Values of P-Load and ‘H+S’.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ff) " - - ” " -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
21 76.0 73.8 71.6 69.4 67.1 64.9
26 34.7 325 30.2 28.3 26.6 24.9
10 31 21.2 18.9 16.7 14.6 12.4 10.2
21 15 36 14.2 11.6 9.1 6.5 4.0 unstable
20 41 9.6 6.6 3.6 unstable | unstable | unstable
25 46 6.1 2.6 unstable | unstable | unstable | unstable
3 25 73.4 71.4 69.3 67.1 64.9 62.6
30 33.1 30.6 28.5 26.5 24.5 22.5
95 10 35 19.9 17.4 15.1 12.7 10.2 7.8
15 40 13.1 10.3 7.4 4.6 unstable | unstable
20 45 8.6 52 unstable | unstable | unstable | unstable
25 50 5.0 unstable | unstable | unstable | unstable | unstable
21 95.9 92.2 88.0 84.0 80.0 76.2
26 51.6 47.5 43.8 40.3 37.0 33.9
91 10 31 39.6 35.2 31.3 27.6 24.1 20.8
15 36 354 30.6 25.8 21.6 17.8 14.1
20 41 31.3 26.2 21.4 16.8 12.6 8.6
p 25 46 25.4 20.6 16.1 11.6 7.5 4.0
0 25 89.6 86.4 83.1 79.7 75.8 71.7
5 30 48.8 44.3 40.2 36.3 32.9 29.8
oe 10 35 37.6 32.8 28.5 24.4 20.8 17.5
15 40 34.0 27.9 22.7 18.5 144 10.5
20 45 28.8 23.5 18.5 13.8 9.4 5.1
25 50 23.1 18.0 133 8.8 5.0 unstable |
Pile Bent Parameters: ’ P v -
E — TL EAS ‘.-i TH : Fi >}\L I iLJ,. g ,‘:L-i-fi-'-"'.:l; 1 7
- /\ Slag g, D
2.9 < SN
%WV DpisidAL oI [/ H+5
‘‘‘‘‘‘‘ oS e

*— Sz, WP s —

R SN TR A N RO w7 7t TR RS S B Z 7 TN 8 ST RGP AL ETF R

2-43




Table 2.8a. Pushover Load, F;, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with
HP;0x42 Piles and Reinforced Concrete Cap with Igross = 41,470 in* for Symmetric
Distribution of Varying Values Values of P-Load and ‘H+S’

No. ' Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft)
Piles | P=60* | P=80% | P=100* | P=120“ | P=140* | P=160"
21 75.8 69.8 64.7 60.2 56.0 522
26 42.4 37.3 32.8 28.6 24.6 21.0
10 31 35.8 29.6 24.4 195 14.9 10.7
21 15 36 353 28.5 21.9 15.8 10.3 5.3
20 41 28.8 22.5 16.5 10.9 5.7 unstable
25 46 21.0 15.5 10.5 6.5 3.0 unstable
> 25 69.6 63.5 583 53.7 49.7 46.1
30 38.4 32.8 28.0 23.5 19.5 15.8
95 10 35 33.5 26.6 20.6 15.4 10.6 6.2
15 40 32.0 24.7 17.8 . 11.6 6.2 unstable
20 45 25.5 19.1 13.0 7.3 2.8 unstable
25 50 18.3 13.0 8.0 4.5 unstable | unstable
0 21 84.5 76.9 70.2 64.4 59.0 54.2
5 26 47.8 41.3 35.5 30.5 25.8 21.3
1 10 31 41.1 33.1 26.6 20.6 15.2 10.2
15 36 40.8 323 24.2 16.5 9.9 4.1
20 41 34.8 26.5 18.9 12.0 5.6 unstable
25 46 25.9 19.0 12.8 8.0 3.5 unstable
6 25 76.9 69.2 62.6 57.1 52.3 48.1
30 443 373 314 26.2 214 17.2
95 10 35 38.8 30.5 23.5 17.1 11.3 6.1
15 40 38.5 29.4 20.8 13.0 6.4 unstable
20 45 31.7 234 15.8 8.8 3.1 unstable
25 50 23.0 16.5 10.5 6.0 2.0 unstable
Pile Bent Parameters:
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Table 2.8b. Pushover Load, F, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with
HP12xs3 Piles and Reinforced Concrete Cap with I o5 = 41,470 in* for Symmetric
Distribution of Varying Values Values of P-Load and ‘H+S’

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) ” ” ” " - .
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
21 114.7 108.8 102.9 97.0 91.3 86.0
26 66.3 60.3 55.0 50.2 45.7 41.5
10 31 54.3 47.5 422 372 32.5 28.1
21 15 36 514 44.6 38.5 32.6 27.2 22.1
20 41 50.3 42.8 36.5 29.7 23.4 17.6
25 46 41.5 352 29.1 23.3 17.6 12.3
° 25 108.9 102.5 96.3 90.3 84.8 78.6
30 60.8 55.0 49.8 45.0 40.5 36.4
95 10 35 51.2 43.6 37.7 32.5 27.7 23.2
15 40 49.4 42.0 35.1 28.6 22.6 17.5
20 45 46.7 39.2 322 25.2 18.8 13.2
25 50 38.2 31.6 25.3 194 13.7 8.3
21 128.8 120.4 112.1 104.5 96.7 90.1
26 75.0 67.6 60.8 54.7 49.0 43.9
21 10 31 62.6 53.3 46.5 40.3 34.5 29.2
15 36 59.4 50.6 42.6 354 28.8 22.6
20 41 59.2 49.5 414 33.0 25.0 17.8
p 25 46 50.0 41.8 33.8 26.3 194 12.9
25 114.3 108.2 101.9 94.2 86.3 80.4
30 69.6 62.3 55.8 49.7 44.2 39.2
o5 10 35 59.0 50.0 42.8 36.4 30.5 252
15 40 57.4 48.1 40.0 32.0 24.9 18.6
20 45 56.1 46.7 38.0 29.2 21.0 14.0
25 50 46.8 38.5 30.5 23.0 16.1 9.4
Pile Bent Parameters:
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Table 2.9a. Pushover Load, F;, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents
with HPgx42 Piles and Concrete Cap with Igqs = 41,470 in*
for Symmetric P-Loads and Scour

StNO: Pushover Force, F; (kips)
ories
H (ft) S (ft) | H+S (ft)
;;;gs P=60* | P=80% | P=100% | P=120% | P=140" | P=160"
13 95.7 90.4 85.7 81.2 77.0 73.4
18 50.8 449 39.8 34.9 30.6 26.8
13 10 23 454 37.9 31.4 25.7 20.6 15.9
15 28 46.3 37.7 30.4 23.6 17.3 11.3
20 33 37.5 30.3 23.3 17.0 11.3 6.4
1-Story
4 25 38 273 21.2 15.8 11.0 7.0 4,0
an
) 0 17 89.3 82.5 77.8 73.9 70.5 66.6
6-Piles
5 22 © 491 41.7 35.5 30.5 26.3 22.4
17 10 27 44.6 35.9 28.6 22.5 17.2 12.4
15 32 43,5 35.3 27.6 20.5 14.0 7.9
20 37 34.6 27.2 20.3 14.2 8.9 4.4
25 42 24.7 18.9 13.8 94 6.0 3.0
0 21 98.1 92.7 88.0 83.4 79.1 75.6
5 26 50.6 44.6 39.4 34.5 30.4 26.7
’1 10 31 441 36.3 29.8 24.0 19.0 14.3
15 36 43.0 34.8 27.4 20.8 14.5 8.6
20 41 36.7 29.0 21.8 15.2 9.3 4.1
2-Story
q 25 46 26.8 20.3 14.5 9.5 5.5 unstable
an
. 25 91.4 85.0 80.7 76.8 73.2 69.2
6-Piles ‘
30 48.5 41.1 35.2 30.5 26.3 22.3
05 10 35 42.8 34.1 27.0 20.9 15.8 10.9
15 40 41.2 32.7 25.0 18.1 11.7 5.8
20 45 33.9 26.2 18.9 12.6 7.0 2.3
25 50 24.0 17.9 12.5 8.0 4,1 unstable
Pile Bent Parameters:
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Table 2.9b. Pushover Load, Fi, Double X-Braced 1-Story and 2-Story 6—P11e Bridge Bents

for Symmetric P-Loads and Scour

with HP2ys3 Piles and Concrete Cap with I o6 = 41,470 i in*

Stl:)Il?{es Pushover Force, F; (kips)
H (ft) S (ft)y | HES (ft)
lgi‘;gs P=60% | P=80% | P=100* | P=120* | P=140 | P=160"
0 13 143.5 137.5 132.3 127.5 123.5 119.7
18 76.3 69.6 64.6 59.9 55.5 51.2
13 10 23 65.3 56.4 49.6 44.1 39.0 34.2
15 28 62.5 54.8 47.3 40.5 34.5 29.0
20 33 63.4 54.8 46.9 39.7 32.7 26.0
1-Story
1 25 38 52.1 44.8 37.7 30.8 24.4 18.4
an
. 17 139.3 134.0 128.4 123.3 118.5 113.6
6-Piles
22 74.0 66.4 60.3 54.8 50.0 458
17 10 27 64.2 55.2 47.8 41.4 35.5 30.3
15 32 63.4 - 53.7 453 37.9 31.5 25.7
20 37 60.5 52.1 443 36.8 29.6 22.8
25 42 49.6 41.9 34.6 27.6 21.2 15.4
21 149.3 143.0 137.0 131.5 126.3 121.9
26 76.9 70.8 65.7 61.0 56.5 52.1
o1 10 31 64.9 55.5 493 43.8 38.7 33.9
15 36 62.2 53.1 455 38.7 32.8 27.5
20 41 61.3 52.1 443 36.6 29.5 23.0
2-Story
q 25 46 51.6 43.9 36.4 29.3 22.7 16.4
an
. 25 143.8 138.4 133.0 127.4 122.1 117.3
6-Piles
30 74.6 67.4 61.4 55.9 51.2 47.1
Y 10 35 63.8 54.6 473 40.8 35.2 30.4
15 40 61.4 51.9 43.4 36.3 30.2 24.6
20 45 58.7 50.1 42.0 34.2 27.1 20.3
25 50 49.1 41.0 335 26.3 19.7 13.7
Pile Bent Parameters:
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2.7 Pushover Loads for Unsymmefric P-load Distribution

The Tier One Screening Tool (T1-ST) assumes a uniform and symmetric P-load
distribution across the bent cap as shown in Fig. 2.19a. However, this loading may not
result in the smallest pushover load, F;. A smaller but unsymmetrical P-load distribution
on the bent resulting from the LL only being applied to the upstream ftraffic lane as
shown in Fig. 2.19b may result in a smaller pushover load. From our earlier Phase 1|
work, pushover failure is only a problem for 3-pile and 4-pile bents. Thus, for these
bents, additional pushover analyses should be and were performed for the
nonsymmetric P-loading shown in Fig. 2.19b.

For 3-pile and 4-pile bents, we assumed Ppy, P, and Py, load distributions

shown in Figs. 2.20 and 2.21 respectively. See the Phase Il Report or Chapter 3 of this
report for calculating P5™ and P3°™ for symmetrical and unsymmetrical loadings. From
our earlier Phase Il work, typical span DLs and LLs are such that the unsymmetrical P-
loads for 3-pile and 4-pile bents can be taken as shown in Fig. 2.22. These are the
distributions and P-load values used in our pushover analyses of 3- and 4-pile bents in

this Phase 11l work.
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Fig. 2.22. Unsymmetric P-load Levels and Distributions used in Phase Ill Work

2-51



Results of the bent pushover analyses with unsymmetric P-loading resulting from
applying LL to only the bridge upstream lane, are presented in Tables 2.10a and 2.10b
for single-story unbraced 3- and 4-pile bents and in Tables 2.11a and 2.11b for single-
story X-braced 3- and 4-pile bents. Again, to better illustrate the effect of P-load
distribution on a bents pushover capacity, a subset of the data of Tables 2.10a and
2.10b for unbraced bents are shown graphically in Figs. 2.21-2.22, and for braced bents
in Figs. 2.23-2.24. As can be seen in all of these figures, the bent pushover load is a
little smaller in every case with the unsymmetric P-load distribution. Because the
difference is so small, pushover analyses using a symmetric P-load distribution is felt to
be justifiable.

Results of bent pushover analyses with unsymmetric P-loadings on 2-story
X-braced 3- and 4-pile bents are presented in Tables 2.12a and 2.12b for HPox42 and
HP.2s3 pile bents respectively. By comparing the pushover loads in Table 2.7aand b
with those in Tables 2.12a and b, one can again see that in every case the pushover
load is a little smaller with the unsymmetric P-load distribution. Again, because of the
small difference, analyses using a symmetric P-load distribution is felt to be justifiable.

Lastly, because of the small difference in pushover results for the unsymmetric
P-load distribution relative to that for the symmetric P-load distribution, expansions of

the pushover tables were not performed for S = 25ft and for 5-pile and 6-pile bents.
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Table 2.10a. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP10,s Piles and Concrete Cap with Ly, = 41,470 in*
for Unsymmetric P-Loadings and Varying Values of “H+S’.

No. .Bent H (8t S (f6) H+S (£6) Pushover Force, F; (kips)

Piles P=60* | P=80* | P=100* | P=120* | P=140"

0 10 19.4 17.6 16.1 14.3 12.5

15 10.8 8.8 6.8 4.7 24
10 10 20 6.3 3.9 unstable | unstable | unstable
15 25 32 unstable | unstable | unstable | unstable
3 20 30 unstable | unstable | unstable | unstable | unstable

13 13.5 11.6 9.8 7.8 5.7
18 7.9 5.6 3.3 unstable | unstable
13 10 23 4.4 unstable | unstable | unstable | unstable
15 28 unstable | unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable

0 10 36.8 33.4 30.4 27.6 25.0

15 30.5 26.7 23.4 20.1 17.0

10 10 20 29.7 25.5 21.6 18.4 14.5

15 25 23.6 19.6 16.1 12.1 8.2

4 20 30 17.5 13.6 9.8 6.0 2.3

13 32.5 28.6 253 21.9 19.2

18 28.8 25.5 22.1 18.6 15.1

13 10 23 26.5 22.4 18.3 14.9 11.1

15 28 19.8 16.0 12.1 8.3 4.5
20 33 14.3 10.3 6.6 unstable | unstable

Pile Bent Parameters:
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Table 2.10b. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP;,,s; Piles and Concrete Cap with Xgros = 41,470 in®
for Unsymmetric P-Loadings and Varying Values of *H+S>.

No..Bent H (f) S (f6) H+S (f6) Pushover Force, F; (kips)
Piles P=60* | P=80° | P=100* | P=120* | P=140"
10 31.6 29.9 28.3 26.7 25.1
15 19.5 17.6 15.8 14.0 12.1
10 10 20 134 11.3 9.3 7.1 4.8
15 25 9.6 72 4.8 2.2 unstable
20 30 6.8 4.0 unstable | unstable | unstable
> 13 23.2 21.4 19.7 18.0 16.2
18 15.5 13.4 11.5 9.5 7.4
13 10 23 11.0 8.7 6.4 4.0 unstable
15 28 7.8 5.2 2.6 unstable | unstable
20 33 54 2.4 unstable | unstable | unstable
0 10 552 51.3 48.0 44.9 42.3
15 43.7 40.2 36.3 33.0 29.7
10 10 20 39.5 36.1 323 28.9 25.8
15 25 39.0 354 31.7 27.7 23.5
20 30 323 28.0 24.1 20.7 16.8
4 0 13 45.7 42.1 38.9 35.9 33.0
18 41.1 37.1 33.5 30.2 26.8
13 10 23 40.0 35.6 31.8 28.8 25.1
15 28 35.2 31.3 27.0 23.0 19.6
20 33 27.9 24.2 20.5 16.5 12.8
Pile Bent Parameters:
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Table 2.11a. Pushover Load, Fy, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents

with HP;q44, Piles and Concrete Cap with Igross = 41,470 in*
for Unsymmetric P-Loadings and Varying Values of “H+S’.

No..Bent H (f0) S (f6) H48 (f0) Pushover Force, F; (kips)
Piles P=60“ | P=80 | P=100* | P=120* | P=140*
0 13 45.1 422 39.7 37.0 34.7
18 17.4 14.6 12.3 10.0 7.5
13 10 23 8.8 6.1 3.4 unstable | unstable
15 28 4.3 unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable
: 17 433 40.6 38.1 359 33.6
22 16.1 134 11.0 8.3 5.7
17 10 27 7.9 4.9 unstable | unstable | unstable
15 32 34 unstable | unstable | unstable | unstable
20 37 unstable | unstable | unstable | unstable | unstable
0 13 61.7 572 53.1 492 45.5
5 18 34.0 29.8 25.9 22.2 18.6
13 10 23 27.8 23.3 19.1 15.1 11.2
15 28 25.4 20.2 15.9 11.5 7.1
20 33 18.7 14.1 9.5 5.0 unstable
§ 0 17 57.8 524 48.0 439 40.1
5 22 31.9 274 23.2 19.3 15.5
17 10 27 26.4 214 16.7 12.3 8.1
15 32 22.5 17.6 12.8 8.0 3.5
20 37 16.1 111 6.5 2.1 unstable
Pile Bent Parameters:
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Table 2.11b. Pushover Load, F;, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HP;2,s3 Piles and Concrete Cap with Igoss = 41,470 in*
for Unsymmetric P-Loadings and Varying Values of ‘H+S’.

No. .B ent H (f) S () B4 (f) Pushover Foree, F; (kips)

Piles P=60* | P=80“ | P=100" | P=120* | P=140"

0 13 65.5 62.9 60.4 58.0 55.6

5 18 30.2 27.6 25.1 22.5 20.2

13 10 23 18.1 15.3 12.8 10.3 7.9
15 28 11.8 9.0 6.3 3.5 unstable
3 20 33 7.9 4.8 | unstable | unstable | unstable

0 17 64.5 61.9 59.2 56.4 53.6

5 22 29.0 26.2 23.5 21.1 18.8

17 10 27 17.2 14.2 11.6 9.0 6.3
15 32 11.1 8.0 5.1 2.0 unstable
20 37 7.1 3.8 unstable | unstable | unstable

0 13 90.1 86.0 81.9 77.6 73.6

5 18 52.3 47.7 43.6 39.7 35.9

13 10 23 41.8 37.1 32.8 28.7 249

15 28 37.9 33.5 29.2 24.9 20.6

4 20 33 34.6 29.6 24.8 20.6 16.2

0 17 83.0 79.5 76.0 72.2 68.2

22 50.1 45.1 40.6 36.4 324

17 10 27 40.2 35.2 30.7 26.3 22.1

15 32 372 31.8 27.0 22.1 17.5

20 37 31.8 26.7 22.0 17.3 12.6

Pile Bent Parameters:
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Table 2.12a. Pushover Load, F;, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with

and Unsymmetric P-Loadings.

HP;¢x42 Piles and Concrete Cap with Iy = 41,470 in* for Varying Values of “H+S’

Rt TN

J’»’/7\\\\“-'-’/mr' P NN £EFE A ENNAN Y

P |
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~— Zrzzt. BV Bezs — |-

fen} D
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RN AR TSR P A 7T T3ET

No. Pushover Force, F; (kips)
113;:: H@ | s ) K P=60* | P=80° | P=100* | P=120" | P=140* | P=160"
0 21 49.8 46.7 439 41.1 38.7 36.6
5 26 19.0 16.1 13.5 10.9 8.2 5.6
21 10 31 94 6.4 34 unstable | unstable | unstable
15 36 4.3 unstable | unstable | unstable | unstable | unstable
3 20 41 unstable | unstable | unstable | unstable | unstable | unstable
25 47.6 44.7 42.1 39.7 37.2 34.8
30 17.5 14.5 11.8 8.8 5.8 3.0
25 10 35 8.3 5.0 unstable | unstable | unstable | unstable
15 40 3.2 unstable | unstable | unstable | unstable | unstable
20 45 unstable | unstable | unstable | unstable | unstable | unstable
0 21 62.3 57.5 533 49.2 45.4 41.9
5 26 31.8 27.5 23.4 19.6 159 12.6
21 10 31 24.5 19.5 15.1 10.9 6.9 3.1
15 36 21.3 15.8 10.9 6.2 unstable | unstable
20 41 16.1 11.1 6.1 unstable | unstable | unstable
4 25 57.7 523 47.8 43.8 40.2 36.9
30 29.4 24.7 20.6 16.5 12.6 9.2
25 10 35 22.9 17.4 12.5 8.0 3.8 unstable
15 40 19.0 13.3 8.3 3.4 unstable | unstable
20 45 13.9 8.6 34 unstable | unstable | unstable
| Pile Bent Parameters: ur
Pop o |6
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Table 2.12b. Pushover Load, F;, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with

HPi2xs3 Piles and Concrete Cap with Xgoss = 41,470 in* for Varying Values of ‘H+S’

and Unsymmetric P-Loadings.

