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ABSTRACT 

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 I 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 II 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 111 research work were 

to expand, refine, and automate the "screening tool" developed in the Phase II work. 

This report presents the expansions, refinements, and Tier-2 screenings added to the 

original "screening tool". The computer automation of the refined/2nd edition "screening 

tool" presented in this report is presented and discussed in a sister Phase Ill 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 money, 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 I and II of the research toward this end have already been completed. 

Phase I 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 11 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 Ill research were to enhance, simplify, expand the 

scope of applicability, determine and incorporate Tier-2 screenings for bents that do not 
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pass safely through the "ST", and to automate the "screening tool" developed in Phase 

II. More specifically, the objectives of the Phase Ill 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 applicability 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 "bent 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 to 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. Identify 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. Identify what additional checking, analyses, and input data is needed 

for bents for which the ST indicates "check more closely for possible 

pile/bent buckling failure". 
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5. Identify 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. 
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9. Prepare and conduct a training program on the automated ST 

described in Task 8 above. 

10. Prepare Phase Ill 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 II Screening Tool 

have surfaced since submittal of the Phase II 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; etc. on the possible pushover 

failure of a bridge pile bent during an extreme flood/scour event. Answer.ing most 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 possibly 

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, I, 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 conditio'ns, loadings, scour 

levels, etc., it was decided to conduct a limited sensitivity investigation 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 

HP1ox42 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 I values were used in the analyses, ranging from 10,000 in4 :::; lgross :::; 2,000,000 in4. 

Values of lgross for the caps of steel pile bents are typically in the range of 

25,000 in4 :::; !gross :::; 50,000. The I = 2,000,000 in4 value was taken to represent an 

infinitely stiff cap. The resulting bent pushover loads, Ft, are shown in table form in 

Table 2.1 and graphically in Fig. 2.2. 

r~.-=) z: ~ C'.';>J 

~1.~1..r~ 

Fig. 2.1. Qualitative Lateral Load Induced Bent Deformations for 3 .. and 4-Pile Bents 
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Table 2.1. Ft for Unbraced 3-Pile and 4-Pile Bridge Bents for Varying 
Values of Bent Cap 19ross - HP10x42 Piles and P=1 OOk 

3-Pile Bent 4-Pile Bent 

lgross {in4) Ft (kips) Ft (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: 

\... I.;.:· 'j• ' \., ~p .. • ... =· • "I-~·~ • •• ":-• ~--: ~, ·.: • ::...\ 

, t7?~~-
~ 
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"fu.!-r 41? V@T.l-l-., J,_ !. w) 
4-D Q 2.1.'7 '}..7,1 1'4-:z. '3t/. I ,+;;. \. '\t?. '? 

,--..,_ 

i ~ \7 
~ 
~--·· 

-.-.--------~----~-------~----------<~ t . ' lt/.1,/ ?-"'F/~ 'f:JeJ-r, 6-\ +-5: ~ 10 

Fig. 2.2. Pushover Load vs .. Bent Cap 19ross for Unbraced 3- and 4-Pile Bents 
(HP1ox42 Piles) and p = 1 ook 

2-4 



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 lgross < 100,000 in4
• 

However, even in these cases, the pushover load only decreases by about 19% when I 

decreases from I = 2,000,000 - 25,000 in4, a 99% decrease in I. 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 lpue 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 I values). 

It 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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Y1 :::- ~ ,:: 1-,q x.i?"; ,, B.o 
~ :3.L,.>U..O 

t:. 

~ -:: =3/7 z az, ~ ? 44 
-½ rrvz 

{E""r)~ -:::: ¾o.o K ?~ 7000 -::: b~ 
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J, ~ g)((2.. 7 

Fig. 2.3. Stiffness and Relative Stiffness Parameters for Typical 3-Pile Bent 

·-•---•-----

Fig. 2.4. X-Braced Bent Qualitative Lateral 
Lateral Load-Deformation Behavior 
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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 (L~.P) caused by flood ·water loading, Ftw as 

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

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 LiP for other bent sizes to determine whether we need to 

consider the LiP 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 Ftw = 9.72\ the LiPmax 

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, Ffw 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 L1.Pdue 10 Frw = 0 at a 

bent and thus the fairly small value of LlPmax due to the Ffw 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 debris 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, Ft, 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 Ft load would be distributed 

over all the bents of the bridge. However, most of the Ft load goes to the bents near the 

Ft load, 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, F8 = Ft 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 

F.Applied = Ix F: 
Bent Max N t 

where N = No. of continuous spans in the rigid segments 

Thus, for a 4-span continuous segment, 

F,Applied = IxF: = Ft 
BentMax 4 t 4 
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It should be noted that if the debris raft forms on a bent where the superstructure 

is continuous, then the Ft force would be applied at this location and the maximum bent 

force would be half of that occurring when Ft is applied at a bent where the 

superstructure does not have continuity. This can be seen by comparing the FsentMax 

forces in Figs. 2.12b and 2.13. 

Therefore for, 

SS Bridge: 

2-Span Cont: 

Fsent Max Applied = Ft= 12.2k (Includes a F .S. = 1.25 against 
bent pushover failure) 

F: 
Fsent Max Applied = ~ = 6.1 k (Includes a F .S. = 1.25) 

If F6~;:i;:;r ~ 6.1 k the bent is OK for pushover 

3-Span Cont: FsentMaxApplied = ~ = 
1
~

2 
=4.1k (Includes a F.S. = 1.25) 

If Fb'i;:~;r ~ 4.1 k the bent is OK for pushover 

4-Span Cont: FsentMaxApplied = Ft = 12
·
2 

=3.1k (Includes a F.S. = 1.25) 
4 4 

(and larger) 

5-Span Cont: 

(and larger) 

If F6~;:~i';;r ~ 3.1 k the bent is OK for pushover 

F - Ft - 12.2 k (I I d . F S - ) Bent Max Applied - - - -- = 2.5 nc u es a .. - 1.25 
5 5 
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Fig. 2.8. Typical Pushover/Lateral Stiffness Curves for Unbraced and X-Braced 
Pile Bents (from Phase II Report) 
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Fig. 2.9. 2-Span SS Bridge 

Fig. 2.10. Multi-Span Bridge with Many Rigid SS Spans 
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Fig. 2.11. Multi-Span Bridge Composed of 2-Span Continuous Segments 
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Fig. 2.12. Maximum Bent Forces for Continuous Span Bridges 
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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 Pmaxallowed would be as shown in Fig. 2.14 

and Table 2.2 for non X-braced bents (see Fig. 2.2 in Phase II Report). Note in 

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

Thus, from Table 2.2 if, 

Pmaxapplied :::;; 118k for an HP10x42 pile 

Pmaxapplied < 209k for an HP12x53 pile 

then the pile/bent will be safe from buckling and doesn't need to be checked further for 

buckling. If Pmaxapplied 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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Table 2.2. PcR and PMAX ALLOWED for Bent Piles Supporting Continuous Span Bridge 

HP10x42 HP12xs3 

t PcR 
. . 

p MAX ALLOWED PcR p * MAX ALLOWED 

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

20 375a 300a 496a 397a 

25 330a 264a 460a 368a 

30 290a 232a 420a 336a 

35 230a 1848 3658 292° 

44 147b 118b 261b 209b 

* Includes a F.S. = 1.25 
a Controlled by Pile Inelastic Buckling 
b Controlled by Pile Elastic Buckling 
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2.6 Pushover Loads for Additional P-load and Scour Levels of 80k and 60k 
and 25 ft 

In the Tier 1 Screening Tool, i.e., the Phase II 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~~:Applied was determined for the particular bridge/pile bent and this was 

compared with the pile Pb'~;acity in plunging and P~;actty in buckling. However, in 

checking possible pile bent pushover, P~!~~pplied was determined for the particular 

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

P.Bent 

as P-loads of MaxApplied 
No. of Bent Piles 

Using levels of uniformly distributed P-loads (one on the bent cap above each 

pile) of P = {100, 120, 140, 160k}, 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, Ft. 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 FMaxApplied = 12.2k (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, Ft, was 

greater than the FMaxApplied 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, 160k} 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=160k was adequate for any of their bents, but that the lower limit of P=1 ook was too 

large for some oftheir smaller bridges (smaller span lengths and widths). They 

indicated that a P-load level of P=80k should be added to the tables of bent pushover 

loads. The ALDOT also noted that only the smaller/narrower pile bents had pushover 

loads, Ft, low enough to be of concern about a pushover failure. 

Additionally, it was initially felt that a scour level of 8=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 = {60k, 80k}. The P=60k 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 than 80k. 

Initially, in the new pushover analyses conducted in the Phase Ill 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 

included, and this has been done. 

Results of additional pushover analyses for 3- and 4-pile single-story bents for 

P-loads of 60k and 80k and scour of 25 ft have been added to those of the earlier 

analyses for larger P-loads and lower scour levels and these are shown in Tables 2.3-

2.6. Also, these tables have 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 to 

decrease again at a significant rate. The leveling out tends to be more 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 Figs. 2.15-2.18. Note in these tables and figures that the lower P-loads 

of 60k and 80k do have a significant larger pushover load capacity. 
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To better understand the initial drop in pushover load, Ft, with scour (or H+S), 

followed by a leveling off of Ft, and then followed by significant drops in Ft with 

increases in scour (or H+S) shown in Figs. 2.15 and 2.16, we revisited bent ft vs I:::.. 

curves in earlier reports as well as performed additional GTSTRUDL analyses using 

different bent end pile batters and cap stiffnesses. Using the Ft vs I:::.. 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 Ft 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 Ft 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. It 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 Ft 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 thu_s 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 60k and 80k 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 performed for the additional P-loads 

of 60k and 80k and for scours of 25 ft and the results of these analyses are presented in 

Tables 2.9a and b. 
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No. 
Bent 
Piles 

3 

4 

Table 2.3a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP10x42 Piles and Reinforced Concrete Bent Cap with !gross= 41,470 in4 

H (ft) 

10 

13 

10 

13 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

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

Pushover Force, Ft (kips) 
H+S (ft) 1------,-----.----,-----,----,---------------, 

P=60k P=80k P=lO0k P=120k P=140k P=160k 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

21.6 20.6 19.6 20.0 18.8 17.6 

12.9 

8.2 

4.9 

11.5 

6.3 

2.3 

10.1 8.9 7.3 5.6 

unstable 

unstable 

4.3 2.3 unstable 

unstable unstable unstable 

2.0 unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

14.4 

8.2 

13.2 

6.4 

12.4 

4.7 

11.0 

2.8 

9.5 

unstable 

15.6 

9.8 

6.1 

3.1 

3.9 1.5 unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable unstable unstable 

unstable unstable unstable unstable 

38.3 35.7 33.5 34.8 

31.8 28.9 26.1 24.8 

30.8 27.2 24.3 22.0 

24.8 21.6 18.2 14.8 

19.0 15.5 12.3 9.0 

13.6 10.5 7.8 5.3 

33.6 30.6 27.9 27.5 

30.7 27.6 24.6 22.7 

27.8 23.8 20.8 17.8 

21.3 17.8 14.5 11.1 

15.6 12.3 9.3 6.5 

11.0 8.3 6.0 4.0 

unstable unstable 

unstable unstable 

32.3 29.9 

21.8 18.9 

18.5 15.1 

11.6 8.4 

6.3 3.8 

3.3 1.8 

24.8 22.0 

19.3 16.0 

14.3 10.9 

8.0 5.3 

4.1 2.5 

2.5 unstable 

Pile Bent Parameters: ,?, 17 (' 
'l' °¥ v --,--~ 

/)g~J~~~-- -----rul . !#~ 

~ ---~:_,, -~-·--L. 
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No. 
Bent 
Piles 

3 

4 

Table 2.3b. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP12x53 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

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

Pushover Force, Ft (kips) 
H(ft) s (ft) H+S (ft) 

P=60k P=80k P=lO0k P=l20k P=140k 

0 10 33.8 32.8 32.0 34.2 33.1 

5 15 21.6 20.4 19.3 18.9 17.6 

10 20 15.4 14.0 12.5 11.2 9.6 
10 

15 25 11.5 9.7 7.7 5.8 3.6 

20 30 8.5 6.3 3.8 1.1 unstable 

25 35 6.1 3.2 unstable unstable unstable 

0 13 25.3 24.3 23.3 23.5 22.2 

5 18 17.5 16.2 14.9 13.9 12.4 

10 23 12.9 11.2 9.5 7.8 5.9 
13 

15 28 9.6 7.5 5.3 2.9 unstable 

20 33 7.0 4.4 unstable unstable unstable 

25 38 4.7 unstable unstable unstable unstable 

0 10 56.6 53.4 50.7 54.4 52.3 

5 15 45.4 41.6 38.8 38.7 36.2 

10 20 41.1 37.8 35.0 34.0 31.0 
10 

15 25 40.7 37.4 33.8 31.4 28.1 

20 30 33.3 29.6 26.6 23.4 19.9 

25 35 27.3 23.8 20.4 17.0 13.6 

0 13 47.3 44.3 41.7 42.8 40.5 

5 18 42.4 39.0 36.1 35.3 32.4 

10 23 41.0 37.4 35.0 33.1 29.6 
13 

15 28 36.7 32.6 29.0 26.9 23.1 

20 33 29.2 26.2 22.7 19.3 16.0 

25 38 23.5 20.3 16.8 13.5 10.5 

Pile Bent Parameters: 

i1' r r 
Ii: !-,,·•;,, f','"_.•:.;i; -.: .. :· ... · .. :::.·;~, 

1 l r 
t~ 
~ 

,4. ~ E:S-f llS 

&.tr-.i ----- ·-+ a+~ /)F,,~: J- --------
~ 

.... ~ 
u.#! HP~~2. :, 

{_ 
- -.... " .. .,.-..- ... , .. .. .,._.,_._.,.. __ ...... .,r.,...,,_, ...... 
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P=l60k 

32.0 

16.3 

7.8 

1.4 

unstable 

unstable 

21.1 

10.9 

3.8 

unstable 

unstable 

unstable 

50.1 

33.7 

27.8 

24.4 

16.5 

10.5 

38.1 

29.6 

26.3 

19 .. 5 

12.8 

7.8 



No. 

Table 2.4a. Pushover Load, Ft, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP10x42 

Piles and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric Distribution 
of Varying Values Values of P-Load and 'H+S' 

Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=SOk P=lOOk P=120k P=l40k P=160k Piles 
0 10 48.1 43.8 40.6 38.2 35.8 33.4 

5 15 42.6 37.6 33.4 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 
5 

0 13 44.6 39.1 34.9 31.5 28.7 25.8 

5 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 
13 

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 37.3 

5 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 28.2 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.l 

5 18 45.3 38.6 33.7 28.8 24.1 19.6 

10 23 46.0 38.l 32.4 25.7 19.7 14.3 
13 

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: 

{' 
.,.. 

f {' f' i· I· F ,- . -. ----. -----_, --··-., .__;,.. -!-r .. •:. -~ .. ___ . · • .,_.,, ~ .... .,,._ s"" • .. ~ • ., .. ,.• .. :_ .... - • .. , ,t~ 
-4r ! I i<---~«4-'fi'u.:;.'p;;d 

~l-t-~ • I ~ I r~ L~•;;.·~.,~-
5 11,, ff:.?,,• I I . 

1-.. -1__:- ,.-;} 0 ...... ·'"~~:t;i~-;.;;::);-~•~~~1uju;-:.:.~:~.:-::::;..z~~::;.-;:;;;::~~-;;:~"'1 
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No. 
Bent 
Piles 

5 

6 

Table 2.4b. Pushover Load, Ft, for Unbraced 5-Pile Bridge Bents with HP12xs3 Piles 
and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric Distribution 

of Varying Values Values of P-Load and 'H+S' 

Pushover Force, Ft (kips) 
H (ft) s (ft) H+S (ft) 

P=60k P=80k P=l00k P=l20k P=l40k 

0 10 70.7 64.4 60.5 58.1 56.1 

5 15 60.0 52.8 49.0 44.6 41.2 

10 20 55.6 51.5 46.3 41.8 37.7 
10 

15 25 59.7 55.2 49.4 43.4 39.1 

20 30 49.0 43.2 39.1 34.0 29.6 

25 35 39.9 35.3 30.9 26.3 21.8 

0 13 60.4 55.4 51.3 47.9 45.2 

5 18 57.2 51.7 46.7 42.5 38.4 

10 23 58.4 52.2 47.9 43.2 38.6 
13 

15 28 53.8 48.1 42.5 38.0 32.8 

20 33 42.7 38.5 33.8 29.4 24.9 

25 38 35.0 31.0 26.0 22.0 17.5 

0 10 77.6 71.0 68.7 66.2 63.9 

5 15 61.7 56.0 51.4 47.5 44.4 

10 20 61.2 54.3 48.2 42.9 38.2 
10 

15 25 67.0 58.6 51.0 44.9 38.5 

20 30 55.0 48.0 41.9 35.4 29.4 

25 35 44.3 38.4 32.9 27.6 22.3 

0 13 66.6 60.7 55.9 52.5 49.9 

5 18 62.4 55.6 49.1 43.8 39.5 

10 23 60.6 55.3 49.5 43.2 38.4 
13 

15 28 60.1 52.8 46.0 39.8 33.0 

20 33 48.i 41.9 36.0 30.5 25.0 

25 38 39.2 34.0 28.5 23.0 18.0 

Pile Bent Parameters: 
-~- ( J} j F' J(' 1/' 

,L, ',I 

~-"·· .,:, ·•.:· :·: ,, : ,-,, ; ,: ';:; •:·.-•.::·. ,-, J 
1'!!~ 

·-Ar :(.. la'. ,,,,._ 
H -f <1%4'-. ru.M'"'.-1'.lr' I . . 

I 

N·~~ f- . I . -- ------------------u,,.._,_ 
I ,r~ ~t;.·!,J,,te f #f P.tr:5• i 

, i I 
::f._,_._:f___ ,"7';1 _..,~..:.r..•i./7~· t"'i':i-~~•.::..~::.•i..V:4--7'.:,;;:..t.:•!·u,t·•.,~"'-"\.'j:.,-~•;!.,,_ . .:'•_:.;', 
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P=160k 

54.1 

38.5 

33.9 

33.8 

25.2 

17.5 

42.8 

35.0 

34.4 

28.2 

20.5 

13.8 

61.8 

41.3 

33.9 

31.8 

23.9 

17.2 

47.1 

35.9 

33.0 

26.9 

20.0 

13.5 



No. 
Bent 
Piles 

3 

4 

Table 2.5a. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

for Symmetric Distribution of Varying Values of P-Load and 1H+S'. 