No. Pushover Force, F; (kips)
113;1:: HE | 8 ) Hs @ P=60" | P=80% | P=100" | P=120" | P=140* | P=160"
21 73.9 70.9 68.1 65.2 62.2 59.3
26 33.0 30.2 27.4 24.7 22.2 20.0
21 10 31 19.6 16.5 13.8 11.1 8.4 5.7
15 36 12.6 9.4 6.4 33 unstable | unstable
20 41 8.1 4.7 unstable | unstable | unstable | unstable
: 0 25 71.2 68.3 65.5 62.6 59.7 56.8
30 31.5 28.4 25.6 22.9 20.4 17.9
25 10 35 18.4 15.2 123 9.4 6.4 34
15 40 11.6 8.2 4.9 unstable | unstable | unstable
20 45 7.2 3.4 unstable | unstable | unstable | unstable
21 94.1 89.9 85.5 80.8 76.2 71.9
26 50.8 46.0 41.9 37.8 33.8 30.2
21 10 31 38.9 34.0 29.6 253 21.3 17.4
15 36 35.1 29.7 24.7 19.8 15.3 11.2
20 41 30.9 25.5 20.3 15.5 10.7 6.2
4 25 87.4 83.5 79.6 75.9 71.5 67.1
30 48.2 43.1 38.6 342 30.0 26.2
25 10 35 37.2 31.9 272 22.6 18.2 14.1
15 40 33.8 27.7 22.0 16.8 12.2 7.9
20 45 28.4 22.8 17.6 12.5 7.6 2.9
Pile Bent Parameters:
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2.8 Pushover Loads for Variable Scour Distribution

The Tier One Screening Tool (T1-ST) assumes a uniform level of scour along the
profile of the bent. However, localized scour at a bridge/pile bent site will not be
uniform, but typically will vary from a maximum level at the upstream pile to a minimum
level at the downstream pile as shown in Fig. 2.25. Thus, the piles with lower levels of
scour can provide some “lean-on” buckling support and some “lean-on” plunging
support to the piles where scour is maximum. Also, the piles with lower levels of scour
will provide additional pushover load capacity and thus such bénts will have greater
pushover capacity than if all piles in the bent experience Spax.

Based on pushover analysis results in our Phase 1l Reports (3,4,5), only 3-pile
bents and a few 4-pile bents appear to be of concern regarding possible pushover
failures. Hence, we initially only modeled and analyze 3-pile and 4-pile bents for
pushover loads using a variable scour distribution. In the analyses we assumed the
scour distributions shown in Fig. 2.26.

An example application problem illustrating the effect of uniform and variable
scour on the buckling load for a 3-pile bent is shown in Fig. 2.27. In looking at the
results in that problem, the extremely negative effect of scour on bent buckling is
obvious. The beneficial effect of a variable scour distribution which allows the piles at
the locations of greatest scour to receive significant “lean-on” support from piles at less
severely scoured locations is also obvious.

A variable distribution of scour such as shown in Figs. 2.25 and 2.26 will also
result in larger bent plunging failure loads and bent pushover loads and these will be

examined later.
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erosion and deposition; (b) normal bottom scour during floods; (c) accelerated
scour caused by a bridge pier. [From Sowers, 1962.]
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Results of the bent pushover analyses for variable scour distributions for
unbraced and X-braced 3, 4, 5, and 6-pile bents are presented in Tables 2.13-2.16.
Again, it can be seen in these tables that when the bent has HP 1453 piles the 4-pile
bents are adequate for pushover, and in almost all cases so {00 are these bents when
the piles are HP1o42. However, this is not the case for the 3-pile bents. By comparing
the pushover loads in Tables 2.13-2.16 with their “sister” tables having uniform scour,
i.e., Tables 2.3 - 2.6. one can see the significantly larger bent pushover capacity when
the scour is not uniform. This is graphically illustrated by plotting a subset of the
unbraced and X-braced bent pushover load data vs. H+S in Tables 2.13-2.16, as shown
in Figs. 2.28 and 2.29 respectively.

Results of bent pushover analyses for variable scour distributions for 2-story X-
braced 3, 4, 5 and 6-pile bents with symmetric P-load distribution are shown in Tables
2.17 and 2.18. Comparing the pushover loads in these tables with their “sister” tables
having uniform scour, i.e., Tables 2.7 and 2.8, one can again see a significantly larger

pushover capacity when the scour is not uniform.
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Table 2.13a. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with

HP;0x42 Piles and Reinforced Concrete Bent Cap with Lo = 41,470 in*
for Varying Values of P-Load and for Variable Scour and “H+S” Distributions.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) ” - - - - -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
0 10 21.6 20.6 19.6 20.0 18.8 17.6
5 15 14.8 13.4 12.0 10.7 9.3 8.0
10 10 20 10.3 8.7 7.2 5.7 4.5 3.3
15 25 7.3 5.6 4.3 3.0 unstable | unstable
20 30 5.1 3.7 23 unstable | unstable | unstable
25 35 3.8 23 unstable | unstable | unstable | unstable
3 0 13 15.6 14.4 13.2 12.4 11.0 9.5
18 11.1 9.5 7.9 6.3 4.9 33
3 10 23 7.8 6.0 4.3 2.8 unstable | unstable
15 28 5.3 3.6 2.0 unstable | unstable | unstable
20 33 3.7 2.0 unstable | unstable | unstable | unstable
25 38 2.5 unstable | unstable | unstable | unstable | unstable
10 38.3 35.7 33.5 34.8 32.3 29.9
15 33.1 30.5 27.7 25.2 22.8 20.4
10 10 20 31.1 27.9 25.0 22.0 19.1 16.3
15 25 30.3 26.9 24.1 20.0 16.9 13.8
20 30 26.2 23.6 20.9 17.4 14.3 11.6
: 25 35 23.9 21.0 17.9 15.0 12.2 9.4
13 33.6 30.6 27.9 27.5 24.8 22.0
18 31.0 28.1 25.3 22.5 19.8 17.1
3 10 23 30.3 27.3 24.3 20.8 17.6 14.5
15 28 28.1 24.3 21.5 18.0 15.0 12.0
20 33 242 21.4 18.1 14.9 11.9 8.9
25 38 21.2 17.8 14.6 11.5 8.5 5.8
Pile Bent Parameters: ‘
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Table 2.13b Pushover Load, F, for Unbraced 3-Pile and 4-Pile Bridge Bents with

HPixs; Piles and Reinforced Concrete Bent Cap with Iyross = 41,470 in*
for Varying Values of P-Load and for Variable Scour and “H+S” Distributions.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) - . - " " ”
Piles =60 P=80 P=100" | P=120" | P=140" | P=160
0 10 33.8 32.8 32.0 34.2 33.1 32.0
5 15 24.5 233 22.1 20.9 19.7 18.5
10 20 18.5 17.0 15.6 14.3 13.0 11.7
10 15 25 14.4 12.8 11.3 9.8 8.4 7.2
20 30 11.5 9.7 8.0 6.7 5.6 44
25 35 9.2 7.3 5.9 4.8 3.5 2.3
; 0 13 25.3 243 23.3 235 22.2 21.1
5 18 19.4 18.0 16.7 15.3 14.0 12.7
3 10 23 15.1 13.4 11.9 10.4 8.9 7.4
15 28 11.9 10.2 8.4 6.8 55 4.1
20 33 9.5 7.6 5.9 4.5 3.1 unstable
25 38 7.6 5.7 4.2 2.7 unstable | unstable
0 10 56.6 534 50.7 54.4 523 50.1
5 15 47.2 442 41.6 39.3 37.1 35.0
10 20 43.9 40.3 37.7 34.7 31.9 29.2
10 15 25 41.5 382 35.0 32.1 29.0 26.0
20 30 40.7 36.9 343 31.1 25.0 23.7
25 35 38.1 34.6 30.7 27.9 24.4 20.9
4 13 473 443 41.7 42.8 40.5 38.1
18 42.7 40.2 37.6 34.7 324 30.3
13 10 23 -41.5 38.2 35.2 325 29.5 26.6
15 28 40.6 37.2 34,7 31.3 28.0 24.6
20 33 38.6 339 314 28.6 25.2 21.4
25 38 35.1 30.8 28.2 25.0 21.9 18.9
Pile Bent Parameters:
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Table 2.14a. Pushover Load, F;, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP;gy4>
Piles and Concrete Cap with Iyyos = 41,470 in* for Symmetric P-Loads

and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)
Bent | H(ft) | S(ft) | H+S (f)
Piles P=60* | P=80“ | P=100" | P=120* | P=140" | P=160"
0 10 48.1 43.8 40.6 38.2 35.8 33.4
5 15 443 38.9 34.8 31.2 28.0 24.7
10 10 20 42.4 37.7 32.9 28.6 24.6 20.5
15 25 42.6 36.2 32.1 27.2 22.5 17.9
20 30 38.2 32.6 279 23.1 18.8 14.8
25 35 32.5 28.2 23.8 19.8 16.0 12.2
> 13 44.6 39.1 34.9 31.5 28.7 25.8
18 42.3 37.4 33.0 28.9 25.1 21.5
10 23 444 37.8 334 28.7 23.9 19.5
13 15 28 39.2 33.8 29.5 24.6 20.2 16.0
20 33 33.7 29.3 24.7 20.3 16.1 12.1
25 38 28.3 23.9 19.6 15.3 11.5 8.1
0 10 53.1 48.2 45.2 42.7 40.0 373
15 46.4 41.7 37.1 33.5 30.1 26.5
" 10 20 46.2 39.6 34.1 29.1 24.5 20.0
15 25 44.3 39.0 32.8 27.0 21.5 16.2
20 30 42.3 36.4 30.4 242 18.7 134
25 35 38.0 32.0 26.0 20.8 15.9 11.7
6 13 46.4 40.7 37.1 33.8 30.4 27.1
18 45.8 39.3 34.2 29.6 25.4 21.2
13 10 23 48.5 40.0 34.0 27.9 22.7 17.6
15 28 434 37.3 31.5 25.4 20.0 14.3
20 33 38.6 33.1 27.1 21.7 16.2 115
25 38 333 27.3 21.8 16.8 12.3 7.9
Pile Bent Parameters:
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Table 2.14b. Pushover Load, F, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP;5s3
Piles and Concrete Cap with Igrss = 41,470 in* for Symmetric P-Loads

and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)

Bent H (ft) S (ft) | H+S (ft) " - - ” ” ”

Piles P=60 P=80 P=100" | P=120" | P=140" | P=160

0 10 70.7 64.4 60.5 58.1 56.1 54.1

5 15 59.8 54.9 50.7 47.3 44.4 41.9

10 20 56.6 52.8 47.6 43.7 39.5 36.2

10 15 25 55.9 51.9 47.1 42.1 37.4 33.0

20 30 57.8 48.9 44.9 40.4 35.4 30.7

25 35 52.4 46.5 41.4 36.7 31.6 26.9

i 0 13 60.4 55.4 51.3 47.9 45.2 42.8

5 18 58.5 53.1 47.8 43.7 39.6 36.7

10 23 55.9 51.7 46.6 42.4 37.6 33.7

13 15 28 59.3 50.0 46.3 41.9 37.0 32.1

20 33 53.9 47.4 42,7 38.3 333 28.4

25 38 47.7 42.6 383 33.3 28.7 24.7

10 77.6 71.0 68.7 66.2 63.9 61.8

15 66.6 59.9 55.9 524 494 46.6

10 20 60.2 55.9 51.0 46.2 42.1 38.4

10 15 25 62.0 56.0 49.2 43.5 37.9 32.9

20 30 63.1 53.8 47.9 40.5 35.5 30.0

25 35 58.4 50.7 453 39.1 33.0 27.6

6 0 13 66.6 60.7 55.9 52.5 49.9 47.1

5 18 59.9 55.6 50.7 45.8 42.3 39.0

5 10 23 61.7 55.4 48.9 43.8 38.6 33.9

15 28 65.7 55.3 49.0 41.3 36.4 31.0

20 33 59.2 51.5 46.2 40.1 34.1 28.8

25 38 554 48.3 42.7 36.4 30.2 24.9

Pile Bent Parameters:
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with HPjox4; Piles and Reinforced Concrete Bent Cap with Lo = 41,470 in*

For Variable Scour Distribution.

for Symmetric Distribution of Varying Values of P-Load and ‘H+S’

Table 2.15a. Pushover Load, F;, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents

No. Pushover Force, F; (kips)
Bent H (ft) S (f©) | H+S (ft) ” " ” ” " ”
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
13 46.7 445 42.5 41.5 39.7 38.3
18 24.7 22.7 20.6 18.7 16.8 15.0
10 23 154 13.0 11.0 9.8 8.6 7.3
B 15 28 9.9 8.3 7.1 5.7 4.5 34
20 33 7.1 5.8 4.4 3.2 unstable | unstable
25 38 5.3 3.9 2.5 unstable | unstable | unstable
) 0 17 44.9 42.9 41.2 39.9 38.3 36.8
22 23.1 20.8 18.6 16.5 14.6 13.1
10 27 13.9 11.6 10.1 8.7 7.2 5.8
17 15 32 9.2 7.7 6.2 4.7 33 unstable
20 37 6.7 5.1 3.6 2.1 unstable | unstable
25 42 4.9 32 unstable | unstable | unstable | unstable
0 13 62.8 58.6 55.1 512 48.2 45.3
5 18 40.7 37.0 33.7 30.6 27.5 24.7
10 23 32.1 28.1 24.5 21.1 18.1 15.2
B 15 28 27.6 23.3 19.4 16.0 13.0 10.3
20 33 24.9 20.4 16.3 12.9 9.9 7.5
4 25 38 22.0 17.8 14.1 10.7 7.9 5.5
17 58.4 53.7 49.8 45.5 42.6 40.2
22 385 34.7 31.3 28.2 25.1 22.3
10 27 29.0 24.8 20.9 17.4 14.1 11.5
17 15 32 25.1 20.1 16.1 12.6 9.7 7.4
20 37 21.8 17.1 13.1 9.7 7.1 4.8
25 42 19.2 14.8 11.0 7.8 5.2 2.9

Pile Bent Parameters:




Table 2.15b. Pushover Load, F, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents with
HP;,,s53 Piles and Reinforced Concrete Bent Cap with Igyoe = 41,470 in® for
Varying Values of P-Load and for Variable Scour and ‘“H+S’ Distributions.

No. Pushover Force, F; (kips)
?ﬁ';: H@EO | S0 ) S P=60 | P=80% | P=100% | P=120* | P=140* | P=160"

0 13 67.7 65.9 64.0 64.8 63.1 61.4

18 40.9 38.9 36.8 34.9 32.9 30.8

3 10 23 274 25.2 23.0 20.9 18.9 17.2

15 28 19.7 17.3 15.0 13.3 122 11.1

20 33 14.6 122 10.8 9.6 8.5 7.2

25 38 10.9 9.4 8.2 7.0 5.7 4.5

’ 0 17 66.8 64.9 62.9 61.3 59.2 572
5 22 38.6 36.1 34.1 32.1 30.2 28.2

. 10 27 26.1 23.6 21.1 18.8 17.0 15.7

15 32 18.6 15.8 13.8 12.6 11.3 10.0

20 37 13.4 115 10.2 8.9 7.5 6.2

25 42 10.5 9.0 7.6 6.2 4.8 3.5

0 13 91.9 88.3 84.5 80.0 76.7 73.7

5 18 60.7 57.5 54.1 50.9 47.8 44.8

3 10 23 49.0 45.4 41.8 38.3 35.0 31.7

15 28 42.4 38.2 342 30.6 27.1 24.0

20 33 38.6 34.0 29.9 25.9 224 19.2

A 25 38 35.4 31.3 26.8 22.8 19.1 16.0
0 17 85.1 82.3 79.4 76.3 72.7 69.0

5 22 57.3 53.5 49.5 45.9 42.5 39.3

. 10 27 45.9 42.1 38.0 34.4 30.8 27.3

15 32 39.6 35.4 30.9 26.9 23.2 19.9

20 37 36.0 30.9 26.3 22.1 18.6 15.4
25 42 32.7 27.5 23.0 19.0 15.6 12.4

Pile Bent Parameters:




Table 2.16a. Pushover Load, F;, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents
with HP;g,42 Piles and Concrete Cap with Igross = 41,470 in* for Symmetric P-Loads

and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)
Bent H(#) | SE) | HS (fo) ” - - " " ”
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
0 13 74.8 69.0 64.4 60.2 56.3 525
5 18 49.6 45.0 40.6 36.5 32.6 28.4
13 10 23 40.7 353 30.4 25.8 21.5 17.4
15 28 37.6 31.7 26.5 20.7 16.2 12.3
20 33 35.1 294 23.2 17.6 13.2 9.5
25 38 31.7 26.3 20.6 15.6 114 8.0
° 17 69.0 63.0 57.8 53.3 49.3 45.7
22 44.5 39.3 34.7 30.6 26.7 23.0
17 10 27 372 314 26.2 21.2 17.0 13.3
15 32 342 27.8 22.1 16.6 12.6 9.1
20 37 31.1 25.3 19.3 14.3 10.1 6.9
25 42 28.0 22.4 17.2 12.6 8.6 5.5
0 13 82.3 75.6 70.0 65.1 60.5 56.0
5 18 56.3 50.6 45.2 40.1 35.3 304
13 10 23 46.7 40.1 34.1 28.6 23.2 18.6
15 28 43.1 353 28.6 22.3 17.1 13.0
20 33 40.7 324 25.2 18.8 13.8 9.9
p 25 38 38.0 30.6 23.3 16.9 12.0 8.0
0 17 76.1 68.7 62.6 57.3 52.6 48.5
5 22 50.7 44.5 39.0 33.8 29.1 24.9
17 10 27 42.4 35.5 29.3 23.5 18.5 14.5
15 32 39.2 31.3 24.4 18.2 13.5 9.5
20 37 37.8 29.2 21.7 154 10.7 6.8
25 42 353 - 269 19.5 13.7 9.1 5.3
Pile Bent Parameters: e . . ’ - ;
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Table 2.16b. Pushover Load, F;, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents

with HP;»,s3 Piles and Concrete Cap with Iy o5 = 41,470 in* for Symmetric P-Loads
and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)
Bent | H(ft) | S(ft) | H+S (ft) - - . . - -
Piles P=60° | P=80% | P=100“ | P=120° | P=140“ | P=160
13 1072 | 102.1 97.1 92.3 88.2 84.4
18 74.4 69.0 64.5 60.5 56.5 52.5
10 23 60.8 55.4 50.7 463 41.8 37.6
B 15 28 54.4 48.8 43.5 38.3 33.4 28.9
20 33 51.3 45.9 40.2 34.6 289 | 238
25 38 49.6 42.6 37.5 31.3 25.5 20.8
> 17 99.0 952 91.1 84.8 80.1 76.0
22 69.7 69.2 59.4 54.7 50.4 46.2
7 10 27 56.6 51.1 459 41.1 36.4 31.9
15 32 50.4 44.6 39.1 33.8 28.6 239
20 37 47.6 41.8 35.6 30.0 24.5 19.7
25 42 449 38.9 33.1 27.1 21.7 17.2
0 13 118.8 1117 | 1055 99.9 95.0 90.6
5 18 84.1 77.6 72.5 67.7 62.9 583
3 10 23 69.7 63.0 57.2 51.7 46.3 412
15 28 62.8 55.6 48.9 425 36.6 31.0
20 33 60.1 52.3 44.1 37.5 31.0 25.4
25 38 57.8 492 41.0 34.0 27.3 21.8
6 0 17 108.4 | 103.0 96.6 90.7 85.5 80.8
5 22 79.1 72.4 66.6 61.3 56.1 51.2
- 10 27 64.6 57.8 51.6 45.8 40.3 35.0
15 32 58.4 51.2 44.2 37.7 31.7 26.3
20 37 56.0 47.7 40.0 332 26.8 21.4
25 42 52.9 45.9 37.4 30.6 23.7 18.4

Pile Bent Parameters:
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Fig. 2.28. Pushover Load vs. Bent Height Plus Scour for Unbraced 3-Pile and 4-
Pile Bents (HP1ox42 Piles) with Uniform and Variable Scour
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Table 2.17a. Pushover Load, F;, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with
HPjox42 Piles and Concrete Cap with Lgs = 41,470 in* for Symmetric
P-Loadings and Variable Scour and “H+S’ Distributions.

No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (ft) ” " - ” ” -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
0 21 51.3 48.9 46.7 44.7 43.2 41.3
26 26.7 24.4 22.1 19.9 17.7 15.9
o1 10 31 16.3 13.6 11.7 10.3 8.8 7.3
15 36 10.4 8.7 7.3 5.7 4.4 3.0
20 41 7.4 59 4.3 2.9 unstable | unstable
25 46 55 3.8 2.3 unstable | unstable | unstable
: 0 25 49.1 46.9 45.0 43.2 41.3 39.1
30 24.6 22.0 19.6 17.1 15.3 13.5
10 35 14.4 12.1 10.5 8.8 7.1 55
2 15 40 9.6 7.9 6.1 4.5 2.9 unstable
20 45 6.8 5.0 33 unstable | unstable | unstable
25 50 4.9 3.0 unstable | unstable | unstable | unstable
21 63.3 58.9 55.1 51.6 48.5 45.6
26 38.8 352 31.7 28.5 25.4 22.5
" 10 31 29.1 25.1 21.4 18.0 15.0 12.3
15 36 24.1 19.3 15.6 12.3 9.6 7.4
20 41 20.8 15.8 12.1 8.9 6.5 4.4
25 46 18.0 13.5 9.8 6.8 4.4 22
4 0 25 58.3 53.5 49.7 46.6 44.1 41.7
5 30 35.1 314 27.9 24.6 21.3 18.1
55 10 35 26.0 21.8 18.0 14.4 115 9.3
15 40 21.0 16.4 12.6 9.4 7.1 4.9
20 45 17.7 13.3 9.5 6.7 4.3 2.1
25 50 15.3 11.1 7.4 4.8 23 unstable
Pile Bent Parameters:
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Table 2.17b. Pushover Load, F;, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with
HP;2,s3 Piles and Concrete Cap with Iy, = 41,470 in* for Symmetric
P-Loadings and Variable Scour and *“H+S’ Distributions.

No. Pushover Force, F; (kips)

Bent H (ft) S (ft) | H+S (ft) ” " - " " -
Piles P=60 P=80 P=100" | P=120" | P=140" | P=160

0 21 76.0 73.8 71.6 69.4 67.1 64.9

5 26 44.5 41.9 39.5 37.1 35.0 32.7

10 31 29.3 26.8 244 22.1 19.9 18.0

21 15 36 20.8 18.1 15.7 14.1 12.8 11.5

20 41 15.1 12.8 11.3 10.0 8.6 7.2

25 46 11.4 9.8 8.4 7.0 5.5 4.2

: 25 73.4 71.4 69.3 67.1 64.9 62.6

30 41.2 38.9 36.6 344 32.3 29.9

10 35 27.7 24.8 22.0 19.7 17.9 16.4

2 15 40 19.3 16.3 14.5 13.1 11.6 10.1

20 45 13.9 12.1 10.5 9.0 7.4 59

25 50 10.9 9.2 7.6 6.0 4.4 2.9

21 95.9 92.2 88.0 84.0 80.0 76.2

26 59.6 56.1 52.8 49.3 46.0 42.9

21 10 31 46.8 42.9 39.2 35.6 32.2 28.7

15 36 39.2 35.0 30.7 26.8 23.3 20.0

20 41 34.9 30.4 25.3 21.3 17.9 14.9

4 25 46 32.1 26.5 215 17.8 14.5 11.5

25 89.6 86.4 83.1 79.7 75.8 71.7

30 55.9 51.7 47.8 44.1 40.6 37.6

" 10 35 43.3 39.1 354 314 27.7 24.2

15 40 36.1 31.5 27.4 23.2 19.5 16.5

20 45 31.6 26.7 22.0 18.2 14.7 11.9

25 50 28.2 23.1 18.6 14.8 115 9.1

Pile Bent Parameters:
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Table 2.18a. Pushover Load, F, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with
HP; x4z Piles and Concrete Cap with Xgye = 41,470 in* for Symmetric P-Loads
and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)
Bent | H(ft) | S(ft) | H+S (ff)
Piles P=60" | P=80 | P=100* | P=120* | P=140* | P=160"
0 21 75.8 69.8 64.7 60.2 56.0 522
26 482 433 38.8 345 30.5 26.8
)1 10 31 37.5 32.0 26.9 223 18.2 14.8
15 36 33.0 26.9 21.1 16.1 12.4 9.2
20 41 30.5 23.9 17.8 13.0 9.2 6.3
25 46 27.8 21.3 15.5 11.1 7.3 45 -
> 0 25 69.6 63.5 583 53.7 49.7 46.1
5 30 423 37.0 324 28.4 24.4 20.6
25 10 35 33.2 27.2 22.0 17.5 13.6 10.6
15 40 28.9 22.4 16.6 12.3 9.0 6.2
20 45 26.2 19.4 13.8 9.6 6.5 3.7
25 50 23.6 17.3 12.2 8.1 48 | unstable
0 21 84.5 76.6 70.2 64.4 59.0 54.2
26 55.9 49.6 439 38.6 33.8 28.8
’ 10 31 44.2 37.5 31.2 25.5 20.4 16.5
15 36 39.4 31.8 24.7 18.8 14.3 10.6
20 41 375 28.7 215 15.2 10.8 7.0
25 46 35.4 26.6 19.3 131 | 86 4.8
6 25 76.9 69.2 62.6 57.1 52.3 48.1
30 49.2 429 37.2 322 27.6 233
’s 10 35 39.9 32.8 26.6 20.9 16.5 12.6
15 40 35.4 27.6 20.6 152 10.9 7.3
20 45 33.2 24.9 17.6 12.1 7.8 4.2
25 50 31.7 23.0 15.7 10.3 5.9 22

Pile Bent Parameters:




Table 2.18b. Pushover Load, F;, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with
HP;,s3 Piles and Concrete Cap with Igross = 41,470 in* for Symmetric P-Loads

and Variable Scour and ‘H+S? Distributions

No. Pushover Force, F; (kips)

Bent H (ft) S (ft) | H+S (ft) ” . ” . " o

Piles P=60* | P=80% | P=100* [ P=120" | P=140* | P=160

0 21 114.7 108.8 102.9 97.0 91.3 86.0

5 26 73.6 68.3 63.6 59.0 54.5 50.3

o1 10 31 59.4 53.8 48.7 438 39.2 34.9

15 36 51.6 45.6 39.8 34.5 29.5 25.0

20 41 47.9 41.0 35.0 29.1 23.7 19.4

25 46 44.4 38.1 31.6 25.7 20.1 16.0

> 25 108.9 102.5 96.3 90.3 84.8 78.6

30 68.7 63.0 57.8 53.2 48.6 444

10 35 54.1 479 42.7 37.8 33.2 28.8

23 15 40 46.6 40.3 342 28.7 23.7 19.8

20 45 43.3 36.1 29.8 23.7 18.9 15.0

25 50 40.2 33.2 26.6 20.6 16.1 12.1

0 21 128.8 120.4 112.1 104.5 97.6 90.1

5 26 85.3 78.3 72.3 66.6 60.9 55.6

1 10 31 69.7 62.9 56.5 50.5 44.6 39.2

15 36 61.1 53.6 46.3 39.6 33.5 28.3

20 41 58.3 49.2 41.6 34.1 27.5 22.1

6 25 46 54.9 46.6 37.8 30.6 23.8 18.4

0 25 114.3 108.2 101.9 94.2 86.3 80.4

5 30 79.3 72.3 65.9 60.1 54.5 49.4

05 10 35 63.7 56.8 50.1 44.0 38.2 32.8

15 40 56.5 48.7 41.4 34.8 28.5 23.3

20 45 53.0 44.1 36.4 29.3 23.0 18.2

25 50 50.3 41.4 33.4 26.0 19.7 | 15.0

Pile Bent Parameters:




Table 2.19a. Pushover Load, F;, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents

with HP1ox42 Piles and Concrete Cap with Igroes = 41,470 in* for Symmetric P-Loads
and Variable Scour and ‘H+S’ Distributions

No. Pushover Force, F; (kips)
Stories | H (ft) S (ft) | H+S (ft) ” " ” ” " "
& Piles P=60 P=80 P=100 P=120" | P=140 P=160
13 95.7 90.4 85.7 81.2 77.0 73.4
18 58.3 52.9 48.3 43.8 39.6 35.7
13 10 23 46.7 39.9 344 29.9 25.8 22.0
15 28 42.9 35.1 28.6 23.6 19.3 15.0
20 33 40.2 32.3 25.7 20.3 15.5 11.2
1-Story
4 25 38 37.6 30.5 239 18.2 13.3 8.9
an
. 0 17 89.3 82.5 77.8 73.9 70.5 66.6
6-Piles
22 53.9 47.9 42.8 38.1 33.8 30.5
17 10 27 42.9 36.1 30.5 25.6 21.6 18.2
15 32 38.9 314 25.3 20.2 15.8 12.0
20 37 37.1 29.4 23.1 17.4 12.5 8.5
25 42 353 28.0 21.3 15.6 10.6 6.6
0 21 98.1 92.7 88.0 83.4 79.1 75.6
5 26 58.6 53.4 48.7 44.2 40.0 36.1
21 10 31 45.8 393 33.9 29.5 254 21.6
15 36 41.1 33.6 27.4 22.6 18.2 142
20 41 38.8 31.2 24.5 18.9 14.1 9.9
2-Story
1 25 46 36.7 29.2 22.3 16.6 11.5 7.3
an;
. 0 25 914 85.0 80.7 76.8 73.2 69.2
6-Piles
30 54.2 48.3 432 38.5 34.6 31.2
55 10 35 42.1 35.7 30.1 25.4 21.6 18.1
15 40 37.7 30.2 24.4 19.3 15.1 11.4
20 45 35.6 28.1 21.7 16.1 11.5 7.5
25 50 33.9 26.7 20.0 14.2 9.2 5.2
Pile Bent Parameters:
471— +? Aé’f-‘ éf ;Lf Yy ‘QP
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Table 2.19b. Pushover Load, F;, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents

with HP.s3 Piles and Concrete Cap with Igos =
and Variable Scour and ‘H+S’ Distributions

41,470 in* for Symmetric P-Loads

No. Pushover Force, F; (kips)
Stories | H (ft) S (ft) | H+S (ft) - " . " o .
& Piles P=60 P=80 P=100" | P=120" | P=140" | P=160
13 143.5 137.5 132.3 127.5 123.5 119.7
18 89.1 83.6 78.9 74.6 70.2 66.1
3 10 23 69.9 63.3 57.8 52.9 48.5 44.3
15 28 62.3 54.9 48.1 42.1 37.5 334
20 33 59.6 51.5 43.8 37.3 32.0 27.3
1-Story
q 25 38 56.6 48.6 40.9 344 28.6 23.8
an
. 0 17 139.3 134.0 128.4 123.3 118.5 113.6
6-Piles
22 84.4 78.1 72.4 67.3 63.0 58.8
17 10 27 66.0 58.7 53.1 48.0 43.3 39.0
15 32 59.0 50.9 44.0 38.4 33.8 29.5
20 37 55.3 47.0 40.0 33.7 28.8 24.2
25 42 52.4 44,7 37.7 314 25.9 20.9
0 21 149.3 143.0 137.0 131.5 126.3 121.9
26 90.0 84.9 80.3 75.9 71.4 67.3
21 10 31 70.6 64.2 58.9 54.0 494 45.1
15 36 61.7 54.3 47.7 42.4 37.9 33.7
20 41 59.2 49.9 42.9 36.5 31.5 27.1
2-Story
1 25 46 56.0 47.5 40.0 33.5 27.9 233
an
. 0 25 143.8 138.4 133.0 127.4 122.1 117.3
6-Piles
5 30 86.3 79.9 74.5 69.6 65.2 60.8
05 10 35 66.3 59.7 54.2 49.1 44.2 39.7
15 40 58.4 50.6 442 38.9 34.1 29.7
20 45 54.6 46.3 393 33.7 28.7 239
25 50 52.2 43.9 36.7 30.6 25.3 20.4
Pile Bent Parameters:
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2.9 Pushover Loads for Unsymmetric P-Load and Variable Scour Distributions

Earlier pushover analyses indicated somewhat smaller bent pushover force for
bents loaded unsymmetrically with LL, i.e., only the upstream lane of the bridge having
a traffic load. Also, earlier analyses indicated an increased bent capacity/pushover load
when subjected to a variable scour distribution rather than a uniform scour at a level of
Smax. Thus, it was of interest to determine which of these opposite effects (nonuniform
P-load and nonuniform scour) would have the larger effect on a bents pushover load.
Pushover analyses of 3-pile and 4-pile bents were performed for a combination of these
conditions for a range of P-loads of P = 60, 80, 100, 120, and 140%.

The results of these analyses are presented in Tables 2.20a and b for unbraced
bents with HP10x42 and HP42453 piles respectively, and in Tables 2.21a and b for braced
bents with HP1oxaz and HP1axs3 piles respectively. These tables indicate that for HP 253
pile bents, that all of the 4-pile bents are adequate for pushover, and almost all of the 3-
pile bents are adequate as well. This is not the case for the HP1gu42 pile bents. For
these bents, almost all of the 4-pile bents are adequate, but most of the 3-pile bents are
not adequate for pushover. A subset of the pushover loads of Tables 2.20a and 2.21a
(for HP10x42 3-pile bents) are shown in Fig. 2.30 for convenience in comparing the
effects of nonuniform P-load and scour distributions versus uniform P-load and scour
distributions on bent pushover loads. As can be seen in that figure, for unbraced bents,
the effect is minimal; however for X-braced bents, the nonuniform P-load and scour

distributions yield significantly higher bent pushover capacities.
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Results of pushover analyses for 2-story X-braced 3- and 4-pile bents with
HP10xa2 and HP12xs53 piles for unsymmetric P-loads and variable scour distributions are
presented in Tables 2.22a and b respectively. By comparing the pushover loads in
Tables 2.22a and b with their “sister” pushover loads for symmetric P-loads and uniform
scour in Tables 2.7 and 2.8 respectively, one can see significantly larger pushover
capacities for the nonuniform P-load and scour situation. Thus, if one assumes uniform

distributions of P-loads and scour, the analyses resulis will be conservative.
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Table 2.20a. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP;¢x42 Piles and Concrete Cap with Igross =

41,470 in* for Unsymmetric

P-Loadings and for Variable Scour and “H+S’ Distributions.

No. .Bent H () S (f0) B+ (f6) | Pushover Force, F; (kips)
Piles P=60* | P=80 | P=100* | P=120 | P=140"
10 NN NN NN NN NN
15 12.8 10.7 8.7 6.7 4.6
10 10 20 8.4 6.2 4.0 unstable | unstable
15 25 55 3.0 unstable | unstable | unstable
3 20 30 33 unstable | unstable | unstable | unstable
13 13.5 11.6 9.8 7.8 5.7
18 9.1 6.9 4.7 2.4 unstable
13 10 23 5.9 34 unstable | unstable | unstable
15 28 3.6 unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable
0 10 NN NN NN NN NN
15 NN NN NN NN NN
10 10 20 NN NN NN NN NN
15 25 29.5 25.4 21.6 18.4 -~ 14.5
4 20 30 26.5 22.5 18.4 15.2 11.5
0 13 NN NN NN NN NN
18 NN NN NN NN NN
13 10 23 29.3 25.3 22.1 18.6 14.7
15 28 26.9 23.1 18.8 15.6 11.9
20 33 23.2 193 15.9 122 8.6
Pile Bent Parameters:
? Er‘ 19 V4457 L?' l?
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NN — Not needed, bent
is adequate for
uniform scour.
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Table 2.20b. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP;2,s3 Piles and Concrete Cap with Iy = 41,470 in* for Unsymmetric
P-Loadings and for Variable Scour and ‘H+S’ Distributions.

No..Bent H (ft) S (8t H+S (ff) Pushover Force, F; (kips)
Piles =60 | P=80 | P=100° | P=120% | P=140%
10 NN NN NN NN NN
15 NN NN NN NN NN
10 10 20 16.6 14.4 12.3 10.3 8.3
15 25 12.6 10.3 8.1 5.9 3.7
3 20 30 9.7 7.3 5.0 2.7 unstable
0 13 NN NN NN NN NN
18 17.4 15.3 13.3 11.3 9.2
13 10 23 13.2 10.8 8.7 6.5 4.2
15 28 10.0 7.6 5.3 2.9 unstable
20 33 7.7 52 2.7 unstable | unstable
10 NN _|
5 15 T~
10 10 20 T~
15 25 \
20 30 S NN
4 13 NN _|
5 18 T~
13 10 23 T~
15 28 \
20 33 N NN
Pile Bent Parameters:

+5

11

NN — Not needed, bent
is adequate for
uniform scour.
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Table 2.21a. Pushover Load, Fy, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents

with HPj¢x42 Piles and Concrete Cap with Iro5 = 41,470 in® for Unsymmetric

P-Loadings and for Variable Scour and ‘H+S’ Distributions.

No. .Bent H () S (f6) B+ (f) Pushover Force, F (kips)
Piles P=60* | P=80* | P=100* | P=120* | P=140*
0 13 NN NN NN NN NN
18 232 20.5 18.0 154 13.0
13 10 23 14.1 11.2 8.4 6.0 4.1
15 28 8.6 5.8 3.9 2.0 unstable
] 20 33 53 3.3 | unstable | unstable | unstable
0 17 NN NN NN NN NN
22 21.6 18.8 16.1 13.4 10.7
17 10 27 12.8 9.6 7.1 5.1 3.1
15 32 7.5 52 3.3 unstable | unstable
20 37 4.9 2.8 unstable | unstable | unstable
13 NN NN NN NN NN
18 NN NN NN NN NN
13 10 23 314 27.3 234 19.5 15.8
15 28 27.3 23.0 18.6 14.5 10.9
20 33 25.0 20.3 15.7 11.5 7.7
4 17 NN NN NN NN NN
22 NN NN NN NN NN
17 10 27 28.7 24.4 20.1 16.2 12.3
15 32 24.9 20.2 15.7 11.4 7.5
20 37 21.8 17.3 12.5 8.3 4.5
Pile Bent Parameters:

NN — Not needed, bent

is adequate for
uniform scour.
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Table 2.21b. Pushover Load, F;, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HPy,.s3 Piles and Concrete Cap with Igeoss = 41,470 in* for Unsymmetric
P-Loadings and for Variable Scour and ‘H+S’ Distributions.

No.'Bent H (f0) S (ft) H+S (fY) Pushover Force, F; (kips)
Piles P=60" | P=80% | P=100 | P=120% | P=140“
0 13 NN NN NN NN NN
18 NN NN NN NN NN
13 10 23 26.0 232 20.6 17.9 15.2
15 28 18.4 15.4 12.7 9.9 7.7
5 20 33 13.4 10.3 7.8 5.7 3.9
17 NN NN NN NN NN
22 NN NN NN NN NN
17 10 27 24.9 21.8 18.9 16.0 13.2
15 32 17.6 14.2 11.1 8.8 6.9
20 37 12.4 9.3 7.2 52 3.2
0 13 NN
18 \\
13 10 23 \
15 28 \
A 20 33 T~ NN
0 17 NN _|
5 22 T~
17 10 27 \
15 32 \
20 37 > NN
Pile Bent Parameters:

I

.07

NN — Not needed, bent
is adequate for

uniform scout.

¥
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Fig. 2.30. Pushover Load vs. Bent Height Plus Scour for Unbraced and X-Braced
3-Pile Bents (HP1oxs2 Piles) with Uniform P-Load and Scour and with
Unsym P-Load and Variable Scour
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Table 2.22a. Pushover Load, F;, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HPygx4; Piles and Concrete Cap with Igros = 41,470 in* for Unsymmetric
P-Loadings and for Variable Scour and “H+S’ Distributions.

No. Pushover Force, F; (kips)

1131(;:: HdO | S | B P=60% | P=80* | P=100" | P=120" | P=140* | P=160"

21 NA NA NA NA NA NA

5 26 25.2 22.4 19.6 16.8 14.1 11.4

21 10 31 15.1 11.9 9.0 6.6 4.6 2.6
15 36 9.0 6.3 43 2.2 unstable | unstable
20 41 5.7 3.5 unstable | unstable | unstable | unstable

’ 0 25 NA NA NA NA NA NA

5 30 233 202 17.2 143 114 9.0
25 10 35 13.4 10.1 7.7 54 3.2 unstable
15 40 8.0 5.6 3.4 unstable | unstable | unstable
20 45 52 2.8 unstable | unstable | unstable | unstable

0 21 NA NA NA NA NA NA

5 26 38.0 34.0 30.2 26.5 23.0 19.5

21 10 31 28.6 24.4 20.4 16.4 12.7 9.2

15 36 24.1 - 192 14.6 10.5 7.0 3.6
4 20 41 21.1 15.8 11.0 7.2 3.5 unstable

25 NA NA NA NA NA NA

30 34.6 30.3 26.3 22.6 19.1 15.6

25 10 35 25.8 21.3 17.0 13.1 9.2 5.6
15 40 21.3 16.2 11.7 7.7 3.9 unstable
20 45 18.1 12.9 8.5 4.4 unstable | unstable

Pile Bent Parameters:
7 14 Gi# 10.LF
E‘ N ‘L \L, G ;‘L RS |
g, [ <" |
DAL Groni? /\
e
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Table 2.22b. Pushover Load, F,, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents
with HP;2,s3 Piles and Concrete Cap with I = 41,470 in* for Unsymmetric
P-Loadings and for Variable Scour and ‘H+S’ Distributions.

No. Pushover Force, F; (kips)
];;:: HEH | 8@ | HeSH) P=60“ | P=80% | P=100* | P=120" | P=140* | P=160"

21 NA NA NA NA NA NA

26 432 40.3 37.3 34.5 31.7 28.8

21 10 31 28.1 25.0 22.1 19.2 16.4 13.7

15 36 19.7 16.4 13.4 10.6 8.4 6.5

20 41 14.0 10.7 8.3 6.2 4.3 2.4

: 0 25 NA NA NA NA NA NA
30 40.0 36.9 34.2 31.4 28.6 26.1

25 10 35 26.6 23.3 20.0 16.8 14.0 11.7

15 40 18.4 14.7 11.8 9.5 7.4 5.4

20 45 12.8 9.8 7.6 5.5 3.4 | unstable

0 21 NA NA NA NA NA NA
26 58.6 54.6 51.0 47.3 43.6 40.0
21 10 31 46.1 42.0 38.0 34.1 30.4 26.7

15 | 36 39.1 34.5 30.1 25.9 21.9 18.1
20 41 34.9 30.1 25.4 20.7 16.4 12.6

¢ 0 25 NA NA NA NA NA | NA
30 55.4 50.8 46.6 42.5 38.6 34.8

25 10 35 43.1 38.7 34.3 30.2 26.3 22.5

15 40 36.2 31.4 26.9 22.4 18.2 14.3

20 45 32.0 26.9 22.0 17.1 13.0 9.3

Pile Bent Parameters:

Dristisl. Lrons
b

— R U,
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2.10 Bent Pushover Failure in Terms of Critical Scour Level
As with the original screening tool (ST), the use of linear interpolation of F; values
between values of F; determined for bent height values after scour, i.e., (H+S) values,

which are 5 ft apart are quite accurate. Thus, we again performed linear interpolation
on the F vs. S (or H+S) data in Tables 2.3 - 2.9 to generate tables of critical
uniform scour, Scg, for different levels of P-loads. These tables can in turn be used to
determine Scr for a given bent geometry and level of P-load. As with the original ST,
Tables 2.3 - 2.9 were used to interpolate values of Scr corresponding to Ff#e = 12,15
for each bent geometry configuration, height, and level of P-load. These values of Scr
are presented in Tables 2.23 - 2.24, and include a FS = 1.25 on the pushover load,
Feepae  If the resulting Scr > Smaxappiied at the site, then the bent is safe from pushover
failure.