H (ft) s (ft) H+S (ft) 
P=60k P=80k 

Pushover Force, Ft (kips) 

P=l00k P=120k P=140k P=160k 

0 13 46.7 44.5 42.5 41.5 39.7 38.3 

5 18 19.l 17.1 15.5 14.4 12.8 11.2 

10 23 10.6 8.5 6.3 4.0 2.8 unstable 
13 

15 28 5.9 3.3 unstable unstable unstable unstable 

20 33 unstable unstable unstable unstable unstable unstable 

25 38 unstable unstable unstable unstable unstable unstable 

0 17 44.9 42.9 41.2 39.9 38.3 36.8 

5 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 

0 13 62.8 58.6 55.1 51.2 48.2 45.3 

5 18 35.1 31.4 28.1 24.7 22.0 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 9.4 5.8 

20 33 19.7 15.4 11.3 8.0 5.0 1.8 

25 38 13.3 10.0 7.0 4.1 2.0 unstable 

0 17 58.4 53.7 49.8 45.5 42.6 40.2 

5 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: 

( ( ( 

+~:~:~~~ 11. 
,,,..,;.,--.r~-~-- ------t 
~ HP'P11Mz, :, 

i ~ 
..,,,,,,....,~-..._~rr""""'-,-~~..;.v...,,-,;.,,,._.,., .......... -,.,,,,,.,,,,..~,"" 
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No. 
Bent 
Piles 

3 

4 

Table 2.5b. Pushover Load, Ft, for Single Story X--Braced 3-Pile and 4-Pile Bridge Bents 
with HP12xs3 Piles and Reinforced Concrete Bent Cap with lgross = 41,470 in4 

for Symmetric Distribution of Varying Values of P-Load and 'H+S'. 

Pushover Force, Ft (kips) 
H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lOOk P=120k P=140k P=160k 

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 
13 

15 28 13.5 11.3 9.1 7.5 5.3 3.1 

20 33 9.5 6.9 4.3 2.1 unstable unstable 

25 38 6.4 unstable unstable unstable unstable unstable 

0 17 66.8 64.9 62.9 61.3 59.2 57.2 

5 22 30.6 28.4 26.5 25.1 23.5 22.0 

10 27 18.8 16.6 14.6 13.0 11.1 9.1 
17 

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 

0 13 91.9 88.3 84.5 80.0 76.7 73.7 

5 18 53.3 49.3 45.7 41.9 38.8 35.9 

10 23 42.5 38.4 34.8 31.0 27.8 24.7 
13 

15 28 38.9 34.9 30.9 26.6 22.9 19.4 

20 33 35.4 30.8 26.7 22.2 18.2 14.4 

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 

5 22 50.9 46.4 42.4 38.2 34.9 31.8 

10 27 40.8 36.4 32.3 28.1 24.6 21.3 
17 

15 32 37.4 32.8 28.1 23.5 19.7 15.9 

20 37 32.5 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: 

( I? r t 

+Po~::" -~<~ 11 
t'sk-, '-+ ~ Ri;~Z°J:-½;;-- -----. -· 
~ HT'it~z. 1, 

4 r. -- - ...... __ .,,11, ..... ~ .. _,. ...... __ ·-- 'J'J---"'-· 
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No. 
Bent 
Piles 

5 

6 

Table 2.6a. Pushover Load, Ft, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents 
with HP1ox42 Piles and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric 

Distribution of Varying Values Values of P-Load and 'H+S' 

H(ft) 

13 

17 

13 

17 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

Pushover Force, Ft (kips) 
H+S(ft) 1----..-----r-----,-------,-----,-----1 

P=60k P=80k P=lO0k P=120k P=140k P=160k 

13 

18 

23 

28 

33 

38 

17 

22 

27 

32 

37 

42 

13 

18 

23 

28 

33 

38 

17 

22 

27 

32 

37 

42 

74.8 69.0 64.4 60.2 56.3 52.5 

44.6 39.6 35.1 31.0 27.2 23.5 

40.0 34.2 28.9 24.0 19.5 15.3 

40.6 33.9 28.2 22.3 16.7 11.7 

31.8 26.1 20.6 15.4 10.6 6.4 

23.0 18.0 13.6 9.6 6.0 3.5 

69.0 63.0 57.8 53.3 49.3 45.7 

41.7 36.0 31.2 26.9 22.8 18.9 

38.3 32.0 26.2 20.9 16.0 11.6 

37.5 30.6 24.4 18.3 12.8 7.7 

28.8 22.8 17.1 12.0 7.4 3.6 

20.3 15.4 11.1 7.3 4.5 2.0 

82.3 75.6 70.0 65.1 60.5 56.0 

49.4 43.1 37.7 32.7 28.1 23.7 

43.9 36.8 30.2 24.4 19.0 14.0 

46.5 37.5 30.2 22.8 15.8 9.8 

36.9 29.9 23.0 16.6 10.7 5.4 

27.4 21.3 15.8 10.6 6.3 3.0 

76.1 68.7 62.6 57.3 52.6 48.5 

46.0 39.3 33.5 28.4 23.6 19.1 

42.2 34.4 27.2 21.0 15.2 10.0 

43.4 34.6 26.5 18.8 12.0 6.0 

34.0 26.6 19.8 13.3 7.5 3.0 

24.7 18.8 13.2 8.4 5.0 2.0 

Pile Bent Parameters: 
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No. 

Table 2.6b. Pushover Load, Ft, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents 
with HP12x53 Piles and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric 

Distribution of Varying Values Values of P-Load and 'H+S' 

Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lO0k P=l20k P=l40k P=160k Piles 
0 13 107.2 102.1 97.1 92.3 88.2 84.4 

5 18 66.9 61.4 56.4 52.1 47.9 44.0 

10 23 57.5 50.9 45.2 40.6 36.2 31.8 
13 

15 28 54.1 49.0 43.4 38.1 32.9 27.9 

20 33 55.0 48.6 42.1 36.3 30.4 24.8 

25 38 44.0 38.5 33.0 27.5 22.3 17.3 
5 

0 17 99.0 95.2 91.1 84.8 80.1 76.0 

5 22 63.4 57.5 52.4 47.6 43.2 39.1 

10 27 55.2 48.2 42.2 37.2 32.5 28.1 
17 

15 32 54.6 47.6 41.4 35.4 29.6 24.4 

20 37 51.8 44.7 38.l 32.0 26.0 20.3 

25 42 41.1 35.3 29.5 23.9 18.6 13.6 

0 13 118.8 111.7 105.5 99.9 95.0 90.6 

5 18 74.1 67.5 61.7 56.4 51.5 46.7 

10 23 64.1 55.4 48:6 42.8 37.5 32.3 
13 

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 

0 17 108.4 103.0 96.6 90.7 85.5 80.8 

5 22 70.1 62.7 56.6 50.9 45.7 41.0 

10 27 61.6 52.5 45.5 39.3 33.7 28.4 
17 

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: 
11' 11 .\,? i1 gp 
~/ '1 ., A, 

f:.--t-'"'-"•··.•·'-····.-•;_., ··:-.. ··,.:·.·-:~-.,-- ·,:'·"',• -- -- L ~ 

C ~ --------,'Z"''J 
11cd:>-frt.e&sf...:i >K H : 

~"1--~---- - --~--+ T 
~~ ~ 

Mf/$.,,J I i 
. l 

. ; . , * ~--......,..·--, :z .. ., .. 1 ......... 
//2'"P,."l"~,:~~'-~•i.:q'° /.L,,. .;:-l",.-1"'.,...-~,,"\,.'-~ .... ~~...:<~~.r ,// 11/.1"' .ij'\'\•:·. -.~_;_.-..1'.-f 
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Fig. 2.15. Pushover Load vs. Bent Height Plus Scour for Unbraced 3- and 4-Pile 
Bents (HP10x42 Piles) with P-Loads of 60k, aok, 100k, 120k, 140k, and 160k 
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g. 2.16. Pushover Load vs. Bent Height Plus Scour for Unbraced 3- and 4-Pile 

Bents (HP12x53 Piles) with P-Loads of 60k, 80k, 100\ 120\ 140\ and 160k 
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Fig. 2.17. Pushover Load vs. Bent Height Plus Scour for Sin~le Story X-Braced 
3 .. and 4-Pile Bents (HP1ox42 Piles) with P-Loads of 60 and 160k · 
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Fig. 2.18. Pushover Load vs. Bent Height Plus Scour for Sin~le Story X-Braced 
3- and 4-Pile Bents (HP12x53 Piles) with P-Loads of 60 and 160k 
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Fig. 2.19 GTSTRUDL Pushover Analysis Results for 13 ft Tall Non X-Braced HP10x42 Pile 
Bents Subject to Scour (cont'd) 
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Fig. 2.21 Pushover Force vs Scour (or H+S) for 5-Pile bent with H=10', HP1ox42 and P=60 kips 
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No. 
Bent 
Piles 

3 

4 

Table 2.7a. Pushover Load, Ft, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

H (ft) 

21 

25 

21 

25 

for Symmetric Distribution of Varying Values of P-Load and 'H+S'. 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

Pushover Force, Ft (kips) 
H+S (ft) >------,---------,---~---.--------,-----

P=60k P=80k P=lOOk P=l20k P=l40k P=160k 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

51.3 48.9 46.7 44.7 43.2 41.3 

20.6 18.4 16.5 14.5 12.3 10.4 

11.1 

5.8 

8.6 

2.8 

6.1 3.8 unstable unstable 

unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

46.9 

16.8 

45.0 

14.5 

43.2 

12.1 

41.3 

9.8 

39.1 

7.6 

49.1 

19.l 

9.9 

4.6 

7.0 4.3 unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

unstable unstable 

63.3 58.9 

32.8 28.9 

25.0 20.6 

21.7 16.7 

16.8 12.0 

11.3 8.0 

58.3 

30.l 

23.2 

19.2 

14.4 

10.0 

53.5 

26.1 

18.1 

14.1 

9.4 

6.0 

unstable unstable unstable unstable 

55.1 

25.5 

16.8 

12.2 

7.4 

4.1 

49.7 

22.3 

13.9 

9.3 

5.0 

3.0 

51.6 

22.3 

13.2 

8.0 

4.0 

unstable 

46.6 

18.9 

10.0 

4.9 

48.5 

19.6 

9.7 

4.0 

unstable 

unstable 

45.6 

16.9 

6.4 

unstable 

unstable 

unstable 

44.1 41.7 

15.8 12.8 

6.4 2.8 

unstable unstable 

unstable unstable unstable 

unstable unstable unstable 

Pile Bent Parameters: 