We repeated the above procedure for bents with nonuniform scour using the data

in Tables 2.13 - 2.19. The resulting values of S for nonuniform scour are presented in

Tables 2.25 - 2.26, and again these include a FS=1.25 on the pushover load, F=»
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Table 2.23a. Critical Uniform Scour, Scgr, of HP10x42 3, 4, 5, 6-Pile Bents without
X-Bracing to Resist Fmax design = 12.15" (includes a FS = 1.25)

No. Bent Critical Uniform Scour, Scr (ft)'?
Piles in | Height
Bent (ft) P=60¢ | P=80% | P=100% | P=120 | P = 140% | P = 160"
10 5.9 4.6 3.9 3.5 2.9 2.3
3
13 3.0 1.8 0.8 0.2 0 0
10 >25.0 23.4 200 | 173 14.6 12.2
4
13 23.8 20.2 17.3 14.2 11.7 8.8
10 >25.0 >25.0 >25.0 22.8 19.3 16.4
5
13 >25.0 >25.0 23.4 19.7 16.4 13.3
10 >25.0 >25.0 >25.0 23.1 18.9 14.9
6 ,
13 >25.0 >25.0 24.4 19.9 15.8 12.1

T Includes a FS=1.25 on the Pushover Force, F;.
2 Smax appliea< Scr at the site, the bent is safe from pushover failure.
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Table 2.23b. Critical Uniform Scour, Scr, of HP2s3 3, 4, 5, 6-Pile Bents without
X-Bracing to Resist F¢max design = 12.15% (includes a FS = 1.25)

No. Bent Critical Uniform Scour, Scr (ft)>®
Piles in | Height
- Bent (ft) P=60 | P=80 | P=100% | P=120% | P=140% | P=160%
10 14.2 12.2 10.4 0.4 8.4 7.4
3
13 11.1 9.1 7.5 6.4 5.2 4.4
10 >25.0 >25.0 >25.0 >25.0 >25.0 23.6
4
13 >25.0 >25.0 >25.0 >25.0 23.5 20.6
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
5
13 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
6
13 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0

% Includes a FS=1.25 on the Pushover Force, F;.
6 If Smax appliea< Scr at the site, the bent is safe from pushover failure.
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Table 2.24a. Critical Uniform Scour, Scg, of HP4ox42 3, 4, 5, 6-Pile Bents with
X-Bracing to Resist Fmax desian = 12.15" (includes a FS = 1.25)

. e " 3,4
Pr\ill(;'s X-Bracing St{g gés HBe ein[:t Critical Uniform Scour, Scr (ft)
in | Configuration | ; 9 p=gok | P=80% | P=100¢|P =120¢| P = 140% | P = 160
B in Bent (ft)
ent
13 9.1 7.9 6.8 6.1 5.3 4.8
1-Story
, Single-X 17 8.4 7.1 6.0 5.2 4.7 4.4
per Story 21 8.9 8.1 7.3 6.4 5.5 4.9
2-Story
25 7.5 6.9 6.4 5.3 4.8 4.4
13 >25.0 23.0 19.3 15.9 12.0 9.3
1-Story
A Single-X 17 24.0 20.3 16.9 12.3 9.0 7.1
per Story 21 242 19.8 14.9 10.9 8.7 7.2
2-Story '
25 22.6 17.0 11.8 8.7 6.9 5.3
13 >25.0 >25.0 >25.0 22.8 18.6 14.2
1-Story
; Single-X 17 >25.0 >25.0 24.1 10.8 15.4 9.5
per Story 21 >25.0 | >25.0 23.6 18.4 12.7 9.1
2-Story
25 >25.0 >25.0 20.9 14.9 9.3 6.9
13 >25.0 >25.0 >25.0 23.7 18.5 12.1
1-Story
5 Single-X 17 >25.0 >25.0 >25.0 21.2 14.6 8.8
per Story 21 >250 | >25.0 | >25.0 19.7 12.6 9.0
2-Story :
25 >25.0 >25.0 23.4 15.7 9.4 7.0
13 >25.0 >25.0 >25.0 24.0 19.1 13.9
1-Story
5 Double-X 17 >25.0 >25.0 >25.0 22.1 16.7 10.1
per Story 21 >25.0 >25.0 >25.0 227 16.9 11.5
2-Story
25 >25.0 >25.0 >25.0 20.3 14.0 9.3

° Includes a FS=1.25 on the Pushover Force, F;.

4 Smax apptied < Scr at the site, the bent is safe from pushover failure.
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Table 2.24b. Critical Uniform Scour, Scgr, of HP12«53 3, 4, 5, 6-Pile Bents with

X-Bracing to Resist Ftmax design = 12.15* (includes a FS = 1.25)

No. . No. Bent Critical Uniform Scour, Scr (ft)"°
Piles | X-Bracing | g ieq Height
in | Configuration | ; P=60% | P=80% | P=100 | P =120 | P = 140° | P = 160X
inBent | (ft)
Bent
13 16.7 14.3 12.8 11.7 10.4 9.6
1-Story
5 Single-X 17 15.7 13.5 11.8 10.6 0.6 8.8
per Story 21 15.5 14.3 13.2 11.8 10.5 9.6
2-Story
25 14.3 13.2 12.2 10.7 9.6 8.8
13 >25.0 | >25.0 | >25.0 | >25.0 24.9 22.0
1-Story
) Single-X 17 >25.0 | >25.0 | >25.0 | >25.0 22.2 18.6
per Story 21 >250 | >25.0 | >25.0 24.5 20.4 16.6
2-Story
25 >25.0 | >25.0 | >25.0 21.7 17.1 13.7
13 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
1-Story
. Single-X 17 >250 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
per Story st 21 >250 | >25.0 | >25.0 | >25.0 >25.0 | >25.0
~al0
Y1 25 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 21.1
st 13 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
Le]16]
] Single-X Y117 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
per Story ost 21 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
-Sto
Y 25 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 22.0
13 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
1-Story
] Double-X 17 >250 | >25.0 | >250 | >25.0 | >25.0 | >25.0
per Story ot 21 >25.0 | >25.0 | >250 | >25.0 | >25.0 | >25.0
=10
Y 25 >250 | >25.0 | >25.0 | >25.0 >25.0 | >25.0

" Includes a FS=1.25 on the Pushover Force, F;.
& Smax applied < Scr at the site, the bent is safe from pushover failure.

2-96




Table 2.25a. Critical Nonuniform Scour, Scg, of HPox42 3, 4, 5, 6-Pile Bents
without X-Bracing to Resist F¢max design = 12.15% (includes a FS = 1.25)

No. Bent Critical Nonuniform Scour, Scr (ft)"?
Piles in | Height
Bent (ft) P=60% | P=80% | P=100" | P=120% | P =140 | P = 160"
10 7.9 6.3 4.9 42 35 2.8
3
13 3.8 2.3 1.0 0 0 0
10 >25.0 >25.0 >25.0 >25.0 >25.0 18.8
4 |
13 >25.0 >25.0 >25.0 >25.0 24.0 19.6
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
5
13 >25.0 >25.0 >25.0 >25.0 24.3 19.9
10 >25.0 >25.0 >25.0 >25.0 >25.0 23.7
6
13 >25.0 >25.0 >25.0 >25.0 >25.0 18.8

rlncludes a FS=1.25 on the Pushover Force, F;.
2 If Smax appiied< Scr at the site, the bent is safe from pushover failure.
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Table 2.25b. Critical Nonuniform Scour, Scgr, of HP4253 3, 4, 5, 6-Pile Bents
without X-Bracing to Resist Fmax design = 12.15% (includes a FS = 1.25)

No. Bent Critical Nonuniform Scour, Scr (ft)>®
Piles in | Height
Bent (ft) P=60% | P=80% | P=100% | P=120% | P = 140" | P = 160"
10 18.9 16.0 14.0 12.4 10.9 97
3
13 14.6 12.0 9.7 8.2 6.8 55
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
4
13 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
5
13 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
10 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0
6
13 >25.0 >25.0 >25.0 >25.0 >25.0 >25.0

%Includes a FS=1.25 on the Pushover Force, F;.
6 If Smax applied< Scr at the site, the bent is safe from pushover failure.
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Table 2.26a. Critical Nonuniform Scour, Scgr, of HPox42 3, 4, 5, 6-Pile Bents with
X-Bracing to Resist F¢max design = 12.15" (includes a FS = 1.25)

No. ' No. Bent Critical Nonuniform Scour, Scr (ft)**
Piles | X-Bracing | g4 j0q Height ;
in | Configuration | ; , P=60 | P=80% | P=100% | P =120 | P =140 | P = 160%
inBent | (ft)
Bent
13 13.0 10.9 9.4 8.7 7.8 6.9
1-Story :
s Single-X 17 11.9 9.7 8.8 7.8 6.7 5.7
per Story 21 13.5 11.5 9.8 9.0 8.1 7.2
2-Story
25 12.3 10.0 9.1 8.0 6.9 5.8
13 >25.0 >25.0 >25.0 21.7 16.4 13.1
1-Story
A Single-X 17 >25.0 >25.0 22.3 15.8 12.2 9.7
per Story 21 >25.0 | >25.0 19.9 15.2 12.6 10.2
2-Story
25 >25.0 22.6 15.7 12.3 9.7 8.4
13 >25.0 >25.0 >25.0 >25.0 22.9 15.3
1-Story
5 Single-X 17 >25.0 >25.0 >25.0 >25.0 15.9 1.4
per Story 21 >25.0 >25.0 >25.0 22.2 15.4 124
2-Story
25 >25.0 >25.0 >25.0 15.3 11.6 9.2
13 >25.0 >25.0 >25.0 >25.0 24.6 16.4
1-Story
5 Single-X 17 >25.0 >25.0 >25.0 >25.0 17.4 124
per Story 21 >25.0 | >25.0 | >25.0 | >25.0 18.1 13.7
2-Story
25 >25.0 >25.0 >25.0 19.9 13.9 10.4
13 >25.0 >25.0 >25.0 >25.0 >25.0 18.9
1-Story
6 Double-X 17 >25.0 >25.0 >25.0 >25.0 20.9 14.9
per Story 21 >25.0 >25.0 >25.0 >25.0 23.8 17.4
2-Story
25 >25.0 >25.0 >25.0 >25.0 19.1 14.4

3 Includes a FS=1.25 on the Pushover Force, Fi.
* If Spmax applied < Scr at the site, the bent is safe from pushover failure.
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Table 2.26b. Critical Nonuniform Scour, Scr, of HP12«53 3, 4, 5, 6-Pile Bents with
X-Bracing to Resist F¢max design = 12.15% (includes a FS = 1.25)

e - - 7,8
I\_Io. . No. Bent Critical Nonuniform Scour, Scg (ft)
Piles | X-Bracing | o4 ies Height
in | Configuration | P=60" | P=80" | P=100% | P =120%| P =140 | P = 160"
inBent | (ft)
Bent
13 23.3 20.1 18.4 16.6 15.1 14.1
1-Story
3 Single-X 17 22.2 19.2 17.3 15.6 14.3 13.1
per Story 21 24.0 21.0 19.0 17.4 15.8 14.5
2-Story
25 229 19.9 17.9 16.2 14.6 13.4
s 13 >250 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
- Ory
. Single-X 17 5250 | >250 | >25.0 | >25.0 | >25.0 | >25.0
per Story ot 21 >250 | >25.0 | >25.0 | >25.0 | >25.0 24.0
-0
Y1 25 >250 | >25.0 | >25.0 | >25.0 24.0 19.7
st 13 >250 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
-Sto
; Single-X T >250 | >25.0 | >25.0 | >25.0 >25.0 | >25.0
per Story st 21 >25.0 | >25.0 | >250 | >25.0 >25.0 | >25.0
-Sto
Y1 o5 >250 | >25.0 | >25.0 | >25.0 | >25.0 24.9
st 13 >25.0 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
- ory
5 Single-X 17 >250 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
per Story st 21 >25.0 | >25.0 | >25.0 | >25.0 >25.0 | >25.0
-S10
Y 25 5250 | >25.0 | >25.0 | >25.0 | >25.0 | >25.0
13 >25.0 | >25.0 | >250 | >25.0 | >25.0 | >25.0
1-Story
] Double-X 17 >250 | >25.0 | >25.0 | >25.0 >25.0 | >25.0
per Story ot 21 >25.0 | >25.0 | >25.0 | >25.0 >25.0 | >25.0
-Sto
Y1 25 >250 | >25.0 | >25.0 | >25.0 >25.0 | >25.0

" Includes a FS=1.25 on the Pushover Force, F;.
® If Smax applied < Scr at the site, the bent is safe from pushover failure.
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2.11 Check Upstream Bent Pile for Beam-Column Failure from Debris Raft
Loading

In extreme flood/scour events, a debris raft and flood water loadings, Fi, on this
raft may occur at a bridge support bent. The raft and loading may be applied to a pile
bent as high as the bottom of the bottom of the bent cap, and this would be the critical
location in checking for bent pushover adequacy. This is where the loading was applied
in all of the pushover analyses in our Phase !l work. (See the HWL' and F;' positions in
Fig. 2.31.) However, the Floading could also be applied at a lower position on the bent
and this would be the critical location in checking the upstream pile for failure as a
beam-column. (See HWL? and F# positions in Fig. 2.31.)

Before checking the upstream pile for adequacy as a beam-column, let’s just
consider it as a vertical beam with pinned-ends as shown in Fig. 2.32. Note in Fig. 2.32
that the debris raft loading, F2, which will hereforth just be denoted as Fy, is assumed to
be applied 7.5 ft down from the top of the pile and the distance from F: to the new river
bottom varies as shown depending on the level of scour, S.

Using Mmax in Fig. 2.32, which occurs at the location of the F; loading for the
maximum scour, i.e., (H+S)nax condition, and assuming the pile is an HP1ox42, then for a

maximum height unbraced bent,

M 57.74% x 12"
= mX, = =48.8 ksi (for S=25 ft
Omax = ~g 14.2in° si (for )

M, =Z, x o, =21.81in° x 36 ksi = 785" =65.4"%

Thus an HP1g2 pile would have some local yielding at the Mmax location, but it would be

OK for the beam only loading.
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Fig. 2.31. Maximum Height Unbraced Bent Showing Two HWL and F; Locations
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Fig. 2.32. Upstream Pile, P1, Max Values for Pinned-End Condition
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If the pile is an HP12xs3, then

_ 57.74% x 12"

Crax = — = 32.8 ksi (for S=25 ft)
21.11in

Mp =2, x o, =32.2 in® x 36 ksi = 1159 =96.6"

and it would be OK and would not have any local yielding.

If we assume fixed-end conditions for the pile, the resulting Mmax and o max for an
HP10x42 pile would be as shown in Fig. 2.33. For these end conditions, the pile would be
OK but have some small local yielding at the M.« location. Actual end conditions for
the bent pile would be somewhere between pinned and fixed, but probably closer to
fixed.

For bents with X-bracing, which all taller bents should have, the horizontal
strut/bracing member will serve o distribute the Fi force to all piles in the bent (see
Fig. 2.34). Therefore these bents will be OK for the lower F; loading position. If there is
no horizontal strut, the diagonal L 4"x3%2"x5/16” brace will be sufficiently strong in

compression to prevent the upstream pile from failing in bending (see Fig. 2.34).
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The analyses above neglected the axial P-load on the upstream pile. We now
need to consider this load and analyze the pile as a beam-column. To do this we will

use the approximate straight-line interaction equation

P M

—+ — < 1.0 2.1

) (2.1a)
or,

P M

—+ — < 1.0 2.1b

Pcr MP ( )

to determine its adequacy.

For our maximum height unbraced bent shown in Fig. 2.31 with P=100* and the
HWL and F; being at Ievel 2 as shown in Fig. 2.35, and assuming the bent has HP1gx42
piles and cannot buckle in a sidesway mode, a check of the adequacy of the upstream
pile as a beém-column is as shown in Fig. 2.35. It should be noted that only the bent’s
upstream pile is acting primarily as a beam-column with a significant value of M/M,.
Thus, the other piles in the bent will provide lean-on buckling support for the upstream
pile, i.e., for a sidesway buckling mode to occur all of the piles in the bent must be
loaded to their sidesway buckling capacity. This will not be the case and thus the bent
and the upstream pile will not sidesway. Note in Fig. 2.35 that the upstream pile would
not be adequate for the low level position of the Fiload if the scour is extremely large,
i.e., S > 20ft if the bent piles are HPox2. However, if the piles are HP 12«53 orF larger, the

upstream pile is adequate for S <25 ft.
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As can be seen in Figs. 2.33 and 2.35 for unbraced bents, the larger the bent
height, H, and scour, S, the longer the unsupported length, £, of the upstream pile, and
this means the smaller the pile buckling load, P, and the larger the applied moment, M
From Eqn 2.1 this means the larger the left hand side of the interaction equation. Also,
as indicated in Fig. 2.35, the relationship of the upstream pile unsupported length and
the bent height and level of scour is

t=H+S-2 (2.2)
Thus, for a maximum height unbraced bent of H=13 ft, we can use Eqgn 2.2 to determine
the unsupported length of the upstream pile for different levels of scour, and in turn
determine Mpax appiied from the equation in Fig. 2.33 and P, from the equation in Fig.
2.35. With these values and our knowledge of M, for the various HP piles, we can use
Eqn 2.1 to determine the applied P-load level necessary for the left side of Eqn 2.1 to
equal unity and thus indicate incipient failure as indicated below.

ForH=13"and 8§=20'=> £=H +8-2" = 13+20-2 = 31’

_ 27°El, _ 27”x29,000"" x71.7in*

P =297

¥ # 317 x144in*
Mmax = 41.9% (see Fig. 2.33)

36ksi x 21.8in® ;

M, = o, xZ= 27 = 65.4"

P M P 41.9¢ 41.9
St =10 ——+—— =1 > P={1-—— |207F

P M, 207 854 [ 65.4)

P=0.359 x 297 = 107"
.. For the maximum height unbraced bent with HP 42 piles and a

maximum scour level of Spax=20 ft, if
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Pappiied < 107* the upstream pile is safe

Papplied = 107% the upstream is not safe

The procedure above was employed for different levels of scour, and the

resulting PP |oads are shown in Table 2.27.

failure

It should be noted in Table 2.27. that

for S=0, 5ft, and 10ft, axial yielding of the pile (rather than buckling) controls and Py was
used in Eqn 2.1. Also, for S=15ft and 20ft, the P values shown in Table 2.27 are for
elastic buckling and adjusted values are also shown and recommended since inelastic
buckling would occur for these levels of scour. An interaction diagram of axial Psyre VS
Scour using the data in Table 2.27 is shown in Fig. 2.36. Both the unadjusted and
adjusted (for inelastic buckling) failure curves are shown on the figure as well as safe

and unsafe combinations of applied pile axial load P and scour S.

Table 2.27 Upstream Pile Beam-Column Failure for Lower Elevation Debris Raft
with F=9.72* and H=13 ft Unbraced Bent with HP1ox42 Piles

H(ft) | S(ft) | ¢ (ft) M:fa'::ied M_p Pb.uckle Pyield I'_)c:r Ptailure (Kips)
(ft-kips) (ft-kips) | (kips) | (kips) (kips)

13 0 11 15.8 65.4 2355 | 446 446 338

13 5 16 20.6 65.4 1113 | 446 446 306

13 10 | 21 30.1 65.4 646 446 446 241

13 15 | 26 36.9 65.4 422 446 422* 1\34{ (Adjusted
160* Value)

13 | 20 | 31 | 419 654 | 207 | 446 | 207* }&Z‘ (Adjusted
100% Value)

13 | 25 | 36 45.7 65.4 220 446 220 66

*Somewhat high as they assume elastic buckling whereas inelastic buckling would occur at these scour levels
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Tall/two-story bents will always be X-braced with the bottom of the lower X-

| brace being located 3’-6" above the original ground line. Thus, if extreme scour of
such a bent were to occur during high-water flood conditions, the HWL and flood
debris raft would be located somewhere in the X-braced region of the bent. In this
case, the upstream bent pile would not be subjected to significant bending/beam-
column forces and stresses and need not be checked for a beam-column failure.
Such bents should be checked for possible pushover failure and the effect of height of
HWL and debris raft location on such bents is discussed in Section 2.12.

In summary, for X-braced bents both single story X-braced and two-story
X-braced, the upstream bent pile is adequate as a beam-column for debris raft lateral
loading, Ft, at any elevation along the pile. For unbraced bents, the taller the bent the
more likely the upstream pile might not be adequate as a beam-column for a debris
raft forming at a lower elevation below the bent cap. If the unbraced bent has HP12xs3
or larger piles then the upstream pile is adequate as a beam-column no matter where
the deburis raft forms. However, if the unbraced bent has HP o2 piles then the tallest
such bent (prior to scour) should be one with H=13 ft, and for such a bent, the
interaction diagram of Fig. 2.36 indicates the followihg for the upstream pile:

P=160% - Staiiure = 15’ = Seae = 12" (Where Ssate = Staiure /F.S. of 1.25)
P=140"~ Sgiure = 16.6" = Ssafe = 13.3’

P=120% > Stsiure = 18.3’ > Sgate = 14.6'

P=100" - Spiure = 20’ > Sgsre = 16’

P=80" > Siure = 23’ = Sgare = 18.4’

P=60" - Spiure = 27’ > Ssate = 21.6’
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Thus, only unbraced pile bents need to be checked for adequacy of the upstream pile
as a beam-column, and for these bents, only those with HP1gx42 Or smaller piles need
to be checked. Also, only those unbraced bents with HP10x42 or smaller piles that
have a height, H, and high water level, HWL, such that a debris raft could likely form
at the lower elevation level need to be checked. The adequacy of the bent upstream
pile as a beam-column summarized above are further summarized in more concise
flowchart form in Fig. 2.37. It should be noted that the computerized version of the
‘ST’ does not check the adequacy of the upstream pile as a beam-column, and
hence this check needs to be made manually before or after using the computerized

version of the ‘ST'.
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Is the bent X-braced?

Ni/ 1 \AYes
Are the bent piles Upstream pile is OK
larger than HP1ox42? as a beam-column!
No I \Yes
s there a source or Upstream pile is OK
history of flood debris as a beam-column!
such that a debris raft
could form?
Nci/ \Yes
Upstream pile is OK Are the bent height, H, and high water
as a beam-column! level, HWL, such that during an
' extreme flood event a debris raft
could likely form 7 ft or more below
the top of the bent cap?
No \Yes
Upstream pile is OK Then for
as a beam-column! P = 160" Spure = 15’ and S =12’

P = 140> Spiue = 16.6’ and S =13.3’
P =120"> Sgjye = 18.3 and S=°=14.6’
P = 100% Sgiue = 20’ and S = 16’
P = 80> Spue = 23’ and S¥*=18.4’
P =60"> Sgiuye = 27 and S¥° =216’
at the site, and at the site is,
Smex > SEF 2

No/ \Yes
Upstream pile is OK Bent upstream pile should
as a beam-column! be checked more closely
for possible failure as a
beam-column

Fig. 2.37 Checking Adequacy of Bent Upstream Pile as a Beam-Column
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2.12 Effect of Height of Debris Raft Loading on Bent Pushover

In extreme flood/scour events, a debris raft may develop at a pile bent, and the
resulting dominant flood water loading, F, on the bent may occur as high on the bent
as the bottom of the pile cap and this was the position of F; assumed in the Phase Il
work. However, the topoiogy at some bridge locations may be such that tall bents
are required to achieve an appropriate roadway elevation, but the high water level at
the site may be significantly lower than the top of the bent cap. It was anticipated
that this would be a less severe bent pushover load condition relative to that of the
load at the bottom of the bent cap as was used in the Phase Il work. GTSTRUDL
pushover analyses were performed for the family of relative tall two-story X-braced 3-
and 4-pile bents of HP1ox42 piles shown in Fig. 2.38. Each bent had a height, “H” of
21 ft and was subjected to P-loads of {P} = {60, 80, 100, 120, 140%, 160"} and scour
levels of {S} = {0, &, 10°, 15, 20’, 25’} and had the pushover force, F;, applied at 2’-0
below the top of the cap, i.e., at the bottom of the bent cap, and at 9’-6” below the top
of the cap, i.e., at the location of the bent horizontal strut/brace as shown in Fig. 2.38.
The resulting pushover forces for the bents are shown in Table 2.28, and as evident
from that table the higher location of the F; load did not prove to be the most severe
load location. Rather, the lower location of F; yielded pushover loads approximately
8% - 12% lower than the high location of F.

Essentially, the analyses results indicate that the vertical position of the flood
water horizontal loading, Fi, doesn’t significantly affect the bent pushover load as the
bent bracing system is effective in maintaining the relative geometrical relationships

of the bent members in the region of X-bracing. Thus almost all of the bending
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deformations of the bent occur in the lower unbraced region (after scour) and are
essentially independent of where F is applied in the upper braced region as shown in
Fig. 2.39. This lower unbraced region (after scour) weak axis pile bending is the
primary cause of the lateral deflections at the top of the bent and is the cause of the
bent pushover failures. GTSTRUDL generated deformation curves for 3- and 4-pile
bents with the F; loading at the bottom of the bent cap and at the location of the
horizontal brace/strut are shown in Figs. 2.40 and 2.41.

An additional family of pushover analyses were conducted on an X-braced,
2-story, 3-pile bent with the lateral load applied at the level of the bent horizontal
brace for the P-load and scour levels indicated in the figure at the bottom of Table
2.29. Five different combinations of axial and flexural stiffnesses of the horizontal
brace were used in the analyses to gain an understanding of the importance of the
horizontal brace stiffness on the bent pushover load. The results of these analyses
are summarized in Table 2.29, and indicate that the bent pushover load is also

essentially independent of the stiffness of the bent horizontal brace.
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Table 2.28. Pushover Load, F;, at High or Low Position for 2-Story X-Braced 3-Pile and

4-Pile Bridge Bents of Height H=21 ft with HP¢.4> Piles and Concrete Bent Cap

with Igress = 41,470 in* for Symmetric P-Loads and Uniform Scour

No..Bent l'i‘t. S (ft) F4S (f9) Pushover Force, F; (kips)
Piles | Position P=60* | P=80 | P=100" | P=120" | P=140"

0 21 45.1 48.9 46.7 44.7 43.2

High 26 20.6 18.4 16.5 14.5 12.3
(Bottomn 10 31 11.1 8.6 6.1 3.8 UNS
of Cap) 15 36 5.8 2.8 UNS UNS UNS
3 20 41 UNS UNS UNS UNS UNS

0 21 45.1 43.0 40.9 39.2 37.8

Low 26 18.2 16.3 14.6 12.7 10.8
(Horiz. 10 31 9.8 7.6 5.4 3.3 UNS
Strut) 15 36 5.1 2.5 UNS UNS UNS
20 41 UNS UNS UNS UNS UNS

0 21 63.3 58.9 55.1 51.6 48.5

High 26 32.8 28.9 25.5 22.3 19.6

(Bottom 10 31 25.0 20.6 16.8 13.2 9.7

of Cap) 15 36 21.7 16.7 12.2 8.0 4.0

A 20 41 16.8 12.0 7.4 4.0 UNS
21 57.4 53.7 50.3 472 443

Low 26 30.0 26.4 23.3 20.3 17.8

(Horiz. 10 31 23.0 18.9 15.3 12.1 8.9

Strut) 15 36 19.9 15.3 11.1 7.3 3.6

20 41 15.4 11.0 6.8 3.5 UNS

Pile Bent Parameters:
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Fig. 2.39. Unbraced, 1-Story X-Braced, 2-Story X-Braced Bent Deformations
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Fig. 2.40. GTSTRUDL Generated Deformations of 3-Pile Bent from F; Loadings
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b. F;Loading at Horizontal Brace/Strut

Fig. 2.41. GTSTRUDL Generated Deformations of 4-Pile Bent from F; Loadings
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Table 2.29. Pushover Load, F;, at Low Position for 2-Story X-Braced 3-Pile Bent of
Height H=21 ft with HP4x42 Piles for Various Values
of Horizontal Brace (HB) Stiffnesses

PLoad | No. of 2o | s H+S Pushover Force, F; (kips)
(kips) | Piles (ff) I=0 I=1Iy I=1I I=1 | I=1000 Iy,
A=0 | A=A | A=2A; | A=40AL; A=Ay
0 21 43.9 45.1 453 45.6 45.1
5 26 17.6 18.2 18.2 18.2 18.2
60 3 21 10 31 9.5 9.8 9.8 9.8 9.8
15 36 UNS UNS UNS UNS UNS
20 41 UNS UNS UNS UNS UNS
21 39.9 41.0 41.2 41.4 45.1
26 14.1 14.6 14.6 14.6 14.6
100 3 21 10 31 5.1 54 5.4 5.4 5.4
15 36 UNS UNS UNS UNS UNS
20 41 UNS UNS UNS UNS UNS
Pile Bent Parameters:
I, A =values of I and A used in
GTSTRUDL Pushover Analyses
T, Anp = actual values of T and A
of bent horizontal brace
H=2l M4
[ O/
gl
42412
7 s
20

RS TR P P Ao Tt g ¢ e eI L E A TSP
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213 Additional Expansions of Applicability of the Tier-1 Screening Tool
Guidelines for some additional expansions of applicability of the Phase
Report/Tier-1 Screening Tool are given below.

1. For pile bents with more than six HP steel piles in a row, do the
following: Use the “ST” as written for checking for pile/bent kick-out,
plunging, and buckling failures. Use the pushover load check for the
6-pile bent in the “ST” having the same HP pile size as the one being
investigated to check the adequacy of bents with more than 6-piles

in a bent.

2. For pile bents with HP steel piles larger than HP4xs3 do the
following: Use the “ST" as written for checking the adequacy for
kick-out and plunging failures, and use the ly of the bent pile in
checking for possible buckling when using the buckling equation of
section @ in the “ST”. Use the pushover resulis for HP12xs3 pile

bents in checking the bent adequacy for pushover failure.

3. The current “ST” checks for pile/bent “kick-out” adequacy via
checking to verify that depth of pile embedment in a firm soil after
scour is equal to or greater than 3 ft, i.e.,

After Smax, Lembedment =3 ft
Upon reviewing this further and recognizing the limited ability to
accurately predict the Sy« value at a bent site, it is recommended

that the above criterion for “kick-out” adequacy be retained as is in

the Tier-2 “ST?
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214 Closure

Bent pushover loads for lower levels of P-loads, i.e., P=60% and 80, and for a
larger level of scour, i.e., S = 25 ft have been added in the refined “ST”, and these have
also been presented in terms of the critical scours, Scr. Bent pushover loads for cases
of unsymmetric P-load distribution via having only the upstream bridge lane loaded with
live load have been added in the refined “ST”. Pushover loads for cases of variable
scour where the scour decreases in the downstream direction and cases of
unsymmetric P-load distribution and variable scour have also been added in the refined
“ST".

Checks have been made on the effect of additional pile axial load, AP, due to
lateral flood water loading and the adequacy of upstream bent piles when subjected to a
debris raft loading at the level of horizontal strut for two-story bents have been made
and included in this chapter. Also, the effect of height of debris raft loading on bent
pushover, as well as the effect of continuous span superstructures on bent pushoVer
and pile buckling are evaluated. Interestingly, the height of the debris raft loading has
very little effect on the bent pushover load, and as expected, continuous span

superstructures offer greater resistance to bent pushover failure.
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3. DETERMINING BRIDGE/BENT MAXIMUM APPLIED LOADS

3.1 General

The maximum applied pile and bent gravity loads are primarily a function of
e the span length
e the bridge width and girder spacing

e the superstructure support conditions, i.e., SS or continuous spans

The procedures for determining maximum applied dead load (DL) are straight forward
and rather easy to implement; however, the procedures for live load (LL) are more
convoluted and not so easy to implement. In placing truck and lane loads in traffic
lanes, the AASHTO design truck and lane loadings are meant to cover a 10-ft. widfh.
These loads are then placed in 12 ft. traffic lanes spaced across the bridge from curb-
to-curb. If the curb-to-curb width is between 20 ft. and 30 ft., two design lanes are
required, each of which is half the curb-to-curb distance. The number and spacing of
design traffic lanes is based on the layout which creates the maximum stress. Table 3.1
shows the number of design lanes based on a bridge’s curb-to-curb width, and Fig. 3.1
illustrates “truck lane loadings” and “design lane loading” on a 32 ft. curb-to-curb width
bridge. The larger of these two loadings will be the required design live loading.

It should be noted that the number of design traffic lanes and lane LL-loadings
shown in Table 3.1 and Fig. 3.1 are appropriate for checking bent pile buckling or
plunging, but are unrealistically conservative for the maximum high water level pushover
loading unless the bridge actually has 3-traffic lanes. Otherwise, the LL-loading for the

pushover loading check should be restricted to using the actual number of traffic lanes.
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Also, the most adverse LL-loading may occur with only the upstream lane loaded for the

pushover loading condition, and this should be checked.

Table 3.1 Design Traffic Lanes (8)

Curb to Curb Width No. of Lanes

20 to 30 ft.
30 to 42 ft.
42 to 54 ft.
54 to 66 ft.
66 to 78 ft.
78 to 90 ft.
90 to 102 ft.
102 to 114 ft.
114 to 126 ft.

OO N DO B WD

-
(@)

3 Trucks side-by-side with

, only 1 truck per lane or 3-64psf (48psf) DESIGN LANE LOADS
P ~
g6 | (32¥(24Y (32524 e -
g“lz, 4) ‘ (247 105k 107,ck 10° 26P-Load (19.5)
¢ ) /]
3¢ I I 1 I 11
SUPERSTRUCTURE
SECTION
s 3 ‘ >
SECTION A
a. Truck Lane Loading b. Design Lane Loading

Fig. 3.1 LL to Determine Pi_, .. appiteq
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3.2 Determining Maximum Applied DL
Bridge girder maximum DL reactions for various girder support conditions are
summarized in Table 3.2 for a uniform dead load, wpy.

Table 3.2 Bridge Girder Maximum Reactions for SS and Equal Span
Continuous Bridges Under Uniform Loads

Bridge/Girder

Support Condition Riax Rax

SS 1.0 wprt 1.0 wie
2-Span Continuous 1.25 wprt 1.25 wiie
3-Span Continuous 1.10 wpt 1.20 wire
4-Span Continuous 1.15 wpLt 1.22 wyit
5 -Span Continuous 1.15 wpLt 1.22 w1t
(or larger)

It should be noted that the tributary weight of the bent cap needs to be added to
the appropriate girder reaction to determine the pile and bent design DL forces. [f the
bent cap size is known, use that size to determine the cap weight to add to the bent
load. If the cap size is unknown, assume the following to estimate its size and weight.

Girder/Pile spacing x (No. Piles — 1) + 4 ft

/4

Bent Pile Cap Size = 2.5’ x 2.5’ x Cap Length

Bent Cap Weight = Cap Size (volume in ft%) x 0.150 k/ft’

Assume Cap Weight

I Cap Weight
Is Equally Distributed — P&
§ Equaly © Fle = No. Bent Piles
To Piles.

Example problems illustrating the computation of Py, , .4 are given in Section

3.4.
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3.3 Determining Maximum Applied LL

As with the original “ST”, an impact factor of 1.1 is assumed in determining the
maximum applied pile LL. Also, as with the original “ST”, a girder-line approach is taken
to estimate the maximum vehicular LL (plus impact) on a bent pile, and the approach is
illustrated with its application to a simple supported superstructure, with span lengths of

34’ and a girder spacing of 6’ as shown in Fig. 3.2. The loads shown in Fig. 3.2 are for

an HS20 loading with those in parenthesis being for an HS15 loading. PL- is the

Max Applied
larger of those determined from truck line load of Fig. 3.2(a) or the lane loading of Fig.

3.2(b).

Prismaxapples 1S determined from Fig 3.2 and 3.3 as follows:

SS Spans 2-Span Continuous

a. Truck Line Load: Ph, = 16" +16%(2)+4*(2)[ 1.1 [2(3.12)+16+9.36]1.1

=[16+9.41+2.35] 1.1=30.5 34 8¢
SS - Spans 2-Span Continuous

b. Design Lane Load:P5, = [0.064%x6’x34'+26k]1 1 [(0.064x6x34)1.25 +26]1.1
=[13.1+26]1.1= 43.0" ¢ Governs [16.32+26]1.3=46.6*<Governs
v Phiemaxappied = 43.0“for Simply Supported Bridge

- Phlemaxappied = 46.6“for 2-Span Continuous or Continuous for LL

. Primaxappiies = 46-6"for 3 or More Span Continuous or Continuous for LL (see below)
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As can be seen from Table 3.2, for purposes of estimating the maximum P,

applied to a bent cap and pile, using the upper bound value of Py, =1.25w,, £ would be

appropriate for the “screening tool” for equal span continuous bridges of any number of
continuous spans. Note also, that the uniform lane loading (rather than fruck wheel
loadings) controls by a sizeable margin for both the SS bridge, and the continuous
bridges.

Example problems illustrating the computation of P ... are given in Section 3.4.
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-9
16%(125) 165125
L 14

34
PILE

a. Truck Line Load

6’
26°(19.5 )
G“‘! ( I @r 64psf (48 psf)

~—DECK
GIRDER

b. Design Lane Loading

Fig. 3.2 Girder Line Loading to Determine Py, y.y apptied

%k
mmWMWBPBWWFWTWLWWE
T 0000020,
modé Lok
19.5%
l UNIFORM LOAD 480 L8 PER LINEAR FOUT OF LOAD LANE
2z
H15-44 LOADING
HS15-44 LOADING

Fig. 3.3 AASHTO H & HS Lane Loading
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Bent H H
3.4 Example Py ,..q Determinations

Two example problems illustrating the computation of Pﬁj;“,\pp,ied for purposes of

checking bridge bent pushover adequacy in extreme flood/scour events are presented
below. Both examples calculate loadings for the symmetric case of both bridge traffic
lanes loaded with LL, and for the unsymmetric case of only the upstream traffic lane

loaded. Example 1 is for a 4-pile bent bridge and Example 2 is for a 3-pile bent bridge.

Example 1:
34’ Span SS Bridge with 7" Deck, AASHTO Type Il Girders (4 Girders at 8’

Spacing), Jersey Barriers, 4-Pile Bents with 2.5" x 2.5’ Caps.

= .
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- Bent
Determine P,.", ...

Pp.: Deck: Deck Thickness x Out-to-Out Deck Width x Span Length x 0.150

17—2x32'x34'x0.150" [ fi? ‘ = 952"

Thickened Deck Overhang: A Overhang Thickness x Overhang Width x
Span Length x 0.150% ft.%

%x4'x34‘x0.150k ! ft2x2 = 6.8

Diaph: 19—2x Girder Depth x Distance Between Exterior Girders

x 0.150% / ft.2 x No. Diaph/Span

f—2x3.0'x24’x0.150" / f22%3 = 243"

Girder:  Girder Wt/ft x Span Length x No. Girders/Span

0.384%/ ft.x34'x4 =52.2"
Barrier Rail: Jersey Barrier Wt./ft x Span Length x 2

0.390% / ft.x34'x2 =26.5*
Bent Cap:Cap Width x Cap Depth x Cap Length* x 0.150% / ff*

2.5'%2.5'x28'x0.150% / f2 =26.3%

*If Cap Length is not available use
(Distance Between Exterior Girders +4’) Pp.  =231.3%

Py — Both Lanes Loaded (Case | Loading):

Design Lane Load: [ 0.064*/ f£2x10' x34' + 26.0* | 2x1.1 =105.1F
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Truck Lane Load: {32" +32 (29)+8(§H 2x1.1 = 122.2% Governs

34
PL = 122.2
o PRt e =Dop +Py =231.35 41222 =353.5
.. P-load to be used above each pem 3535
s . Max Applied . k .
pile in pushover analysis No. of Piles 4 piles per p1
. Pushover Load Case I: .
P=284 284  gp.4 lggﬁf
NN AN v
Hut ¥ \lj TR '_";“:“_':*g_%_l Aﬂ:‘}w
e / "K
} .
122,
MD; (Pi Lm«
80,
L
P — Only Up-Stream Lane Loaded (Case Il Loading):
Design Lane Load: [ 0.064*/ f:”x10' x34' + 26.0 |1x1.1 =525
. 20 20 _ 11K
Truck Lane Load: | 32" +32 31 +8 32 1x1.1 =61.1"« Governs
P =611
R 231.3¢
P e = b - =57.8" per pile
PLAppled N, of Piles 4 Perp
k
P Aepied = %= 612'1 =30.6"; PRt o =0 (other 2 piles)
88.4" 57.8"
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.. Pushover Load Case ll:

Note,

88.4

of —_=065
57.8 153

Therefore, based on Example 1 and 2, in performing pushover
analyses for Load Case ll, use the following bent loadings.

&___.———-‘
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Example 2:
34’ Span SS Bridge with 7" Deck, AASHTO Type Il Girders (3 Girders at 8
Spacing), Jersey Barriers, 3-Pile Bents with 2.5’ x 2.5’ Caps.

b

Sl ET S T
] e

A Bent
Determine P, Applied

Po.:  Deck: Deck Thickness x Out-to-Out Deck Width x Span Length x 0.150

%x27'x34'xo.150" / f22 =80.3"

Thickened Deck Overhang: A Overhang Thickness x Overhang Width x
Span Length x 0.150% .