2-42 



No. 
Bent 
Piles 

3 

4 

Table 2.7b. Pushover Load, Ft, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP12x53 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

H (ft) 

21 

25 

21 

25 

for Symmetric Distribution of Varying Values of P-Load and cH+S'. 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

H+S (ft) 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

76.0 

34.7 

21.2 

14.2 

9.6 

6.1 

73.4 

33.1 

19.9 

13.1 

8.6 

5.0 

95.9 

51.6 

39.6 

35.4 

31.3 

25.4 

89.6 

48.8 

37.6 

34.0 

28.8 

23.1 

Pushover Force, Ft (kips) 

73.8 71.6 69.4 67.1 64.9 

24.9 32.5 

18.9 

11.6 

6.6 

2.6 

71.4 

30.6 

17.4 

10.3 

30.2 

16.7 

9.1 

3.6 

28.3 26.6 

14.6 12.4 10.2 

6.5 4.0 unstable 

unstable unstable unstable 

unstable unstable unstable unstable 

69.3 67.1 64.9 62.6 

28.5 26.5 24.5 22.5 

15.1 12.7 10.2 7.8 

7.4 4.6 unstable unstable 

5.2 unstable unstable unstable unstable 

unstable unstable unstable unstable unstable 

92.2 

47.5 

35.2 

30.6 

26.2 

20.6 

86.4 

44.3 

32.8 

27.9 

23.5 

18.0 

88.0 

43.8 

31.3 

25.8 

21.4 

16.1 

83.1 

40.2 

28.5 

22.7 

18.5 

13.3 

84.0 

40.3 

27.6 

21.6 

16.8 

11.6 

79.7 

36.3 

24.4 

18.5 

13.8 

8.8 

80.0 

37.0 

24.1 

17.8 

12.6 

7.5 

75.8 

32.9 

20.8 

14.4 

9.4 

5.0 

76.2 

33.9 

20.8 

14.1 

8.6 

4.0 

71.7 

29.8 

17.5 

10.5 

5.1 

unstable 

Pile Bent Parameters: 
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No. 
Bent 
Piles 

5 

6 

Table 2.8a. Pushover Load, Ft, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with 
HP10x42 Piles and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric 

Distribution of Varying Values Values of P-Load and 'H+S' 

H (ft) s (ft) H+S (ft) 
P=60k P=80k 

Pushover Force, Ft (kips) 

P=lO0k P=120k P=140k P=160k 

0 21 75.8 69.8 64.7 60.2 56.0 52.2 

5 26 42.4 37.3 32.8 28.6 24.6 21.0 

10 31 35.8 29.6 24.4 19.5 14.9 10.7 
21 

15 36 35.3 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 

0 25 69.6 63.5 58.3 53.7 49.7 46.1 

5 30 38.4 32.8 28.0 23.5 19.5 15.8 

10 35 33.5 26.6 20.6 15.4 10.6 6.2 
25 

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 

10 31 41.1 33.1 26.6 20.6 15.2 10.2 
21 

15 36 40.8 32.3 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 

0 25 76.9 69.2 62.6 57.1 52.3 48.1 

5 30 44.3 37.3 31.4 26.2 21.4 17.2 

10 35 38.8 30.5 23.5 17.1 11.3 6.1 
25 

15 40 38.5 29.4 20.8 13.0 6.4 unstable 

20 45 31.7 23.4 15.8 8.8 3.1 unstable 

25 50 23.0 16.5 10.5 6.0 2.0 unstable 

Pile Bent Parameters: 
( tr' 4P 1f ,; l " ,,,,, ,, . ,. ,. ,, ,·, '"·"•", ... ,, '''"•~·"'"''·" ~ 
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No. 

Table 2.8b. Pushover Load, Ft, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with 
HP12xs3 Piles and Reinforced Concrete Cap with Igross = 41,470 in4 for Symmetric 

Distribution of Varying Values Values of P-Load and 'H+S' 

Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lO0k P=120k P=140k P=l60k Piles 
0 21 114.7 108.8 102.9 97.0 91.3 86.0 

5 26 66.3 60.3 55.0 50.2 45.7 41.5 

10 31 54.3 47.5 42.2 37.2 32.5 28.1 
21 

15 36 51.4 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 35.2 29.1 23.3 17.6 12.3 
5 

0 25 108.9 102.5 96.3 90.3 84.8 78.6 

5 30 60.8 55.0 49.8 45.0 40.5 36.4 

10 35 51.2 43.6 37.7 32.5 27.7 23.2 
25 

15 40 49.4 42.0 35.1 28.6 22.6 17.5 

20 45 46.7 39.2 32.2 25.2 18.8 13.2 

25 50 38.2 31.6 25.3 19.4 13.7 8.3 

0 21 128.8 120.4 112.1 104.5 96.7 90.1 

5 26 75.0 67.6 60.8 54.7 49.0 43.9 

10 31 62.6 53.3 46.5 40.3 34.5 29.2 
21 

15 36 59.4 50.6 42.6 35.4 28.8 22.6 

20 41 59.2 49.5 41.4 33.0 25.0 17.8 

25 46 50.0 41.8 33.8 26.3 19.4 12.9 
6 

0 25 114.3 108.2 101.9 94.2 86.3 80.4 

5 30 69.6 62.3 55.8 49.7 44.2 39.2 

10 35 59.0 50.0 42.8 36.4 30.5 25.2 
25 

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: 
? t17 i? / +f J, -if 
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Table 2.9a. Pushover Load, Ft, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with Igross = 41,470 in.4 

No. 
Stories 

and 
Piles 

1-Story 

and 

6-Piles 

2-Story 

and 

6-Piles 

H (ft) 

13 

17 

21 

25 

Pile Bent Parameters: 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

for Symmetric P-Loads and Scour 

H+S (ft) 

13 

18 

23 

28 

33 

38 

17 

22 

27 

32 

37 

42 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

95.7 

50.8 

45.4 

46.3 

37.5 

27.3 

89.3 

49.1 

44.6 

43.5 

34.6 

24.7 

98.1 

50.6 

44.1 

43.0 

36.7 

26.8 

91.4 

48.5 

42.8 

41.2 

33.9 

24.0 
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90.4 

44.9 

37.9 

37.7 

30.3 

21.2 

82.5 

41.7 

35.9 

35.3 

27.2 

18.9 

92.7 

44.6 

36.3 

34.8 

29.0 

20.3 

85.0 

41.1 

34.1 

32.7 

26.2 

17.9 

Pushover Force, Ft (kips) 

85.7 

39.8 

31.4 

30.4 

23.3 

15.8 

77.8 

35.5 

28.6 

27.6 

20.3 

13.8 

88.0 

39.4 

29.8 

27.4 

21.8 

14.5 

80.7 

35.2 

27.0 

25.0 

18.9 

12.5 

81.2 

34.9 

25.7 

23.6 

17.0 

11.0 

73.9 

30.5 

22.5 

20.5 

14.2 

9.4 

83.4 

34.5 

24.0 

20.8 

15.2 

9.5 

76.8 

30.5 

20.9 

18.1 

12.6 

8.0 

77.0 

30.6 

20.6 

17.3 

11.3 

7.0 

70.5 

26.3 

17.2 

14.0 

8.9 

6.0 

79.1 

30.4 

19.0 

14.5 

9.3 

5.5 

73.2 

26.3 

15.8 

11.7 

7.0 

4.1 

73.4 

26.8 

15.9 

11.3 

6.4 

4.0 

66.6 

22.4 

12.4 

7.9 

4.4 

3.0 

75.6 

26.7 

14.3 

8.6 

4.1 

unstable 

69.2 

22.3 

10.9 

5.8 

2.3 

unstable 



Table 2.9b. Pushover Load, Ft, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents 
with HP12x53 Piles and Concrete Cap with Igross = 41,470 in4 

for Symmetric P-Loads and Scour 

No. Pushover Force, Ft (kips) 
Stories H (ft) s (ft) H+S (ft) 

and P=60k P=SOk P=lOOk P=l20k P=l40k P=l60k 
Piles 

0 13 143.5 137.5 132.3 127.5 123.5 119.7 

5 18 76.3 69.6 64.6 59.9 55.5 51.2 

10 23 65.3 56.4 49.6 44.1 39.0 34.2 
13 

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 

25 38 52.1 44.8 37.7 30.8 24.4 18.4 
and 

0 17 
6-Piles 

139.3 134.0 128.4 123.3 118.5 113.6 

5 22 74.0 66.4 60.3 54.8 50.0 45.8 

10 27 64.2 55.2 47.8 41.4 35.5 30.3 
17 

15 32 63.4 . 53.7 45.3 37.9 31.5 25.7 

20 37 60.5 52.1 44.3 36.8 29.6 22.8 

25 42 49.6 41.9 34.6 27.6 21.2 15.4 

0 21 149.3 143.0 137.0 131.5 126.3 121.9 

5 26 76.9 70.8 65.7 61.0 56.5 52.1 

10 31 64.9 55.5 49.3 43.8 38.7 33.9 
21 

15 36 62.2 53.1 45.5 38.7 32.8 27.5 

20 41 61.3 52.1 44.3 36.6 29.5 23.0 
2-Story 

25 46 51.6 43.9 36.4 29.3 22.7 16.4 
and 

0 25 143.8 138.4 
6-Piles 

133.0 127.4 122.1 117.3 

5 30 74.6 67.4 61.4 55.9 51.2 47.1 

10 35 63.8 54.6 47.3 40.8 35.2 30.4 
25 

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 33.5 26.3 19.7 13.7 

Pile Bent Parameters: 
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2.7 Pushover Loads for Unsymmetric P-Ioad 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, Ft• A smaller but unsymmetrical P-load distribution 

on the bent resulting from the LL only being applied to the upstream traffic lane as 

shown in Fig. 2.19b may result in a smaller pushover load. From our earlier Phase II 

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 PoL, PLL, and Ptotal load distributions 

shown in Figs. 2.20 and 2.21 respectively. See the Phase II Report or Chapter 3 of this 

report for cafculating P~tt and Pftt for symmetrical and unsymmetrical loadings. From 

our earlier Phase 11 work, typical span Dls and Lls are such that the unsymmetrical P­

leads 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 Ill work. 
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Fig. 2.19. Symmetric and Nonsymmetric P-load Distributions 
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Fig. 2.22. Unsymmetric P-load Levels and Distributions used in Phase Ill Work 
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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 2.11 a and 2.11 b 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 2.1 Oa and 

2.1 Ob 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 HP10x42 and 

HP12x53 pile bents respectively. By comparing the pushover loads in Table 2.7a and 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, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP10xs2 Piles and Concrete Cap with Igross = 41,470 in4 

for Unsymmetric P-Loadings and Varying Values of ~H+S'. 