1

12—2x4'x34'x0.150" / ft2x2 =6.8

Diaph: %x Girder Depth x Distance Between Exterior Girders

x 0.150° / ft.% x No. Diaph/Span

—%x3.0'x16'x0.150"/ 72x3 =16.2
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Girder:

Girder Wt./ft x Span Length x No. Girders/Span

0.384* / f1.x34'x3 = 39.2¢
Barrier Rail: Jersey Barrier Wt./ft x Span Length x 2
0.390% / ft.x34'x2 = 26.5°
Bent Cap:Cap Width x Cap Depth x Cap Length* x 0.150% / ff®
2.5'%2.5'x20'x0.150% / f22 = 18.8
*If Cap Length is not available use
(Distance Between Exterior Girders + 4) Pp. = 187.8%
P.. = Both Lanes Loaded (Case | Loading):
Design Lane Load: [ 0.064" / f£2x10'x34'+ 26.0% | 2x1.1 = 105.1"
x 20 20 - k
Truck Lane Load: [32 +32[—3——£)+8(§—4-H 2x1.1 = 122.2%- Governs
P =122.2¢

B e = Py + Py =187.8° +122.2% =310.0

~.P-load to be used above each
pile in pushover analysis

.. Pushover Load Case {:

Proe s _ 310.0¢

= —— =103.3*per pile
No. of Piles 3 piles

S k

soia wi.ak 22
Y
4
ik
{Zo
V= {10
&o,
o
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PL. — Only Up-Stream Lane Loaded (Case Il Loading):

Design Lane Load: [0.064*/ 27x10'x34'+ 26.0* |1x1.1 = 52.5"
Truck Lane Load: {32" +32(§—‘(:—)+8[§—2H 1xl.1 = 61.1% Governs
Pn =61.1%
en P, 187.8" .
PDBLAtpplied = NG O?LPiles =3 =62.6" per pile
) _
PLBLe:;plied = %= 61; =30.6" ; P ampics = 0 (other 1 pile)
93.2% 62.6

.. Pushover Load Case Ii:

k
932" _ 449 or =067

Note,
62.6" 1.49

Therefore, based on Example 1 and 2, in performing pushover
analyses for Load Case I, use the following bent loadings.




4. REFINED “ST” AND TIER-2 SCREENING

41 General
The original “screening tool” to assess the adequacy of bridge pile bents for
extreme flood/scour events screened only steel HP pile bents where the piles were
HP10xa2 Or HP12x53, @and checked these bents for the following possible failure modes.
1. Bent pile tip “kick-out” failure (due to insufficient pile embedment after
scour)
2. Bent pile plunging failure (due to insufficient pile end bearing/side
friction capacity after scour)
3. Bent pile buckling failure (due to insufficient pile buckling capacity after
scour)
4. Bent pushover failure (due to the combined effect of gravity P-loads

and lateral flood water loads on the bent after scour)

In checking the many bent geometries and load levels/positions and piling bracing and
support conditions, simplifying assumptions were made to estimate both the maximum
applied loads on the bent/pile, and the load capacities of the bent/pile. In developing
the “ST", upper or lower bound values as appropriate of the bent parameters were
sometimes used, and in cases of uncertainty, which were many, conservative values
were used.

After using the “ST” for about a year now, improvements and refinements of the

“ST” have been identified as well as other possible critical load conditions and failure
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modes. These improvements/refinements in the basic “ST” have been incorporated in
the refined/2™ edition “ST” which is presented and discussed in the following section.
This new edition still incorporates a conservative approach where uncertainties exist.
Also included in this chapter is a section on 2™ tier screening which should be
performed to address the “blocks” in the original “ST” indicating to “check more closely
for possible failure”. This 2™ tier screening should result in additional bents being
determined as adequate for extreme flood/scour events, and thus should further reduce
the number of bents requiring a' fully comprehensive analysis to assess the bent's

adequacy.

42 Refined/2" Edition “ST”

The refined/2™ edition “ST” is shown in flowchart form in Fig. 4.1. By comparison
of this figure with the corresponding one for the original “ST”, one can readily see that
an additional failure check/evaluation module, i.e., Module@ , has been added to the
refined/2™ edition “ST”. This module checks the upstream bent pile for possible failure
as a beam-column when simultaneously subjected to an axial P-load and a lateral flood
water loading on a debris raft located with its top 7.5 ft below the top of the bent cap, i.e.
with the Ftloading located 9.5 ft below the top of the bent cap. This check and module
is discussed later in this section. Also, one can note in Fig. 4.1 that no
changes/refinements were made in the Preliminary Evaluation Module, i.e., in Block (1) .
An enlarged drawing of just Block (1) is shown in Fig. 4.2 for convenience and
readability.

In the “Kick-Out” and Plunging Evaluation Module (Block (2) ), slight refinements
in the wording and sequence for indicating the adequacy of bent piles for “kick-out” were

made at the very beginning of the Block. However, no changes of substance were
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made in checking for “kick-out” nor are any follow-up screenings indicated for those
bents where “check more closely for “kick-out” failure” is indicated by the “ST”.
However, in this module, if a plunging failure is identified as being possible, the user is
referred by the “ST” to second tier screenings (Tier-2/2) to make assumptions on the
bent pile driving system when complete information on the system is not known, and/or
to further refine the maximum load on the bent and pile in assessing the adequacy of
the bent/pile for plunging. An enlarged drawing of just Block @ is shown in Fig. 4.3 for

convenience and readability.
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START

Bridge is over water and is
in a scour possible sefting

+

Yes

S'MX

usiteisO< S <3ft

Yes

Bridge/Bents
are safe from
scour lailure

Bent piles have
»| lost more than 25%

No

$24,

No

h 4

Detenmine bent pile and bent

maximum applied loads,

pite

Pinax applicu
bent

P upplica

See Ch. 2 in this report
and/or Ch. 4 in Phase [1

report.
'

Bent piles have
lost more than
25% of their
original area in
splash zone or
at ground line.

Yes

A4

Take immediate
corrective action
to build-up pile
section back to
original or greater
dimensions where
more than 25%
of material has
been lost due 10
corrosion.

A 4

No :

6

Pile/Bent will have a pile/bent
*“kick-out” or plunging failure.
Take corrective action
immediately!

of their original arca |
in splash zone

Yes l

Take immediate corrective action
to build-up pile section back to
original or greater dimensions

where more than 25% of material
has been lost due to corrosion.

Bridge/Bents are
safe from scour

failare

PRELIMINARY |
EVALUATION

Bridge/Bents are

safe from scour
failure

Fig. 4.2 Enlargement of Preliminary Evaluation Module (Block @) of Fig. 4.1



Pile has more than 3
feet of embedment in a
firm soil after scour. i.e..

No

\ 4

Check more closely
for possible “kick-out™
failure of pile/bent

¢ > 3t

Yes
v

Pile/Bent is safe from
“kick-out™ failure

) 4

The following information is known or can resonably be estimated
about the particular bent piles:

1. Driving resistance in blows/in at end of driving ,

2. Type of driving hammer and hammer driving energy

3. Piles are known to be primarily “End Bearing Piles™ or “Friction
Piles”

4. Pile embedment length before scourand §_

5.P, ; (with FS = 1.25)

max applied = ¥ max design loa

No

KICK-OUT AND
PLUNGING
EVALUATION

Yes

v

Using Figs. 5.6 - 5.11 in Phase II Report, determine the critical
value of “Percentage Loss of Embedment”. Multiply this value by
the length of pile embedment before scour ¢, _, to determine the
critical plunging scour, i.e,

_ %loss of embedment (from Fig. 5.6 - 5.11)

h 100 % b

where S includes F.S. = 1.25 on pile load capacity.

Scr

Is Scg =S, for the site?

A

) 4

Bent should be
checked more closely
for possible pile/bent

plunging failure

Yes No
4 A
Pile/Bent is Bent should be
safe from plunging checked more closely
failure for possible pile/bent
' plunging failure

4

Fig. 4.3 Enlargement of Kick-Out and Plunging Evaluation Module

(Block (2) of Fig. 4.1
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Block @ of the Refined “ST”, i.e., Buckling Evaluation Module, is shown
enlarged in Fig. 4.4. The refinements allow bent buckling adequacy to be assessed for
all steel HP pile bents with piles in a single row for any number and size of pile and any
depth of embedment after scour in excess of 3 feet. As with the original ‘ST’, Figs. 4.4a
and 4.4b provide labeled dimension values and member definitions including members
HB1 and HB2 referred to in Fig. 4.4. Note that Block@ has been slightly modified to
use the parameter X (distance from top of bent cap to lowest horizontal brace) in
determining the position of the lowest horizontal brace rather than the parameter “E”
and 4 ft.

Block@ of the Refined “ST”, i.e., Bent Pushover Evaluation Module, is shown
enlarged in Fig. 4.5. The refinements in this module are the most sweeping and
significant of all. In refining the “ST” pushover load assessment during this Phase I
work, the effects of additional P-load levels and distributions, scour levels and
distributions, and height of pushover loading on bent pushover adequacy were
- performed via evaluating bent pushover loads for these conditions using GTSTRUDL.
These new pushover load evaluations are shown in tables and figures in Chapter 2. A
user of the “ST” can continue to use the original “ST" in evaluating bent pushover
adequacy and still be conservative. However, the additional pushover load tables
generated in this Phase lll work provide a more accurate assessment of pushover
adequacy under a larger range of bridge/bent conditions.

As can be seen in Fig. 4.5, the refined Block@ identifies at the beginning a
condition of no bent debris raft forming and proceeds to show the pushover check for

this condition. Also, the refined Block ) identifies two 2™ tier of screenings (Tier-2/4A
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BUCKLING I

i Arc bent piles stoel HP | No | The “ST" canot Bent has sway-bracing | No EVALUATION {
piles with 3.4.5,6 or check the buckling in ploce {
i more piles in u row? and pushover 1
dequacy of the  Yes -
l Ves benl. Pt his K oo or e~ 120 checkea more cimety | |
| me::;ll!l; :l:lg %’_‘36“ Check £, and Sy for Nonsidesway and Sidesway Buckling Sidesway - Mnde 2 Buckfing: continuoys for LLY forb poﬁiihlc i.llclt;en¥ I
uckling failure
I Combine Gravity DL+ LL Nonsidesway Buckling! Sidesway Buckling: P G#2Ely l Yes l
I from earlier Block (Mode 1) (Mode2) cR2 ™ 7 l
delerminations to get ! ¢, 7%E) Y Czanl . Nonridesway - Mode | Buckling:
I plle leri = —FS‘PI’"‘ lcra= ———*L-FS'P"‘" where £ =H+5-1 Zn’El, I
| Prus apptied man applied s apelied Therefore, Font = ey [
henr where FS =125 where F§ =125 or.
I Pasppica P !
Scry = oy - "HT 1 Scrg = fpg - ("H" - X) for 1-or 2-story bent if: eprik 2n°El,

| * R Seml CR2 = TR nember HBY isin place and for F5 ™ P gl fen= Fs o prF |

| 2-story bent if only member HB2 where FS = 1.35 wax apphicd [

I Pile embedment afier scour, ¢, Is present where FS = 135 l

or, Sepn = Lopg - "H"+1° for I-story bent if HB1 i Sen = Lopy-H+T pie rescril
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} £y 2 1211 for HPY2x53 piles or any HPI2 serick or larger HP plle not present S > Sy and in Ch. 3 of the Phase 1l Repor. |

I Use C, = 200 and C, = 0.50)in Egns. below (sce Figs., 4.4a and b for definitions of “H" and X Yes No e = o iHE T l

] For, and for ID of members HB1 and HB2) ” Ck = FCR ‘
5ft £ ¢, < 8 for HP10x42 piles or any HP10 serics pile

1 or ¥ ‘ |
" 2 B 2 sori i " . "

' S £y < 126 for HP12x53 piles or any HP12 series or Jarger HP pile “The smaller of Sy and Scay, l?‘lél"l‘!g:‘tckl?:fe an.purc Scg with S, No " Btﬂ'l‘li should lhe . ‘

Use C, =1.75 and C, = 0,375 in Eqns. below is Scy, for the pile/bent. o i is ‘i ecked more closely
for possible piletbent

| For, No Ser > Smas buckling ftuce {1

I M < £, < 5 for HP10x42 pilcs or any HPIO scrics pile Compure Scp with 5, ie.. s '
or Yes

I 3t < £, < 7R for HPI2x53 piles or any HP12 series or largar HP pile Scn > S Pile/Bent is sale |

i Use €, =1.50 and C, = 0.25 in Eqns. below Bent piles are assumed to be pinned fram Buckling |

i their buse in the “ST™ whi
I Note, for £, S 3 the pile/bent hos u potential “kick-aut™ prublem which Pile/Bent is safe 1 c‘II; ase iﬂpﬂ:‘;l;;' l
N p
I needs 1o be uddressed immediately. from Buckling adequacy. Therefore, go to @ l
y in the “ST™ und check for
| é) bent pushover adequacy. I
e e e e e e

Fig. 4.4 Enlargement of Refined Buckling Evaluation Module (Block @) of Fig. 4.1
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SWAYBRACING DETARS

TWQ STORY BENT
SWAYBRACING TABLES
W e A" ‘8" "C" |WT. LBS.
20'-Q"} 6'-1" |29"-10% 300" 31'-6"| 1407
21'=¢"| 7'~1"[2¢'-1017 30'~0"I31'~10"] 1412
22'-07 8'~1" [28'-107 30'-0"] 32'-2"| 1417
23'-Q" 9'~1" [28'=107 30'-0"| 32'~7"] 1423
24'-Q"[10'-1" [29'-107 30"-0"] 33'~0Q"| 1430
25'-0"11'~1"{29'-107 30'-0"] 33'-5"| 1436
BATIEN WEIGHT TO BE ACDED T0 ABOVE TABLES. 10-GATTENS
REQUIRED, 5/5° X 7 1/2° X 1'-6 1/4" @ 12.1F EACH.

NOTE: WEIGHT GIYEN 15 TOTAL FOR TWO PIECES OF EAGH
(ENGTH (F SWAYBRACING SHOWN B BOTH TABLES.
SINGLE STORY BENT
SWAYBRACING TABLES
"H" ‘c" D" |WT. LBS.
13'-0°| 7'-0" [29'~107 459
14'-0"| 8'-0" | 30'-3"| 465
15'=0"| 9°'=0" | 3Q"-8"| 472
16'-0"}10'-0"{31'~1"| 478
17'-0"[11'=0"| 31'~6"| 485
18'-0"|12'-0Q"[ 32'-0"| 493
19'-0"{13'=Q"| 32'-6"| 501

Fig. 4.4a. Typical ALDOT X-Braced Pile Bent Geometry



“H)S

S

X=Vertical Distance in Feet From Top of Bent Cap
To the Lowest Horizontal Brace (HB)

Buckling Mode 1 - Nonsidesway (assuming bracing members buckle and
piles have a 50% fixity at the cap and ground)

——=  where {_,=S+'H-1’ (4.1)

Buckling Mode 2 - Sidesway (lower portions of piles)

C,7’El,

PCR2 ~

(4.2)

2
ECRZ

where £, =8+("H"-X) for 1 or 2-story bent if member HB1 is present
and for 2-story bent if only member HB2 is present

£,,,=8+(“"H"-1’) for 1-story bent if HB1 is not present and for
2-story bent if HB1 and HB2 are not present

Fig. 4.4b. Transverse Buckling Modes and Equations for X-Braced Bents
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Are the pile bents

HP12x53 piles?

a ES. = 1.25 on the pushover load, E,.

Fig. 4.5 Enlargement of the Bent Pushover Evaluation Module (Block@ ) of Fig. 4.1

4-11

PUSHOVER ]
Is there a source or history of | NO Assume no debris Go to appropriate max applied Yes .| Bent is safe from EVALUATION I
stream flood debris from which » rafidevelops,and  {-»{ pushoverload > IsF, >F, ™ pushover failure —’®
a bent debris raft could be built? max applicd e table in Ch. 2 to |
F, =25 determine bent No l
" . . _ pushover force F,. )
Yes (includes a F.S. = 1.25) - Bent should be checked I
»| more closely for possible
v pushover failure |
I
No Bent should be checked by - No
. . . L Bent piles are » The *ST" cannot
3,4.5, 6-pile bents with or without X-bracing with HP10x42 or o‘t‘lé: .::f?ﬁfh?\feﬁdfﬂﬁy steel HP piles check the pushover |
adequacy of the |
Yes bent. Print this
4 Yes message and then |
exit the ‘ST’
Determine P to apply to bent cap above each pile in pushover analysis. i.e., I
bent I
_ P mux upplied l
~ " No. of Piles in Bent |
For the given bent size (number of piles and height), level of gravity P-load, |
bracing condition and size of HP pile. go to the appropriate table of Tables
2.23-2.24 and determine the critical scour, S These values of Sqy include l
I
7 I
No |
IsS~;>S > Bent should be checked more Is No Bent should be checked
CR max s p
closely for possible push-over failure [ 2 s wpplied o capacity » more closely for possible ]
Yes during an extreme scour/flood event «=IFy ' : pushover failure |
v
Bent is safe from _ Yes |
pushover failure B |
I
I
— — —— — t— — —— — — — — — — ——_ — —- S—n S — e tortn  m— — o — — —— — ———— —— — —— — — — — " — — ——— — — o]



and Tier-2/4B) for bents that do not successfully pass through the original “ST". By
executing these refinements, it is anticipated that many more bents will be determined
to be adequate without requiring full blown structural stability analyses.

As indicated earlier, Block (5) has been added to the refined/2™ edition “ST” and
is shown enlarged in Fig. 4.6. This module checks for possible failure of the upstream
pile as a beam-oélumn due to a combined axial P-load and a lateral flood water loading,
Ft, acting on a debris raft formed at an elevation of 9.5 ft below the top of the bent cap
(see Fig. 2.31). lt should be noted that if the debris raft forms at or near the top of the
bent then bent pushover failure would govern. [f the bent is X-braced, the bracing will
serve to distribute the force F; to all of the piles in the bent and the piles and bent will be
OK for the lower position of the Fiload. Also, if the bent piles are HP piles larger than
HP10x42 then the upstream pile will be safe for the beam-column loading. Thus, the
possibility of a beam-column failure of the upstréam bent pile only occurs when the bent
piles are

e HP1qgx42 Or smaller
e Unbraced
e Loaded with the F; loading at an elevation of 9 ft or more (debris raft

forming at elevation 7 ft or more) below the top of the bent cap.

These conditions are included in Block (8) which, for conditions where a beam-column

failure is possible, determines the Sgiure level and then converts this to a S=2° by

max

dividing Sgiuwre by @ F.S.=1.25. In turn, Sﬁfafi is compared with the Spax anticipated at the

site to determine the adequacy of the upstream bent pile as a beam-~column.
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ﬁ"“—_—_—""———'_—_""—""—'—"i
I

UPSTREAM PILE o

' BEAM-COLUMN
| @ EVALUATION |
Yes o l
I Is the bent X-braced? »| Upstream pile is OK @
as a beam-column! l
| No
Y l
| Are the bent piles | Yes | Upstream pile is OK
| larger than HP,, .7 "| as a beam-column! _’@ l
| Y No I
Is there a source or history NO; Upstream pile is OK __,@ I
I of flood debris such that a as a beam-column!
l debris raft could form? '
I Yes No Chefck ttcxic upstream pile l
. . ‘or adequacy as a
l Are the bent piles HP,,, ., piles? »  beam cgflumny by the |
I Yos procedure in Section 2.11 | |
' Are the bent height, H, and high water level, I
HWL, such that during an extreme flood | NO Upstream pile is OK I
l event a debris raft could likely form 7 ft or "1 as a beam-column!
more below the top of the bent cap? l
| A é’) |
Then for l
l P =160"~ Sfaliure =15’ and Sar::k =12’ |
| P = 140K+ Sy = 166" and S =133’ |
| P =120%+ Spyiyre = 183" and Shyy = 146 |
Al r b
| P = 100"~ Spyjure =20° and Sy = 16 Yes | Upstream pile is OK
l P =80k“" Sfailun: =23" and Sx:: =184 as a beam-column! l
| | P=6 S =27 and S35 =206 |
I at the site, and at the site is, I
| Simes. > Smax |
l y Mo l
Bent upstream pile should be ) ) |
| checked more closely for possible Assign hent a safe or
| failure as a beam-column adequate rating '
n I
| -

——— e e e — — ]

Fig. 4.6 Enlargement of Upstream Pile Beam-Column Evaluation
Module (Block (5) )of Fig. 4.1
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4.3 Second Tier/Tier-2 Screening

As indicated in the previous section,
e there are no 2" tier screening referrals in the Preliminary Evaluation
Module, ().
e there are two 2" tier screening referrals each in Modules(z) and @)
and these are shown shaded in gray in the 2™ Edition “ST” flowchart of

Fig. 4.1.

e initially identified 2™ tier screenings in Module@ were combined with
1% tier screenings of the original ‘ST into a new refined Module @vhich

is shown in Fig. 4.1.

Each of these 2™ tier screenings as well as the new refined Module (3) (Buckling Module)

are presented and discussed below.

Pile Plunging Evaluation (Block (2)) 2" Tier Screening. Second tier pile/bent
plunging screenings are recommended for the shaded/gray referral blocks in the ‘ST’
Flowchart shown in Module @ in Figs. 4.1 and 4.3. Second tier screening for bents
where complete information about the bent pile driving system are not known, i.e., Tier-
2/2A screening, is described in Fig. 4.7a. In this second tier screening, the most
conservative or most probable conservative values of the missing information is
assumed, and the user is returned to continue executing the ST. Second tier screening
for bents that do not pass the Sg; = Spax check in the pile plunging evaluation, i.e., Tier-
2/2B screening, is described in Fig. 4.7b. In this second tier screening, a new and

probably less conservative PP° is determined for the pile being investigated. It

max applied
should be noted that after executing the Tier-2/2 screenings, the user should return to

and continue executing the ST.
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If lack of information regarding the bent pile driving system in Block @ of the ST

causes exit of the ST to Tier-2/2A ST check, do the following:
e If driving resistance at end of driving (EOD) is unknown, assume a

Final Driving Resistance = 5 blows/inch

e |f type of driving hammer and hammer driving energy is unknown,

assume a 6 ft-kip hammer driving energy.

e |[f piles are primarily “End Bearing” or “Friction” is unknown, assume

the piles are primarily “Friction Piles”.

e After making one or all of the assumptions above, return to the ST at

the point/block of exit and continue executing the ST.

Fig. 4.7a. Tier-2/2A Screening for Pile Plunging Adequacy Assessment
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In recognition of the facts that,

e the most heavily loaded pile in a bent will get “lean-on” plunging

support from the adjacent piles in the bent

e for continuous span bridges, the most heavily loaded bent will get

“lean-on” support from the adjacent supports/bents

e the loading of all possible Design Traffic Lanes (see Table 3.1 in
Phase lI-Screening Tool Users Guide) with LL when a bridge only
has two actual traffic lanes is unreasonable for an extreme

flood/scour event

it is recommended that P,‘,’,Ziapp"ed be redetermined as follows:

e Assume each bridge span supported by the bent under investigation

is a SS span loaded with LL on only the bridge actual traffic lanes.

* Determine Poat ., based on the assumption above

) PBent )
e Assume Pplle = X ap!)hed
mexappled " No. Piles

Return to the ST at the point/block shown in Fig. 4.1 and continue executing the
ST.

Fig. 4.7b. Tier-2/2B Screening for Pile Plunging Adequacy Assessment
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Pile Buckling Evaluation (Block@ ) 2" Tier Screening. Second tier screenings
were initially added to the buckling evaluation module, i.e., Block @ to allow expanded
screening for other size HP pile bents, numbers of HP piles, and depths of pile
embedment after scour. However, this was later changed to combining the 2™ tier and
1%t tier screenings into just one buckling evaluation module, i.e., the refined Block @
screening which is shown in Figs. 4.1 and 4.4. The refined buckling evaluation module
allows bent buckling adequacy evaluation for all steel HP pile bents with any number of

piles in a single row, and for any depth of pile embedment after scour in excess of 3
feet. It should be noted that if the depth of embedment after scour, £,s, is less than or

equal to 3 feet, then the ‘ST” will indicate a possible “kick-out” failure may occur. If the
bent is determined to be adequate for buckling then the refined ‘ST’ moves forward to

checking the bent adequacy for pushover failure.

Bent Pushover Evaluation (Block &) ) 2" Tier Screening. Second tier bent
pushover screenings are recommended for the shaded/gray referral blocks in Block &)
of Fig. 4.1. The 2" tier screening regarding the number and size of the bent piles, i.e.
Tier-2/4A screening, is given in Fig. 4.8a. Second tier screening for bents that do not
pass the S..> Spax check in the bent pushover evaluation, i.e., Tier-2/4B screening, is
described in Fig. 4.8b. It should be noted in Fig. 4.8b that for continuous bridges the
lateral flood water loading acting on a bent is reduced and thus the pushover capacity of
the bent can likewise be reduced and still be adequate. The bent pushover capacities

for various continuous span superstructures are given in Section 2.4 of this report.
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If the bent is not a 3, 4, 5, or 6-pile bent with or without X-bracing with
HP40xa2 or HP42453 piles, do the following:

¢ Bents with more than 6 HP piles of any size in a
row, whether braced or unbraced, have adequate
pushover capacity for maximum scour levels
anticipated anywhere in Alabama, and thus are

safe for pushover.

e For bents with HP4os7 piles, check the bent
pushover adequacy by treating it as a HP1px2 pile
bent.

o For bents with HP12x(63, 74, 84) OF Iarger HP piles,
check the bent pushover adequacy by treating it
as a HP 253 pile bent.

e Bents with piles as large or larger (based on the
pile lyvalue), than HP42s3 with 5 or more piles
have adequate bent pushover capacity for the
maximum scour levels anticipated anywhere in

Alabama, and thus are safe for pushover.

Fig. 4.8a Tier-2/4A Screening for Bent Pushover Adequacy Assessment
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For bents not passing the S, > Spax requirement for pushover adequacy, do
the following:

a. Use the expanded bent pushover capacity tables and information in
Chapter 2, i.e.,
e Pushover loads for nonuniform scour distribution
e Pushover load for debris raft at lower height level on the bent
e Reduced flood water loading due to no debris raft forming
e Reduced lateral load due to a continuous superstructure
as appropriate to determine more refined values of both,
e the maximum applied lateral load on the bent, and

e the bent pushover capacity.

b. Check to see fif,

thax applied x 125 < Ftcapacity
T F.S.

c. If Frxemied o 125 < FW  the bent is adequate for pushover.

If Frexepeled o 1,25 > F= | the bent is not adequate and should be

checked more closely for possible
pushover failure.

Fig. 4.8b Tier-2/4B Screening for Bent Pushover Adequacy Assessment
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44 Closure

In this Phase Ill work, improvements and refinements in the “ST” have been
made and are included in the refined/2™ edition “ST” presented in Section 4.2. It should
be noted in Section 4.2 that an additional possible mode of bent failure and a check for
the same, i.e., failure of the upstream bent pile as a beam-column, has been added to
the “ST”. This failure mode is only possible for unbraced bents with HP o2 or smaller
piles where the lateral flood water loading, Ft, can be applied at an elevation of 9 ft or
more below the top of the bent cap. The authors view this 2" edition “ST” as being the
basic “ST” that should be applied to all of ALDOT’s steel pile bent supported bridges
that are exposed to extreme flood/scour events.

For those bridges/bents with steel HP pile bents that failed to pass the original
“ST”" screening process because of pile size or number of piles in the bent, and for the
steel HP pile bents that fail to pass the “ST” screening process for a lack of adequate
capacity in the areas checked by the “ST”, the second tier, or Tier-2, screening process
developed in this work should be applied. This Tier-2 screening process is presented in
Section 4.3. Only those bridges with steel HP pile bents that did not check out
satisfactorily/adequate via the original “ST” should be subjected to this second tier or
Tier-2 screening. Bents not checked via the ‘ST’ to date, should be checked using the
Phase Il enhanced/refined ‘ST'.

It is anticipated that the Tier-2 screening will find many of the bridges/bents that
failed to pass the initial “ST” to be adequate. Those bridges/bents not found adequate
via the follow-up Tier-2 screening, should be analyzed more closely via a
comprehensive structural stability analysis for the maximum flood/scour event that can

occur at the bridge site.
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5. EXAMPLE APPLICATIONS OF THE TIER-2 “ST”

51 General

- As indicated in Chapter 4, there are no 2" tier screening referrals in the original
or refined “ST” in the Preliminary Evaluation Module (Module(?) ), and thus there are no
Tier-2 screenings for this module. Also, in the Kick-Out and Plunging Evaluation
Module (Module(?) ), there are no changes in the “"ST” regarding the check for “kick-out”
failure and there are no Tier-2 screenings for those piles/bents identified as possibly
having a “kiék-out” failure problem. However, for piles/bents identified in the refined
“ST” as possibly having a pile plunging or a bent pushover failure problem, the refined
“ST” refers the user to a 2™ level of screening, i.e., Tier-2 screening, in checking for
these possible failure modes. As indicated earlier, for pile buckling checks, 2™ level
screenings have been implicitly incorporated into the buckling evaluation module, and
thus, there are no explicit Tier-2 screenings for buckling. It is anticipated that the Tier-2
screenings will be able to determine that many of the piles/bents sent to this 2™ levé| of
screening are adequate and do not need to be checked further.

The original “ST” Reports included example checks for failure via pile plunging,
pile buckling, and bent pushover. In the following sections, example applications are
given for the refined “ST”, Tier-2 plunging and pushover failure checks, and checking of
the upstream pile for possible failure as a beam-column. These examples focus on the
Tier-2 screening process. They are designed to assist a user starting at a point where

the original “ST” has indicated that “the piles/bent should be looked at more closely for a
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possible failure”. The Tier-2 screening constitutes the first step, and in many cases the

only step needed, in the “...bent should be looked at more closely...” process.

5.2 Bent/Site Conditions to Check for Need/Applicability of the ST

Just as with the original ST, the questions below should be answered at the very
beginning to determine the need to apply the Refined ST, or to determine the
applicability of the Refined ST to the bridge bent/site under investigation. In certain
situations, the Refined ST refers the user to Second Tier/Tier-2 screenings. Also, it
should be noted that Question 4 below expands the range of applicability of the Refined

ST to all steel HP pile bents.

—

. Is the bridge over water or in a flood plain where it may become over water
during an extreme flood?

If answer is No, the bridge bents do not need to be checked by the
ST.

2. Is the bridge at a site where the maximum estimated scour, Spax, is
0<8,, <3ft?

If answer is Yes, the bridge bents do not need to be checked by the
ST.

3. lIs the bridge at a site where the maximum estimate scour, Smax, is greater than
the pile embedment length, £,.,i.e.,is S, >4, ?

If the answer is Yes, the bridge pile/bent will have a pile/bent “kick-
out” or plunging failure and there is no need to check with the ST.
Immediate corrective action should be taken.

4. Are the bridge pile bents 3, 4, 5, 6, 7, 8-pile (or more) bents with piles in a row
with or without X-bracing and with the piles being steel HP piles?

If the answer is No, the bridge bents can not be checked by the ST.
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5.3 Example Applications for Tier-2 Pile Plunging Failure Check

Given below are some example applications of the refined/2™ edition “ST”
checking for possible pile/bent plunging and kick-out failures. It should be noted that
the refined “ST” is the same as the original “ST” regarding checking for pile/bent “kick-
out” failure, i.e., checking to make sure that the bent piles have more than 3 ft of
embedment in a firm soil after scour to be safe from a kick-out failure. However, for the
pile plunging check, the refined “ST” includes two Tier-2 pile plunging/screening checks,

and these are emphasized in Examples 1 and 2 below.
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If lack of information regarding the bent pile driving system in Block@ of the ST

causes exit of the ST to Tier-2/2A ST check, do the following:

e |f driving resistance at end of driving (EOD) is unknown, assume a

Final Driving Resistance = 5 blows/inch.

e [f type of driving hammer and hammer driving energy is unknown,

assume a 6 ft-kip hammer driving energy.

e If piles are primarily “End Bearing” or “Friction” is unknown, assume

the piles are primarily “Friction Piles”.

e After making one or all of the assumptions above, return to the ST at

the point/block of exit and continue executing the ST.

Fig. 4.7a,Tier-2/2A Screening for Pile Plunging Adequacy Assessment
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Ex.?2 tautt
If lack of information regarding the bent pile driving system in Block of the ST

causes exit of the ST to Tier-2/2A ST check, do the following:

—P e [f driving resistance at end of driving (EOD) is unknown, assume a

Final Driving Resistance = 5 blows/inch.

— s |f type of driving hammer and hammer driving energy is unknown,

assume a 6 ft-kip hammer driving energy.

—bp ¢ If piles are primarily “End Bearing” or “Friction” is unknown, assume

the piles are primarily “Friction Piles”.

~———p * After making one or all of the assumptions above, return to the ST at

the point/block of exit and continue executing the ST. |

- Fig.4.7a, Tier-2/2A Screening for Pile Plunging Adequacy Assessment

5-9



Ex2 Lat'm

0
N
1"-' ~
E ~ =~ ~ =20 ft-k hammer
£ 80 N, o~ ~ =0 115 ft-k hammer
S - ~ TN = ¢= 12 ft-k hammer
& .. °.. o =~ 10 ft-k hammer
. X
§ GOXN =~ R .. S =X 8 ft-k hammer
- - ~ ~. ,
S r X S~ ~ - X 16 fi-k hammer
5 T~~~ ~ .U T —4—4 fi-k hammer
g 40 4= . S . O ~ o -~
@ 1_.___...___1_:'_~a[‘x ~ \A~'.~\
033' \f o Y I
\ ~ — S~ . —
20 1 i = ¥,
i - -
l ' \’
0 ¥ * y T : T
0 20 3% w0 60 80

% Loss of Embedment

Figure 5.10. Friction Piles, 5 blows/inch]Driving Resistance

at End of Driving
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In recognition of the facts that,

e the most heavily loaded pile in a bent will get “lean-on” plunging

support from the adjacent piles in the bent

e for continuous span bridges, the most heavily loaded bent will get

“lean-on” support from the adjacent supports/bents

e the loading of all possible Design Traffic Lanes (see Table 3.1 in
Phase lll-Screening Tool Users Guide) with LL when a bridge only
has two actual traffic lanes is unreasonable for an extreme

flood/scour event

it is recommended that P be redetermined as foliows:

max applied

¢ Assume each bridge span supported by the bent under investigation

is a SS span loaded with LL on only the bridge actual traffic lanes.

¢ Determine Py, s Dased on the assumption above

PBent
® Assume Ppnle o = maxap'plled
maxeppiet  No. Piles

Return to the ST at the point/block shown in Fig. 4.6 and continue executing the
ST.

Fig.4.8b, Tier-2/2B Screening for Pile Plunging Adequacy Assessment

5-11



Ex.7 (oeth.

Table 3.1 Design Traffic Lanes (8)

Curb to Curb Width No. of Lanes
20 to 30 ft. 2
30 to 42 ft. 3
42 to 54 ft. 4
54 to 66 ft. 5
66 to 78 fi. 6
78 to 90 ft. 7
90 to 102 ft. 8
102 to 114 ft. 9
114 to 126 ft. 10

Table 3.2 Bridge Girder Maximum Reactions for SS and Equal Span
Continuous Bridges Under Uniform Loads

Bridge/Girder

Support Condition Rﬁ"l‘-”‘ : R:‘La"

SS 1.0 wprt 1.0 wire
2-Span Continuous 1.25 wpit 1.25 wyie
3-Span Continuous 1.10 wprt 1.20 wyiit
4-Span Continuous 1.15 wprt 1.22 wyt
5 -Span Continuous 1.15 wpt 1.22 wiit
(or larger)
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5.4 Example Applications for Tier-2 Pile Buckling Failure Check

Applications of the refined “ST” buckling check are given in Examples 3, 4, and 5
below. The examples focus on using the expansions and refinements made in the
refined “ST” buckling check module. As indicated earlier, 2™ tier screening has been

implicitly included in the refined buckling check module.
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5.5 Example Applications for Tier-2 Bent Pushover Failure Check
Four example applications of the refined “ST” bent pushover check are given
below. The refined “ST” bent pushover check includes several new tables/features that

were not available in the original ST such as,
e Lower P-load levels of P=60% and 80* acting on the cap
e Reduced P-load levels on the downstream side of bent
o Reduced level of scour in the downstream direction of the bent
e A debris raft not forming at the bent

e A debris raft forming at a lower level on the bent
The refined “ST” also includes two Tier-2 pushover screening checks. Example

Applications 6, 7, 8 and 9 below focus on the Tier-2 screening checks as well as some

of the new tables/features mentioned above.
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Table 2.32. Pushover Load, F;, for Unbraced 3-Pile and 4-Pile Bridge Bents with
HP; 4, Piles and Reinforced Concrete Bent Cap With Iyross = 41,470 in*
for Varying Values of P-Load and ‘H+S’.
No. Pushover Force, F; (kips)
Bent | H(ft) | S | H+S (f) X —onk | 7o ik k K k
Piles P=60* | P=80% |CP=1005 | P=120 | P=140* | P=160
0 10 21.6 20.6 19.6 20.0 18.8 17.6
5~ 15 12.9 11.5 10.1 8.9 7.3 5.6
f:‘lr @“' /{E(LL 120 82 | 63 | 3’@) 2.3 unstable | unstable
P 15 25 4.9 23 unstable | unstable | unstable | unstable
A 20 30 20 | unstable | unstable | unstable | unstable | unstable
/,3.{ 25 35 unstable | unstable | unstable | unstable | unstable | unstable
% 13 156 144 132 124 11.0 95
18 9.8 8.2 6.4 4.7 2.8 unstable
13 10 23 6.1 39 1.5 unstable | unstable | unstable
15 28 3.1 unstable | unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable | unstable
25 38 unstable | unstable | unstable | unstable | unstable | unstable
10 38.3 35.7 33.5 34.8 323 29.9
15 31.8 28.9 26.1 24.8 21.8 18.9
10 10 20 30.8 27.2 243 22.0 18.5 15.1
15 25 24.8 21.6 18.2 14.8 11.6 8.4
20 30 19.0 15.5 12.3 9.0 6.3 3.8
4 25 35 13.6 10.5 7.8 5.3 3.3 1.8
13 33.6 30.6 27.9 27.5 24.8 22.0
18 30.7 27.6 24.6 22.7 19.3 16.0
" 10 23 27.8 23.8 20.8 17.8 14.3 10.9
15 28 21.3 17.8 14.5 11.1 8.0 53
20 33 15.6 12.3 9.3 6.5 4.1 2.5
25 38 11.0 8.3 6.0 4.0 2.5 unstable
Pile Bent Parameters:
L? .L-F |?
F—E t? e ,
il
4 o 3Tz hl S
Ry s
|

T ST o PR P T R e R T PR R T
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Ex'7‘; Table 2.3b.‘ Pl{shover Lo;.ad, Fy, for Unbraced 3-Pile and. 4-Pile Bridge Befltg with
izaT' A HP4s3 Piles and Reinforced Concrete Bent Cap with Igoss = 41,470 in
for Varying Values of P-Load and “H+S’.
No. Pushover Force, F; (kips)
Bent H (ft) S (ft) | H+S (fP) ” PR A . - .
Piles P=60 P=80" | P=1005;| P=120" | P=140" | P=160
10 33.8 32.8 32.0 342 33.1 32.0
15 21.6 20.4 19.3 18.9 17.6 16.3
10 10 20 15.4 14.0 12.5 11.2 9.6 7.8
15 25 11.5 9.7 7.7 5.8 3.6 14
20 30 8.5 6.3 3.8 1.1 unstable | unstable
25 35 6.1 32 unstable | unstable | unstable | unstable
3 13 253 24.3 233 235 222 21.1
18 17.5 16.2 14.9 13.9 124 10.9
13 10 23 12.9 11.2 9.5 7.8 59 3.8
15 28 9.6 7.5 53 2.9 unstable | unstable
20 33 7.0 4.4 unstable | unstable | unstable | unstable
25 38 4.7 unstable | unstable | unstable | unstable | unstable
0 10 56.6 534 50.7 54.4 52.3 50.1
5 15 454 41.6 38.8 38.7 36.2 33.7
an_ 1_0 20 41.1 37.8 %_‘2'\0 34.0 31.0 27.8
STOTES | 25 | 407 | 374 _’gg}é 31.4 28.1 24.4
y / 20 30 333 29.6 26.6 234 19.9 16.5
c%i?ﬁ/ 25 35 273 | 238 | 204 | 170 | 136 | 105
= 13 47.3 443 41.7 42.8 40.5 38.1
\ 18 42.4 39.0 36.1 353 324 29.6
i3 10 23 41.0 374 35.0 33.1 29.6 26.3
15 28 36.7 32.6 259.0 26.9 23.1 19.5
- 20 33 29.2 26.2 227 19.3 16.0 12.8
25 38 23.5 20.3 16.8 13.5 10.5 7.8
Pile Bent Parameters:
? J;? ?
A op 3-Tas A
- B3
ﬁgﬁ-’:‘- S i —
Lase / HPFast i
S 4

S R Quon-Carpop L gnat weg e )

5-21




Exruse 8

Lzl HE Lisergheey
4-be bezst AT e Rt W,
Fog Tmowr AJepukey, 2

(2 S EN v ol

Gvizas ]

Bt —uericar b-Tie
ot ATRUAHT Y73 N RN S .

Viep - I lox/PZ

Best
fonc - 4o %&ﬁ)

g > N 5 €
ﬁ’p = 4__2’——@ = lm o S é:‘:’
1% -Qt ﬂl.ETf?
(keeices L-fieTaur

PIRON
-k
b -
T

LY
13
Pt
a
r

4 -@t
=4, 72 9 FMA% Wﬁé rypu@

= [ 7—5&442 12, 15

%fwvm ﬁ@z 2

Fzoen Thrce 152 (% wiExT hAE),
FWM(T‘V .
3

4%
LAgaccor (ALK AT
= < E; w L Vet 15 st Aerikve R VAHOVETRE A
Sl B LHEREETS JAEZE Llescd ¥,

oz

Aoz THAT UR
a@%wz\gmg_y ”\77 __?720
2 F= 52@,
i 7 Ao

o ?T/Zﬂu 7/'(—%6253,[9% AEXT 7@7
B 1.2

chcitt
R S A B s AvapiAte R Yritnerz

571



g Table 2.10a. Pushover Load, Fi, for Unbraced 3-Pile and 4-Pile Bridge Bents with
CONTH S HP1gxs2 Piles and Concrete Cap with Igyoss = 41,470 in*

""""" for Unsymmetric P-Loadings and Varying Values of “H+S’.

No. 'Bent H (£6) S (ft) B+ () ”I.’-l-lshover Force, F; (kips)
Piles P=60" | (P=80%3| P=100" | P=120" | P=140"
0 10 194 17. 6 16.1 14.3 12.5
15 10.8 8.8 6.8 4.7 2.4
10 10 20 6.3 3.9 | unstable | unstable | unstable
15 25 32 unstable | unstable | unstable | unstable
20 30 unstable | unstable | unstable | unstable | unstable
’ 0 13 13.5 11.6 9.8 7.8 5.7
5 18 7.9 5.6 3.3 unstable | unstable
13 10 23 4.4 unstable | unstable | unstable | unstable
15 28 unstable | unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable
0 10 36.8 334 30.4 27.6 25.0
_ 15 30.5 26.7 23.4 20.1 17.0
10 10 20 29.7 25.5 21.6 18.4 14.5
15 25 23.6 19.6 16.1 12.1 8.2
) 20 30 17.5 13.6 9.8 6.0 2.3
N 0 13 32.5 28.6 25.3 21.9 19.2
TN 5 18 28.8 25.5 2.1 18.6 15.1
@ | 10 23 265 | 24 | 183 | 149 | 111
™~ 15 28 19.8 16,0 12.1 8.3 45
o | 33 | 143 | 103 6.6 | unstable | unstable
Pile Bent Parameters:
” [ det u.s;@-fr
34z R
Baity ﬁzm-ur bigpvsis
\ 'i%tz—i 1

SNC LA LANTENTN TP TR OAN 7 2o 22 o e I L LS Ao [
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Exﬂ, ;] Table 2.20a. Pushover Load, F,, for Unbraced 3-Pile and 4-Pile Bridge Bents with
ot HP1ox42 Piles and Concrete Cap with Lgyss = 41,470 in? for Unsymmetric

P-Loadings and for Variable Scour and ‘H+S’ Distributions.