No. Bent 

Piles 

3 

4 

H (ft) 

10 

13 

10 

13 

Pile Bent Parameters: 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

Pushover Force, Ft (kips) 

17.6 16.l 14.3 

8.8 6.8 4.7 

3.9 unstable unstable 

12.5 

2.4 

unstable 

19.4 

10.8 

6.3 

3.2 unstable unstable unstable unstable 

unstable unstable unstable unstable unstable 

13.5 11.6 9.8 7.8 5.7 

7.9 5.6 3.3 unstable unstable 

4.4 unstable unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable 

36.8 33.4 

30.5 26.7 

29.7 25.5 

23.6 19.6 

17.5 13.6 

32.5 28.6 

28.8 25.5 

26.5 22.4 

19.8 16.0 

14.3 10.3 
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unstable unstable 

30.4 27.6 

23.4 20.1 

21.6 18.4 

16.1 12.1 

9.8 6.0 

25.3 21.9 

22.1 18.6 

18.3 14.9 

12.1 8.3 

6.6 unstable 

unstable 

25.0 

17.0 

14.5 

8.2 

2.3 

19.2 

15.1 

11.1 

4.5 

unstable 



Table 2.10b. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP12x53 Piles and Concrete Cap with lgross == 41,470 in4 

No. Bent 

Piles 

3 

4 

H (ft) 

10 

13 

10 

13 

for Unsymmetric P-Loadings and Varying Values of 'H+S'. 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

31.6 

19.5 

13.4 

9.6 

6.8 

23.2 

15.5 

11.0 

7.8 

5.4 

55.2 

43.7 

39.5 

39.0 

32.3 

45.7 

41.1 

40.0 

35.2 

27.9 
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Pushover Force, Ft (kips) 

29.9 28.3 26.7 25.1 

12.1 

4.8 

17.6 

11.3 

7.2 

4.0 

21.4 

13.4 

8.7 

5.2 

2.4 

51.3 

40.2 

36.1 

35.4 

28.0 

42.1 

37.1 

35.6 

31.3 

24.2 

15.8 

9.3 

4.8 

14.0 

7.1 

2.2 unstable 

unstable unstable unstable 

19.7 18.0 16.2 

11.5 9.5 7.4 

6.4 4.0 unstable 

2.6 unstable unstable 

unstable unstable unstable 

48.0 44.9 42.3 

36.3 33.0 29.7 

32.3 

31.7 

24.1 

38.9 

33.5 

31.8 

27.0 

20.5 

28.9 

27.7 

20.7 

35.9 

30.2 

28.8 

23.0 

16.5 

25.8 

23.5 

16.8 

33.0 

26.8 

25.1 

19.6 

12.8 



Table 2.lla. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 

for Unsymmetric P-Loadings and Varying Values of cH+S'. 

No. Bent 
H (ft) s (ft) H+S (ft) 

Pushover Force, Ft (kips) 

Piles P=60k P=80k P=l00k P=l20k P=140k 

0 13 45.1 42.2 39.7 37.0 34.7 

5 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 
3 

0 17 43.3 40.6 38.1 35.9 33.6 

5 22 16.1 13.4 11.0 8.3 5.7 

17 10 27 7.9 4.9 unstable unstable unstable 

15 32 3.4 unstable unstable unstable unstable 

20 37 unstable unstable unstable unstable unstable 

0 13 61.7 57.2 53.1 49.2 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 
4 

0 17 57.8 52.4 48.0 43.9 40.1 

5 22 31.9 27.4 23.2 19.3 15.5 

17 10 27 26.4 21.4 16.7 12.3 8.1 

15 32 22.5 17.6 12.8 8.0 3.5 

20 37 16.1 11.1 6.5 2.1 unstable 

Pile Bent Parameters: 

)] 
LA~ 

A1 

1; 

t 
W///dP',<l.'-'-"--'-'-'-
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Table 2.llb. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP12xs3 Piles and Concrete Cap with Igross = 41,470 in4 

No. Bent 
Piles 

3 

4 

H (ft) 

13 

17 

13 

17 

Pile Bent Parameters: 

for Unsymmetric P-Loadings and Varying Values of 'H+S'. 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

13 

18 

23 

28 

33 

17 

22 

27 

32 

37 

13 

18 

23 

28 

33 

17 

22 

27 

32 

37 

65.5 

30.2 

18.1 

11.8 

7.9 

64.5 

29.0 

17.2 

11.1 

7.1 

90.1 

52.3 

41.8 

37.9 

34.6 

83.0 

50.1 

40.2 

37.2 

31.8 
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Pushover Force, Ft (kips) 

62.9 60.4 58.0 55.6 

20.2 

7.9 

27.6 25.1 22.5 

15.3 12.8 10.3 

9.0 

4.8 

61.9 

26.2 

14.2 

8.0 

3.8 

86.0 

47.7 

37.1 

33.5 

29.6 

79.5 

45.1 

35.2 

31.8 

26.7 

6.3 3.5 unstable 

unstable unstable unstable 

59.2 56.4 53.6 

23.5 21.1 18.8 

11.6 9.0 6.3 

5.1 2.0 unstable 

unstable unstable unstable 

81.9 77.6 73.6 

43.6 39.7 35.9 

32.8 

29.2 

24.8 

76.0 

40.6 

30.7 

27.0 

22.0 

28.7 

24.9 

20.6 

72.2 

36.4 

26.3 

22.1 

17.3 

24.9 

20.6 

16.2 

68.2 

32.4 

22.l 

17.5 

12.6 
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Fig. 2.21. Pushover Load vs. Bent Height Plus Scour for Unbraced 3- and 4-Pile 
Bents (HP1ox42 Piles) with Sym. and Unsym. P-Loads 
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Fig. 2.22. Pushover Load vs. Bent Height Plus Scour for Unbraced 3- and 4-Pile 
Bents (HP12x53 ·Piles) with Sym. and Unsym. P-Loads 
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No. 
Bent 
Piles 

3 

4 

Table 2.12a. Pushover Load, Ft, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with 
HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 for Varying Values of 'H+S' 

and Unsymmetric P-Loadings. 

H (ft) 

21 

25 

21 

25 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

49.8 

19.0 

9.4 

4.3 

unstable 

47.6 

17.5 

8.3 

3.2 

Pushover Force, Ft (kips) 

46.7 

16.1 

6.4 

unstable 

unstable 

44.7 

14.5 

5.0 

unstable 

43.9 41.1 

13.5 10.9 

3.4 unstable 

unstable unstable 

unstable unstable 

42.1 39.7 

11.8 8.8 

unstable unstable 

unstable unstable 

38.7 36.6 

8.2 5.6 

unstable unstable 

unstable unstable 

unstable unstable 

37.2 34.8 

5.8 3.0 

unstable unstable 

unstable unstable 

unstable unstable unstable unstable unstable unstable 

62.3 57.5 53.3 49.2 45.4 41.9 

31.8 

24.5 

21.3 

16.1 

57.7 

29.4 

22.9 

19.0 

13.9 

27.5 

19.5 

15.8 

11.1 

52.3 

24.7 

17.4 

13.3 

8.6 

23.4 

15.1 

10.9 

6.1 

47.8 

20.6 

12.5 

8.3 

3.4 

19.6 15.9 12.6 

10.9 6.9 3.1 

6.2 unstable unstable 

unstable unstable unstable 

43.8 40.2 36.9 

16.5 12.6 9.2 

8.0 3.8 unstable 

3.4 unstable unstable 

unstable unstable unstable 

Pile Bent Parameters: 
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No. 

Table 2.12b. Pushover Load, Ft, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with 
HP12x53 Piles and Concrete Cap with Igross = 41,470 in4 for Varying Values of 'H+S' 

and Unsymmetric P-Loadings. 