No..Bent H (59 S (f) H+S (5 :Tligsl:over Force, F; (kips)
Piles P=60* | GPES0E) | P=100* | P=120 | P=140*
0 10 NN | NN | NN NN NN
15 12.8 10.7 8.7 6.7 4.6
10 10 20 8.4 6.2 4.0 unstable | unstable
15 25 5.5 3.0 unstable | unstable | unstable
20 30 3.3 unstable | unstable | unstable | unstable
3 0 13 13.5 11.6 9.8 7.8 5.7
18 9.1 6.9 4.7 24 unstable
13 10 23 5.9 34 unstable | unstable | unstable
15 28 3.6 unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable
0 10 NN | NN NN NN NN
15 NN NN NN NN NN
10 10 20 NN NN NN NN NN
15 25 29.5 25.4 21.6 184 14.5
(24:‘ 20 30 26.5 22.5 18.4 15.2 11.5
N 0 13 NN NN NN NN NN
5 18 NN NN NN NN NN
@B 10 23 29.3 25.3 22.1 18.6 14.7
™~ N 15 28 26.9 %5’3_\1 18.8 15.6 11.9
B | 33 | 232 | {98 | 159 | 122 8.6
Pile Bent Parameters:
G o Y O N coll

-

Z—’ﬁ'&-:&.ﬁé‘? R T

Doty Loz

NN — Not needed, bent
is adequate for
uniform scour.
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":Exiﬁ,»’r Table 2.3a. Pu_shover LOi.ld, Fi, for Unbraced 3-Pile and.4-Pile Bridge Be{lti with
a1 v HPj0:4; Piles and Reinforced Concrete Bent Cap with Igress = 41,470 in
for Varying Values of P-Load and “H+S’.
Pt | H @ | S | B+ (f) e Fushover f oree, & (k:ps) - -
Piles P=60 =80z | P=100 P=120 P=140 P=160
0 10 21.6 20.6 19.6 20.0 18.8 17.6
5 15 12.9 11.5 10.1 8.9 7.3 5.6
10 10 20 8.2 6.3 43 2.3 unstable | unstable
15 25 4.9 23 unstable | unstable | unstable | unstable
20 30 2.0 unstable | unstable | unstable | unstable | unstable
25 35 unstable | unstable | unstable | unstable | unstable | unstable
: 13 15.6 14.4 13.2 12.4 11.0 9.5
18 9.8 8.2 6.4 4.7 2.8 unstable
13 10 23 6.1 3.9 1.5 unstable | unstable | unstable
15 28 3.1 unstable | unstable | unstable | unstable | unstable
20 33 unstable | unstable | unstable | unstable | unstable | unstable
25 38 unstable | unstable | unstable | unstable | unstable | unstable
10 38.3 35.7 33.5 34.8 32.3 29.9
15 31.8 28.9 26.1 24.8 21.8 18.9
10 10 20 30.8 27.2 24.3 22.0 18.5 151
15 25 24.8 21.6 18.2 14.8 11.6 8.4
20 30 19.0 15.5 12.3 9.0 6.3 3.8
‘,@% 25 35 13.6 10.5 7.8 53 3.3 1.8
AN 0 13 33.6 30.6 27.9 27.5 24.8 22.0
AN 5 18 30.7 27.6 24.6 22.7 193 16.0
\\\igv‘: 10 23 27.8 23.8 20.8 17.8 14.3 10.9
N 15 28 21.3 17.8 14.5 11.1 8.0 5.3
T8Y | 3| 156 | B3 | o3 6.5 41 25
25 38 11.0 8.3 6.0 4.0 2.5 unstable
Pile Bent Parameters:
| ? L? I?
i L
F—sC t@%@ SR C
%m&
A ow B-fiz $
Ty I 5
2 M, !
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5.6 Example Application for Bent Upstream Pile Beam-Column Failure Check
Example 10 is an example application of the refined/2™ edition “ST” checking for
possible failure of a bent's upstream pile as a beam-column from a combined axial
P-load and a lateral loading on a debris raft forming at an elevatilon of 7.5 ft below the
top of the bent cap, and thus applying the F: loading at 9.5 ft below the top of the bent

cap. This mode of pile/bent failure was not checked in the original “ST”.
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5.7 Closure

Section 5.2 identifies four questions which must be answered at the very
beginning of a “check” to determine the applicability and/or need to apply the ST to
determine a bent’s adequacy. It should be noted that Question 4 in Section 5.2
expands the range of applicability of the Refined ST to include all steel HP pile bents.
Example applications of the ST are given in Sections 5.3-5.5 for checks for bent failure
via pile plunging, pile buckling, and bent pushover. These examples illustrate some of
the expansions of load conditions, load levels, bridge span support conditions,
symmetry of loading and/or scour conditions, etc. included in the Refined ST. The
examples emphasize applications of the Tier-2 screening process. Section 5.6
provides an examble application check of a bent’s upstream pile for a possible beam-
column failure due to a combined axial P-load and a lateral flood water loading, Fi, from

a debris raft. This failure check is an addition in the refined/2™ edition “ST”.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 General

Phase |l of this research developed a “screening tool” (ST) to assess the
adequacy of bridge pile bents for bents with HP1pxs2 and HP 12453 steel piles for estimated
extreme flood/scour events. The ST has been used in manual form by ALDOT bridge
maintenance engineers for the past year and appears to be working nicely.

The purposes of this Phase Il work were to take the “screening tool” developed

in Phase Il and
e simplify and refine it
e extend and expand its scope of applicability
e develop a second-tier of screening to use as a follow-up for those

cases where the “ST” indicates, “Bent should be looked at more

closely for possible plunging, buckling, or push-over failure”.

e develop an automated version of the “ST”.

These purposes were the focus of Phase |l research work, and conclusions and
recommendations based on this work are presented in the following sections. It should
be noted that a separate Phase [l report was prepared for the last purpose listed
above. The automated “ST” along with example applications and conclusions and
recommendations pertaining to the automated “ST” are presented in that report and are

not included herein.

6-1



6.2 Conclusions
A number of questions pertaining to the effect of other loading conditions, scour
conditions, height of application of a debris raft pushover load, unsymmetric bridge LL,
continuous superstructures, etc on possible bent failure during an extreme flood/scour
event have surfaced since submission of the Phase 1l Report. Most of these questions
required additional bent failure analyses and these are presented in Chapter 2. A
summary of the most important/relevant of these analyses and their results are presented
below.
~ Additional Pile Axial P-load Due to Flood Water Lateral Loading. Analyses
were undertaken to determine these additional P-loads (AP-loads) and are presented in
‘Section 2.3. In each case, the tallest possible bent (“H” = 25 ft) with the maximum scour
(8 = 20 ft) was considered. Only in the case of a 3-pile bent (the least width bent) was
the AP viewed as being significant (AP = 15.6* on the downstream batter pile). This
additional axial load would contribute to trying to plunge or buckle the downstream pile.
However, this pile would get some “lean-on” support from the other piles in the bent.
Also, the ¥AP at a bent would be zero and thus their effect on the bent pushover force
would be minimal and need not be considered when determining P-loads acting on a pile
bent.
Effect of Continuous Spans on Bent Pushover. Analyses were undertaken to
determine the flexural stiffness of a typical bridge deck/curb system bending in its
horizontal plane and a typical 3-pile or 4-pile bent bending in its vertical plane i‘n Section

2.4. From these analyses it was determined almost all of the lateral deflection due to a



debris raft F; loading was due to flexing of the pile bent. Thus, assuming a rigid

superstructure, it was determined that

FBent l

max applied N

x F

where F; = flood water load on debris raft

N = number of continuous spans

If this F2ent .o < FPushoversaraly (given in Tables in this Report) then the bent/bridge is

max applied
safe from a pushover failure.

Effect of Continuous Spans on Bent Pile Buckling. Piles/bents supporting
continuous span superstructures, or those made continuous for LL, cannot buckle in a
sidesway mode unless the entire continuous segment does. This would require an
unrealistically large loading and thus the piles/bents cannot buckle in a sidesway mode.

For the tallest ALDOT bents ("H” = 25 ft) subjected to the largest anticipated scour

(S = 20 ft), the pile fmax would be
brax="H"+8 —1"=25+20—-1=44ft

For this case, if,

Praxappied < 118% for an HP .42 pile

Prmaxappiied < 209° for an HP 2,53 pile
then the pile/bent is safe from buckling. If Prax appiied is larger than the above values, the
pile/bent may still be safe depending on the bent height and level of scour at the site. In
this case, the bent should be checked for buckling in the manner outlined ‘in the “ST".

Bent Pushover Loads for Smaller P-Load Levels. Pushover loads in the
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Phase Il “ST” were determined for various bent geometry, pile size, scour levels, and
bracing conditions for P-loads (one on the bent cap above each pile) of {P} = {100, 120,
140, 160}. However, for some smaller bridges the P-loads are sometimes only around
80%. In these cases, the “ST” can be used by using the P = 100 results, but this yields
results that are too conservative. Thus to expand the range of accurate applicability of
the “ST”, additional pushover analyses were performed for 3-pile and 4-pile bents for P-
loads of {P} = {60%, 80F}. These are presented in Section 2.6. The P = 60* level was
added in light of allowing checks of cases where the LL is only applied to the upstream
traffic lane, and also because it would allow interpolation of results for uniform P-loads
somewhat less than 80,

Pushover Loads for Unsymmetric P-load Distribution. Pushover analyses in
the Phase Il “ST” assumed a uniform P-load distribution across the bent cap as indicated
in the subsection above. These analyses along with the additional smaller P-load levels
of the previous subsection, gave us pushover analyses results for a uniform P-load
distribution for P-loads of {P} = {60, 80%, 100%, 120%, 140%, 160"}. However, it was not
clear that a uniform P-load distribution yielded the smaller bent pushover load, Fi, even
though it provided the larger vertical/gravity bent loading. It was reasoned that a smaller
unsymmetrical P-load distribution on a bent resulting from the LL being only applied to
the upstream traffic lane may result in a smaller pushover load. From our earlier work,
we knew that pushover failure was only a problem with the narrow width 3-pile and 4-pile
bents, thus we only worked with these two pile bents when checking the pushover loads
for unsymmetric P-load distribution. The results of pushover analyses for the 3- and 4-

pile bents with unsymmetric P-loads are presented in Section 2.7, and the bent pushover



load for these loadings turned out to be a little smaller in every case than the
corresponding bent with a uniformly distributed P-load. Figures 2.21 —2.24 graphically
illustrate the small difference in pushover load between the unsymmetrical and
symmetrical P-loading cases. Even though the unsymmetrical distribution gives
somewhat smaller pushover loads, and earlier screenings via the Phase Il “ST” assumed
a uniform distribution, the fact that the difference in pushover load between the two P-
load distributions is small and that actual scour distributions are not uniform as earlier
assumed which leads to somewhat conservative estimates of pushover capacities (see
the next subsection), the net effect of these two effects offset each other and the earlier
pushover analyses assessments are felt to be reasonable and accurate.

Pushover Loads for Variable Scour Distribution. The Phase Il “ST” assumed a
uniform scour of a given magnitude over the full width of the pile bent being analyzed and
this leads to smaller bent pushover loads than would occur if the scour decreased in the
direction of river flow along the width of the bent. The effect of variable scour along the
width of a pile bent was analyzed for 3- and 4-pile bents in Section 2.8 and the results are
shown in Section 2.8. Figures 2.28 and 2.29 reflect the greater pushover capacity that a
bent has if the scour decreases from its maximum value in the direction of river flow as
opposed to the case where the scour remains at its maximum value over the full width of
the bent. Figure 2.30 shows plots of pushover force, F, vs. bent height plus scour, H+S,
for cases where both unsymmetrical P-load and variable scour occur together and
reflects a greater pushover capacity for this case when compared to that of a uniform

P-load and uniform scour case.
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Effect of Vertical Location of Debris Raft on Bent Pushover. In the Phase Il
work and “ST”, the debris raft on which the horizontal flood water loading, Fi, acts was
assumed to be located where the top of the raft was at the height of the top of the bent
cap. This placed the F;loading at the bottom of the bent cap which was viewed as the
worst case position in checking bent pushover failure. This would be the case if the bent
acted as a rigid body and exhibited rigid body tip-over failure, or if the bent is an
unbraced frame with only bending in the plane of the frame about the pile weak axes.
For situations where the topology at the bridge location is such that the high water level is
significanﬂy lower than the top of the bent cap, it was anticipated that the Phase |l
assumptions were overly conservative. |

In the Phase Il work we performed pushover analyses for 3- and 4-pile bents with
the debris raft water loading, Fy, applied at the location of the bottom of the X-bracing for
single-story bents and at the horizontal strut located between the upper X-bracing and
lower X-brécing for 2-story bents. A description of this work and its results are presented
in Section 2.11. It was anticipated that this loading location would yield larger pushover
loads and thus allow some bents classified as inadequate for pushover loading to be
reclassified as adequate. However, the analyses results essentially indicated that the
vertical position of the flood water loading, F:, doesn’t significantly affect the bent
pushover load. The bent bracing system is effective in maintaining the relative
geometrical relationships of the bent members in the region(s) of the X-bracing, and
almost all of the bending deformations of the bent occur in the lower unbraced (after

scour) region and is essentially independent of where F; is applied in the upper braced
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region of the bent. Figures 2.37 — 2.39 in Section 2.11 show good graphical bent
deformation illustrations of this. |

Bent Upstream Pile as Beam-Column. [t should be noted that for the lower
position of the flood water loading, F;, the upstream bent pile was checked for adequacy
in an unbraced bent assuming it acts as a beam only member and as a beam-column
member. These checks are shown in Section 2.10. [n all situations the upstream pile is
adequate when checking as a beam only member. When checking the upstream pile as
a beam-column (which it is), the pile is adequate for all situations if it is an HP42xs3 pile.
However, when it is an HP40x42 pile, the pile may not be adequate when the scour,

S > 12 ft, depending on the original height “H”, of the bent.

The results of the analyses summarized above have been included in the
improvements and refinements made in the “ST” during this Phase Il work. The resulting
Refined/2™ Edition “ST” is discussed and presented in flowchart form in Chapter 4 and
Fig. 4.1 respectively. Also included and reported on in this work is a section on 2™ tier
screening (Section 4.3) which should be performed to address the “blocks” in the
refined/2™ edition “ST” indicating to “check more closely for possible failure”. These
Tier-2 screening referrals are shown highlighted in yellow on the refined “ST” flowchart of
Fig. 4.6. The 2™ tier screenings should result in additional bents being determined as
adequate for extreme flood/scour events, and thus should further reduce the humber of
bents requiring a fully comprehensive analysis to assess the bents adequacy.

A discussion of the automation of the “ST”, the automated “ST”, and example
applications of the automated “ST” are not presented herein, but rather are given in a

separate Part Il report.
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6.3 Recommendations

Readers interested in the workings of the refined/2™ edition “ST” and that plan to

use it as a work fool to screen pile bent supported bridges to assess their adequacy for

extreme flood/scour events should recognize and do the following:

e The “ST” is a screening tool to determine the adequacy of steel HP

pile bridge bents for an estimated extreme flood/scour event.

e The “ST” checks for possible HP pile/bent failure via

pile “kick-out” due to insufficient pile embedment after scour
pile plunging due to insufficient soil bearing tip bearing and
side friction capacity (the “ST” employs a F.S. = 1.25 in this
determination)

pile buckling (the “ST” employs a F.S. = 1.25 in this
determination)

bent pushover due fo flood water lateral loading on the pile
cap and/or on a debris raft lodged against the bent (the “ST”
employs a F.S. = 1.25 in this determination)

upstream pile failure as a beam-column due to a combined
P-load and a lateral flood water loading on a debris raft

forming at an elevation of 7.5 ft below the top of the bent cap

e The refined/2™ edition “ST” is an improvement of the original “ST”

(Phase 1l “ST") in three important areas, i.e.,

it has an expanded scope of applicability, checks for other
possible failures, works with more realistic loadings, and has

other refinements
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- it refers the user to 2™ tiers of screening for those bents not
successfully passing the 1% tier of screening of the original
“STH

- it has a computer version available for use.
Perform an overview reading of this report to develop an
understanding of the workings of the “ST” and the refinements and
changes that were made in developing this refined/2™ edition “ST”
from the original Phase Il “ST”.
Perform a close reading of Chapter 2 to assist in accomplishing the
above bullet.
Perform a close reading of Chapter 4 and the flowcharts therein to
gain a detailed understanding of the changes and refinements
included in the refined/2™ edition “ST” and the 2™ Tier Screenings
included in the refined “ST".
Manually work through at least some of the example appiication cases
given in Chapter 5.
Closely read this last Conclusion and Recommendation Chapter which
summarizes the major changes and refinements made in the “ST".
Read Part Il of the Project Final Report to understand the automated
version of the refined “ST".

Work through some of the example application cases in the Part [l

Report to develop a working knowledge of the automated refined “ST".



7. NOTATIONS

The following symbols, definitions, and nomenclature are used throughout
this report. It should be noted that other symbols and notations are used in the
report, but those listed below are the primary ones needed in understanding and

using the “Screening Tool.”

H = Bent height from top of bent cap to OGL

“E” = Vertical height of bent X-bracing from lowest to
highest points of X-bracing for lower X-brace for two-
story bents

‘G" = Vertical height of bent X-bracing from lowest to
highest points of X-bracing for single-story bents

X = Vertical height from top of bent cap to the lowest
horizontal brace (HB)

ly = Pile moment of inertia about its weak axis

HB1 = Battened double angle bent horizontal brace at
4 ft above the OGL

HB2 = Battened double angle bent horizontal brace at 4'+“E”

above the OGL for two-story bents

Pgirder max = Bridge superstructure maximum girder vertical load
on a bent

Poent max = Bridge superstructure maximum total vertical load on
a bent

P optict = Pgrder max Plus portion of bent cap weight going to the
pile

P e oplicd = Ppent max PUS Weight of bent cap

Py = Pile yield strength (Py =0, A)
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PCI’

£ CR1

F.S.
LL
DL
HWL

Ftip

Vdesign

Ft

max applied

constant 7°EL,

EZ
where the constant depends on the pile bracing and
boundary conditions.

Pile elastic buckling load, i.e, P =

Pile unbraced length needed to have an elastic

constant 71:2EIy
P

max applied
constant depends on the pile bracing and boundary
conditions

buckling failure, i.e., £, = where the

Pile critical unbraced length for Mode 1
(Nonsidesway) buckling

Pile critical unbraced length for Mode 2 (Sidesway)
buckling

Young's modulus of elasticity of pile material
(assumed to be E=29,000 ksi in this report)

Factor of Safety
Live load
Dead load

Flood high water level relative to the top of the bent
Cap

Horizontal flood water force applied or resisted at the
pile tip perpendicular to the plane of the bent

Maximum flood water flow angle measured from the
longitudinal axis of the bent. Used in determining the
maximum pile tip “kickout” force and possible failure

Design flood water velocity at the bent location (Vesign
assumed to be 6 mph)

Maximum horizontal flood water load applied at the

bottom of the bent cap in the plane of the bent (used
in checking bent pushover failure)
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F

max applied

capacity
Ft

F pushover
t

Ft

max design

Scri1
Scr2

Smax

OGL

NGL

Maximum horizontal flood water load applied at the

pile tip perpendicular to the plane of the bent (used in
checking pile “kickout” failure)

Flood water bent pushover force capacity for

horizontal force applied at the bottom of the bent cap
in the plane of the bent for a given level of bent
gravity P-loads

Horizontal force applied at the bottom of the bent cap

in the plane of the bent required to cause pushover
failure of the bent under a given set of gravity P-loads
on the bent. This force was determined via the
nonlinear Pushover Analysis capabilities of
GTSTRUDL.

Ftmax design = 12.15% (includes a F.S. = 1.25)

Base dimension of assumed flood water triangular
debris raft

Altitude or height of assumed flood water triangular
debris raft

Vertical projected area of assumed flood water
triangular debris raft (DRA = 1/2 A-B)

Scour depth, or OGL-NGL

Level of scour required to cause a bent/pile
plunging, buckling or pushover failure

Level of scour required to cause a nonsidesway
(Mode 1) buckling failure

Level of scour required to cause a sidesway (Mode 2)
buckling failure '

Maximum estimated scour at the bridge/bent site
Original ground line elevation

New ground line elevation (after scour)
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st

Zas

lre

Ptjp

End Bearing Pile

Friction Pile

bpi

Length of pile embedment in supporting soil before
scour

Length of pile embedment in supporting soil after
scour

Length of remaining pile embedment after scour, i.e.,
‘e re= f as

Vertical force applied or resisted at the pile tip

Pile where 75% of the applied vertical load is
assumed to be carried by end bearing

Pile where 75% of the applied vertical load is
assumed to be carried by side friction

Blows per inch of final pile driving resistance
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