Pushover Force, Ft (kips) 
Bent 

Piles 

H (ft) S (ft) H+S (ft) 

21 

3 

25 

21 

4 

25 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

73.9 

33.0 

19.6 

12.6 

8.1 

71.2 

31.5 

18.4 

11.6 

7.2 

94.1 

50.8 

38.9 

35.1 

30.9 

87.4 

48.2 

37.2 

33.8 

28.4 

70.9 

30.2 

16.5 

9.4 

4.7 

68.3 

28.4 

15.2 

8.2 

3.4 

89.9 

46.0 

34.0 

29.7 

25.5 

83.5 

43.1 

31.9 

27.7 

22.8 

68.1 

27.4 

13.8 

6.4 

65.2 

24.7 

11.1 

3.3 

62.2 

22.2 

8.4 

59.3 

20.0 

5.7 

unstable unstable 

unstable unstable unstable unstable 

65.5 62.6 59.7 56.8 

25.6 22.9 20.4 17.9 

12.3 9.4 6.4 3.4 

4.9 unstable unstable unstable 

unstable unstable unstable unstable 

85.5 80.8 76.2 71.9 

41.9 

29.6 

24.7 

20.3 

79.6 

38.6 

27.2 

22.0 

17.6 

37.8 

25.3 

19.8 

15.5 

75.9 

34.2 

22.6 

16.8 

12.5 

33.8 

21.3 

15.3 

10.7 

71.5 

30.0 

18.2 

12.2 

7.6 

30.2 

17.4 

11.2 

6.2 

67.1 

26.2 

14.1 

7.9 

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 bents will have greater 

pushover capacity than if all piles in the bent experience Smax• 

Based on pushover analysis results in our Phase II 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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Elevation 

Scour 

Low Water Bottom 
During Floods 

Scour 
Zone 

(a) 

{b) 

(c) 

Fig. 2.25. Forms of scour in rivers. (a) lateral shift of a stream caused by bank 
erosion and deposition; (b) normal bottom scour during floods; (c) accelerated 

scour caused by a bridge pier. [From Sowers, 1962.] 
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Fig. 2.26. Assumed Scour Distributions Profile 
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Fig. 2.27. Example Problem Illustrating the Effect of Scour Distribution 
on Bent Buckling Loads 
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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 HP12x53 piles the 4-pile 

bents are adequate for pushover, and in almost all cases so too are these bents when 

the piles are HP1ox42· 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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No. 
Bent 
Piles 

3 

4 

Table 2.13a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP10x42 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

for Varying Values of P-Load and for Variable Scour and "H+S" Distributions. 

H (ft) 

10 

13 

10 

13 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

H+S (ft) 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

21.6 

14.8 

10.3 

7.3 

5.1 

3.8 

15.6 

11.1 

7.8 

5.3 

3.7 

2.5 

38.3 

33.1 

31.1 

30.3 

26.2 

23.9 

33.6 

31.0 

30.3 

28.1 

24.2 

21.2 

Pushover Force, Ft (kips) 

20.6 19.6 20.0 18.8 17.6 

8.0 

3.3 

13.4 12.0 10.7 9.3 

7.2 

4.3 

2.3 

5.7 

3.0 

unstable 

4.5 

unstable unstable 

unstable unstable 

8.7 

5.6 

3.7 

2.3 unstable unstable unstable unstable 

14.4 

9.5 

6.0 

13.2 12.4 11.0 9.5 

7.9 6.3 4.9 3.3 

4.3 2.8 unstable unstable 

3.6 2.0 unstable 

2.0 unstable unstable 

unstable unstable unstable 

35.7 33.5 34.8 

30.5 27.7 25.2 

27.9 

26.9 

23.6 

21.0 

30.6 

28.1 

27.3 

24.3 

21.4 

17.8 

25.0 

24.1 

20.9 

17.9 

27.9 

25.3 

24.3 

21.5 

18.1 

14.6 

22.0 

20.0 

17.4 

15.0 

27.5 

22.5 

20.8 

18.0 

14.9 

11.5 

unstable unstable 

unstable unstable 

unstable unstable 

32.3 29.9 

22.8 20.4 

19.1 

16.9 

14.3 

12.2 

24.8 

19.8 

17.6 

15.0 

11.9 

8.5 

16.3 

13.8 

11.6 

9.4 

22.0 

17.1 

14.5 

12.0 

8.9 

5.8 

Pile Bent Parameters: 
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Table 2.13b Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HPrnm Piles and Reinforced Concrete Bent Cap with lgross = 41,470 in4 

for Varying Values of P-Load and for Variable Scour and "H+S" Distributions. 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lOOk P=l20k P=140k P=l60k Piles 
0 10 33.8 32.8 32.0 34.2 33.1 32.0 

5 15 24.5 23.3 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 4.4 

25 35 9.2 7.3 5.9 4.8 3.5 2.3 
3 

0 13 25.3 24.3 23.3 23.5 22.2 21.1 

5 18 19.4 18.0 16.7 15.3 14.0 12.7 

10 23 15.1 13.4 11.9 10.4 8.9 7.4 
13 

15 28 11.9 10.2 8.4 6.8 5.5 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 53.4 50.7 54.4 52.3 50.1 

5 15 47.2 44.2 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 38.2 35.0 32.1 29.0 26.0 

20 30 40.7 36.9 34.3 31.l 25.0 23.7 

25 35 38.1 34.6 30.7 27.9 24.4 20.9 
4 

0 13 47.3 44.3 41.7 42.8 40.5 38.1 

5 18 42.7 40.2 37.6 34.7 32.4 30.3 

10 23 41.5 38.2 35.2 32.5 29.5 26.6 
13 

15 28 40.6 37.2 34.7 31.3 28.0 24.6 

20 33 38.6 33.9 31.4 28.6 25.2 21.4 

25 38 35.1 30.8 28.2 25.0 21.9 18.9 

Pile Bent Parameters: 

f 
I 
I 
i 

rH-S 

I 
I 
'~-
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Table 2.14a. Pushover Load, Ft, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP10x42 

Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

No. 
Bent 
Piles 

5 

6 

H (ft) 

10 

13 

10 

13 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

and Variable Scour and 'H+S' Distributions 

H+S (ft) 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

48.1 

44.3 

42.4 

42.6 

38.2 

32.5 

44.6 

42.3 

44.4 

39.2 

33.7 

28.3 

53.1 

46.4 

46.2 

44.3 

42.3 

38.0 

46.4 

45.8 

48.5 

43.4 

38.6 

33.3 
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Pushover Force, Ft (kips) 

43.8 40.6 38.2 35.8 

38.9 34.8 31.2 28.0 

37.7 

36.2 

32.6 

28.2 

39.1 

37.4 

37.8 

33.8 

29.3 

23.9 

48.2 

41.7 

39.6 

39.0 

36.4 

32.0 

40.7 

39.3 

40.0 

37.3 

33.1 

27.3 

32.9 

32.1 

27.9 

23.8 

34.9 

33.0 

33.4 

29.5 

24.7 

19.6 

45.2 

37.1 

34.1 

32.8 

30.4 

26.0 

37.1 

34.2 

34.0 

31.5 

27.1 

21.8 

28.6 

27.2 

23.1 

19.8 

31.5 

28.9 

28.7 

24.6 

20.3 

15.3 

42.7 

33.5 

29.1 

27.0 

24.2 

20.8 

33.8 

29.6 

27.9 

25.4 

21.7 

16.8 

24.6 

22.5 

18.8 

16.0 

28.7 

25.1 

23.9 

20.2 

16.1 

11.5 

40.0 

30.1 

24.5 

21.5 

18.7 

15.9 

30.4 

25.4 

22.7 

20.0 

16.2 

12.3 

33.4 

24.7 

20.5 

17.9 

14.8 

12.2 

25.8 

21.5 

19.5 

16.0 

12.1 

8.1 

37.3 

26.5 

20.0 

16.2 

13.4 

11.7 

27.1 

21.2 

17.6 

14.3 

11.5 

7.9 



Table 2.14b. Pushover Load, Ft, for Unbraced 5-Pile and 6-Pile Bridge Bents with HP12xs3 

Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

No. 
Bent 
Piles 

5 

6 

H (ft) 

10 

13 

10 

13 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

and Variable Scour and 'H+S' Distributions 

Pushover Force, Ft (kips) 
H+S (ft) ~--.-----.---------,-----,----r-----i 

P=60k P=80R: P=lOOk P=120k P=l40k P=l60k 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

70.7 64.4 60.5 58.1 56.1 54.1 

59.8 54.9 50.7 47.3 44.4 41.9 

56.6 52.8 47.6 43.7 39.5 36.2 

55.9 51.9 47.1 42.1 37.4 33.0 

57.8 48.9 44.9 40.4 35.4 30.7 

52.4 46.5 41.4 36.7 31.6 26.9 

60.4 55.4 51.3 47.9 45.2 42.8 

58.5 53.1 47.8 43.7 39.6 36.7 

55.9 51.7 46.6 42.4 37.6 33.7 

59.3 50.0 46.3 41.9 37.0 32.1 

53.9 47.4 42.7 38.3 33.3 28.4 

47.7 42.6 38.3 33.3 28.7 24.7 

77.6 71.0 68.7 66.2 63.9 61.8 

66.6 59.9 55.9 52.4 49.4 46.6 

60.2 55.9 51.0 46.2 42.1 38.4 

62.0 56.0 49.2 43.5 37.9 32.9 

63.1 53.8 47.9 40.5 35.5 30.0 

58.4 50.7 45.3 39.1 33.0 27.6 

66.6 60.7 55.9 52.5 49.9 47.1 

59.9 55.6 50.7 45.8 42.3 39.0 

61.7 55.4 48.9 43.8 38.6 33.9 

65.7 55.3 49.0 41.3 36.4 31.0 

59.2 51.5 46.2 40.1 34.1 28.8 

55.4 48.3 42.7 36.4 30.2 24.9 
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Table 2.15a. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

for Symmetric Distribution of Varying Values of P-Load and 'H+S' 
For Variable Scour Distribution. 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=SOk P=lOOk P=120k P=l40k P=l60k Piles 
0 13 46.7 44.5 42.5 41.5 39.7 38.3 

5 18 24.7 22.7 20.6 18.7 16.8 15.0 

10 23 15.4 13.0 11.0 9.8 8.6 7.3 
13 

15 28 9.9 8.3 7.1 5.7 4.5 3.4 

20 33 7.1 5.8 4.4 3.2 unstable unstable 

25 38 5.3 3.9 2.5 unstable unstable unstable 
3 

0 17 44.9 42.9 41.2 39.9 38.3 36.8 

5 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 3.3 unstable 

20 37 6.7 5.1 3.6 2.1 unstable unstable 

25 42 4.9 3.2 unstable unstable unstable unstable 

0 13 62.8 58.6 55.1 51.2 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 
13 

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 

25 38 22.0 17.8 14.1 10.7 7.9 5.5 
4 

0 17 58.4 53.7 49.8 45.5 42.6 40.2 

5 22 38.5 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: 
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Table 2.15b. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents with 
HP12xs3 Piles and Reinforced Concrete Bent Cap with lgross = 41,470 in4 for 

Varying Values of P-Load and for Variable Scour and 'H+S' Distributions. 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lO0k P=l20k P=l40k P=l60k Piles 

0 13 67.7 65.9 64.0 64.8 63.1 61.4 

5 18 40.9 38.9 36.8 34.9 32.9 30.8 

10 23 27.4 25.2 23.0 20.9 18.9 17.2 
13 

15 28 19.7 17.3 15.0 13.3 12.2 11.1 

20 33 14.6 12.2 10.8 9.6 8.5 7.2 

25 38 10.9 9.4 8.2 7.0 5.7 4.5 
3 

0 17 66.8 64.9 62.9 61.3 59.2 57.2 

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 
17 

15 32 18.6 15.8 13.8 12.6 11.3 10.0 

20 37 13.4 11.5 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 

10 23 49.0 45.4 41.8 38.3 35.0 31.7 
13 

15 28 42.4 38.2 34.2 30.6 27.1 24.0 

20 33 38.6 34.0 29.9 25.9 22.4 19.2 

25 38 35.4 31.3 26.8 22.8 19.1 16.0 
4 

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 
17 

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: 
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Table 2.16a. Pushover Load, Ft, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

and Variable Scour and 'H+S' Distributions 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=l00k P=l20k P=140k P=160k Piles 
0 13 74.8 69.0 64.4 60.2 56.3 52.5 

5 18 49.6 45.0 40.6 36.5 32.6 28.4 

10 23 40.7 35.3 30.4 25.8 21.5 17.4 
13 

15 28 37.6 31.7 26.5 20.7 16.2 12.3 

20 33 35.1 29.4 23.2 17.6 13.2 9.5 

25 38 31.7 26.3 20.6 15.6 11.4 8.0 
5 

0 17 69.0 63.0 57.8 53.3 49.3 45.7 

5 22 44.5 39.3 34.7 30.6 26.7 23.0 

10 27 37.2 31.4 26.2 21.2 17.0 13.3 
17 

15 32 34.2 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 30.4 

10 23 46.7 40.1 34.1 28.6 23.2 18.6 
13 

15 28 43.1 35.3 28.6 22.3 17.1 13.0 

20 33 40.7 32.4 25.2 18.8 13.8 9.9 

25 38 38.0 30.6 23.3 16.9 12.0 8.0 
6 

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 

10 27 42.4 35.5 29.3 23.5 18.5 14.5 
17 

15 32 39.2 31.3 24.4 18.2 13.5 9.5 

20 37 37.8 29.2 21.7 15.4 10.7 6.8 

25 42 35.3 26.9 19.5 13.7 9.1 5.3 

Pile Bent Parameters: 
·r 

~ 
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Table 2.16b. Pushover Load, Ft, for Single Story X-Braced 5-Pile and 6-Pile Bridge Bents 
with HP12x53 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

and Variable Scour and 'H+S' Distributions 

No. Pushover Force, Ft (kips) 
Bent H(ft) s (ft) H+S (ft) 

P=60k P=80k P=lO0k P=120k P=140k P=160k Piles 
0 13 107.2 102.1 97.1 92.3 88.2 84.4 

5 18 74.4 69.0 64.5 60.5 56.5 52.5 

10 23 60.8 55.4 50.7 46.3 41.8 37.6 
13 

15 28 54.4 48.8 43.5 38.3 33.4 28.9 

20 33 51.3 45.9 40.2 34.6 28.9 23.8 

25 38 49.6 42.6 37.5 31.3 25.5 20.8 
5 

0 17 99.0 95.2 91.1 84.8 80.1 76.0 

5 22 69.7 69.2 59.4 54.7 50.4 46.2 

10 27 56.6 51.1 45.9 41.l 36.4 31.9 
17 

15 32 50.4 44.6 39.1 33.8 28.6 23.9 

20 37 47.6 41.8 35.6 30.0 24.5 19.7 

25 42 44.9 38.9 33.1 27.l 21.7 17.2 

0 13 118.8 111.7 105.5 99.9 95.0 90.6 

5 18 84.1 77.6 72.5 67.7 62.9 58.3 

10 23 69.7 63.0 57.2 51.7 46.3 41.2 
13 

15 28 62.8 55.6 48.9 42.5 36.6 31.0 

20 33 60.1 52.3 44.1 37.5 31.0 25.4 

25 38 57.8 49.2 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 
17 

15 32 58.4 51.2 44.2 37.7 31.7 26.3 

20 37 56.0 47.7 40.0 33.2 26.8 21.4 

25 42 52.9 45.9 37.4 30.6 23.7 18.4 

Pile Bent Parameters: 
·r 

Ji 
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Fig. 2.28. Pushover Load vs. Bent Height Plus Scour for Unbraced 3-Pile and 4-
Pile Bents (HP10X42 Piles) with Uniform and Variable Scour 
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Fig. 2.29. Pushover Load vs. Bent Height Plus Scour for X-Braced 3-Pile and 4-Pile 
Bents (HP1ox42 Piles) with Uniform and Variable Scour 
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Table 2.17a. Pushover Load, Ft, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with 
HP10x42 Piles and Concrete Cap with lgross = 41,470 in4 for Symmetric 

P-Loadings and Variable Scour and 'H+S' Distributions. 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lOOk P=120k P=l40k P=160k Piles 
0 21 51.3 48.9 46.7 44.7 43.2 41.3 

5 26 26.7 24.4 22.1 19.9 17.7 15.9 

10 31 16.3 13.6 11.7 10.3 8.8 7.3 
21 

15 36 10.4 8.7 7.3 5.7 4.4 3.0 

20 41 7.4 5.9 4.3 2.9 unstable unstable 

25 46 5.5 3.8 2.3 unstable unstable unstable 
3 

0 25 49.1 46.9 45.0 43.2 41.3 39.1 

5 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 5.5 
25 

15 40 9.6 7.9 6.1 4.5 2.9 unstable 

20 45 6.8 5.0 3.3 unstable unstable unstable 

25 50 4.9 3.0 unstable unstable unstable unstable 

0 21 63.3 58.9 55.1 51.6 48.5 45.6 

5 26 38.8 35.2 31.7 28.5 25.4 22.5 

10 31 29.1 25.1 21.4 18.0 15.0 12.3 
21 

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 2.2 
4 

0 25 58.3 53.5 49.7 46.6 44.1 41.7 

5 30 35.1 31.4 27.9 24.6 21.3 18.1 

10 35 26.0 21.8 18.0 14.4 11.5 9.3 
25 

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 2.3 unstable 

Pile Bent Parameters: 
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Table 2.17b. Pushover Load, Ft, for 2-Story X-Braced 3-Pile and 4-Pile Bridge Bents with 
HP12xs3 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric 

P-Loadings and Variable Scour and 'H+S' Distributions. 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=l00k P=l20k P=140k P=160k Piles 
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 24.4 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 
3 

0 25 73.4 71.4 69.3 67.1 64.9 62.6 

5 30 41.2 38.9 36.6 34.4 32.3 29.9 

10 35 27.7 24.8 22.0 19.7 17.9 16.4 
25 

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 5.9 

25 50 10.9 9.2 7.6 6.0 4.4 2.9 

0 21 95.9 92.2 88.0 84.0 80.0 76.2 

5 26 59.6 56.1 52.8 49.3 46.0 42.9 

10 31 46.8 42.9 39.2 35.6 32.2 28.7 
21 

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 

25 46 32.1 26.5 21.5 17.8 14.5 11.5 
4 

0 25 89.6 86.4 83.1 79.7 75.8 71.7 

5 30 55.9 51.7 47.8 44.1 40.6 37.6 

10 35 43.3 39.1 35.4 31.4 27.7 24.2 
25 

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 11.5 9.1 

Pile Bent Parameters: 

2-78 



Table 2.18a. Pushover Load, Ft, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with 
HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

No. 
Bent 
Piles 

5 

6 

H (ft) 

21 

25 

21 

25 

Pile Bent Parameters: 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

and Variable Scour and 'H+S' Distributions 

Pushover Force, Ft (kips) 
H+S (ft) f-----.------r-----r-------r------.-----1 

P=60k P=80k P=l00k P=120k P=140k P=160k 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

21 

26 

31 

36 

41 

46 

25 

30 

35 

40 

45 

50 

75.8 69.8 64.7 60.2 56.0 52.2 

48.2 43.3 38.8 34.5 30.5 26.8 

37.5 32.0 26.9 22.3 18.2 14.8 

33.0 26.9 21.1 16.1 12.4 9.2 

30.5 23.9 17.8 13.0 9.2 6.3 

27.8 21.3 15.5 11.1 7.3 4.5 

69.6 63.5 58.3 53.7 49.7 46.1 

42.3 37.0 32.4 28.4 24.4 20.6 

33.2 27.2 22.0 17.5 13.6 10.6 

28.9 22.4 16.6 12.3 9.0 6.2 

26.2 19.4 13.8 9.6 6.5 3.7 

23.6 17.3 12.2 8.1 4.8 unstable 

84.5 76.6 70.2 64.4 59.0 54.2 

55.9 49.6 43.9 38.6 33.8 28.8 

44.2 37.5 31.2 25.5 20.4 16.5 

39.4 31.8 24.7 18.8 14.3 10.6 

37.5 28.7 21.5 15.2 10.8 7.0 

35.4 26.6 19.3 13.1 8.6 4.8 

76.9 69.2 62.6 57.1 52.3 48.1 

49.2 42.9 37.2 32.2 27.6 23.3 

39.9 32.8 26.6 20.9 16.5 12.6 

35.4 27.6 20.6 15.2 10.9 7.3 

33.2 24.9 17.6 12.1 7.8 4.2 

31.7 23.0 15.7 10.3 5.9 2.2 
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Table 2.18b. Pushover Load, Ft, for 2-Story X-Braced 5-Pile and 6-Pile Bridge Bents with 
HP12x53 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

and Variable Scour and 'H+S' Distributions 

No. Pushover Force, Ft (kips) 
Bent H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lOOk P=120k P=l60k Piles P=l40k 

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 

10 31 59.4 53.8 48.7 43.8 39.2 34.9 
21 

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 
5 

0 25 108.9 102.5 96.3 90.3 84.8 78.6 

5 30 68.7 63.0 57.8 53.2 48.6 44.4 

10 35 54.1 47.9 42.7 37.8 33.2 28.8 
25 

15 40 .46.6 40.3 34.2 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 

10 31 69.7 62.9 56.5 50.5 44.6 39.2 
21 

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.l 

25 46 54.9 46.6 37.8 30.6 23.8 18.4 
6 

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 

10 35 63.7 56.8 50.l 44.0 38.2 32.8 
25 

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: 
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Table 2.19a. Pushover Load, Ft, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

and Variable Scour and 'H+S' Distributions 

No. Pushover Force, Ft (kips) 
Stories H (ft) s (ft) H+S (ft) 

P=60k P=80k P=lOOk P=l20k P=l40k P=l60k & Piles 
0 13 95.7 90.4 85.7 81.2 77.0 73.4 

5 18 58.3 52.9 48.3 43.8 39.6 35.7 

10 23 46.7 39.9 34.4 29.9 25.8 22.0 
13 

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 

25 38 37.6 30.5 23.9 18.2 13.3 8.9 
and 

0 17 89.3 82.5 
6-Piles 

77.8 73.9 70.5 66.6 

5 22 53.9 47.9 42.8 38.1 33.8 30.5 

10 27 42.9 36.1 30.5 25.6 21.6 18.2 
17 

15 32 38.9 31.4 25.3 20.2 15.8 12.0 

20 37 37.1 29.4 23.1 17.4 12.5 8.5 

25 42 35.3 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 

10 31 45.8 39.3 33.9 29.5 25.4 21.6 
21 

15 36 41.1 33.6 27.4 22.6 18.2 14.2 

20 41 38.8 31.2 24.5 18.9 14.l 9.9 
2-Story 

25 46 36.7 29.2 22.3 16.6 11.5 7.3 
and 

0 25 91.4 85.0 
6-Piles 

80.7 76.8 73.2 69.2 

5 30 54.2 48.3 43.2 38.5 34.6 31.2 

10 35 42.1 35.7 30.1 25.4 21.6 18.1 
25 

15 40 37.7 30.2 24.4 19.3 15.l 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: 
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Table 2.19b. Pushover Load, Ft, Double X-Braced 1-Story and 2-Story 6-Pile Bridge Bents 
with HP12x53 Piles and Concrete Cap with Igross = 41,470 in4 for Symmetric P-Loads 

and Variable Scour and 'H+S' Distributions 

No. Pushover Force, Ft (kips) 
Stories H (ft) s (ft) H+S (ft) 

P=60k P=80k P=l0Ok P=l20k P=14Qk P=160k & Piles 
0 13 143.5 137.5 132.3 127.5 123.5 119.7 

5 18 89.1 83.6 78.9 74.6 70.2 66.1 

10 23 69.9 63.3 57.8 52.9 48.5 44.3 
13 

15 28 62.3 54.9 48.1 42.1 37.5 33.4 

20 33 59.6 51.5 43.8 37.3 32.0 27.3 
I-Story 

25 38 56.6 48.6 40.9 34.4 28.6 23.8 
and 

0 17 139.3 134.0 128.4 123.3 118.5 113.6 
6-Piles 

5 22 84.4 78.1 72.4 67.3 63.0 58.8 

10 27 66.0 58.7 53.1 48.0 43.3 39.0 
17 

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 31.4 25.9 20.9 

0 21 149.3 143.0 137.0 131.5 126.3 121.9 

5 26 90.0 84.9 80.3 75.9 71.4 67.3 

10 31 70.6 64.2 58.9 54.0 49.4 45.1 
21 

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 

25 46 56.0 47.5 40.0 33.5 27.9 23.3 
and 

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 

10 35 66.3 59.7 54.2 49.1 44.2 39.7 
25 

15 40 58.4 50.6 44.2 38.9 34.1 29.7 

20 45 54.6 46.3 39.3 33.7 28.7 23.9 

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 140k. 

The results of these analyses are presented in Tables 2.20a and b for unbraced 

bents with HP1ox42 and HP12xs3 piles respectively, and in Tables 2.21 a and b for braced 

bents with HP10x42 and HP12xs3 piles respectively. These tables indicate that for HP12xs3 

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 HP10x42 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 

HP10x42 and HP12x53 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 results will be conservative. 
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Table 2.20a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HPrnx4z Piles and Concrete Cap with Igross == 41,470 in4 for Unsymmetric 

P-Loadings and for Variable Scour and iH+S' Distributions. 

No. Bent 

Piles 

3 

4 

H (ft) 

10 

13 

10 

13 

Pile Bent Parameters: 

NN - Not needed, bent 
is adequate for 
uniform scour. 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

NN 

12.8 

8.4 

5.5 

3.3 

Pushover Force, Ft (kips) 

NN NN NN NN 

10.7 

6.2 

8.7 

4.0 

6.7 4.6 

unstable unstable 

3.0 unstable unstable unstable 

unstable unstable unstable unstable 

13.5 11.6 9.8 7.8 5.7 

9.1 6.9 4.7 2.4 unstable 

5.9 3.4 unstable unstable unstable 

3.6 unstable unstable unstable unstable 

unstable unstable unstable unstable unstable 

NN NN NN NN NN 

NN NN NN NN NN 

NN NN NN NN NN 

29.5 

26.5 

NN 

NN 

29.3 

26.9 

23.2 
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25.4 

22.5 

NN 

NN 

25.3 

23.1 

19.3 

21.6 

18.4 

NN 

NN 

22.1 

18.8 

15.9 

18.4 

15.2 

NN 

NN 

18.6 

15.6 

12.2 

14.5 

11.5 

NN 

NN 

14.7 

11.9 

8.6 



Table 2.20b. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP12xs3 Piles and Concrete Cap with Igross = 41,470 in4 for Unsymmetric 

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

No. Bent 

Piles 
H (ft) s (ft) H+S (ft) 

Pushover Force, Ft (kips) 

10 

3 

13 

0 

5 

10 

15 

20 

10 

15 

20 

25 

30 

NN 

NN 

16.6 

12.6 

9.7 

NN NN NN 

NN 

14.4 

10.3 

7.3 

NN 

12.3 

8.1 

5.0 

NN 

10.3 

5.9 

2.7 

NN 

11.3 

6.5 

NN 

NN 

8.3 

3.7 

unstable 

NN 

9.2 

4.2 

0 

5 

10 

15 

20 

13 

18 

23 

28 

33 

NN 

17.4 

13.2 

10.0 

7.7 

NN 

15.3 

10.8 

7.6 

5.2 

NN 

13.3 

8.7 

5.3 

2.7 

2.9 unstable 

10 

4 

13 

Pile Bent Parameters: 

NN - Not needed, bent 
is adequate for 
uniform scour. 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

10 

15 

20 

25 

30 

13 

18 

23 

28 

33 

unstable unstable 

NN 

NN 

NN 

NN 

f 
) 

I-\ 

'/11+6 
* -.. 
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Table 2.21a. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with Igross = 41,470 in4 for Unsymmetric 

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

No. Bent 
H (ft) s (ft) H+S (ft) 

Pushover Force, Ft (kips) 

Piles P=60k P=80k P=l00k P=l20k P=l40k 

0 13 NN NN NN NN NN 

5 18 23.2 20.5 18.0 15.4 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 5.3 3.3 unstable unstable unstable 
3 

0 17 NN NN NN NN NN 

5 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 5.2 3.3 unstable unstable 

20 37 4.9 2.8 unstable unstable unstable 

0 13 NN NN 1'.'N NN NN 

5 18 NN :N"N NN NN NN 

13 10 23 31.4 27.3 23.4 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 

0 17 NN :N"N NN NN NN 

5 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: 

f 
1 

µ, 

rr ;,7,.. ... ,;.t~-- - ·-

NN - Not needed, bent 
is adequate for 
uniform scour. 
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Table 2.21b. Pushover Load, Ft, for Single Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP12x53 Piles and Concrete Cap with lgross = 41,470 in4 for Unsymmetric 

P-Loadings and for Variable Scour and 1H+S' Distributions. 

No. Bent 

Piles 

3 

4 

H (ft) 

13 

17 

13 

17 

Pile Bent Parameters: 

NN-Notneeded, bent 
is adequate for 
uniform scour. 

s (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

H+S (ft) 

13 

18 

23 

28 

33 

17 

22 

27 

32 

37 

13 

18 

23 

28 

33 

17 

22 

27 

32 

37 

NN 

NN 

26.0 

18.4 

13.4 

NN 

NN 

24.9 

17.6 

12.4 

NN 

NN 
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Pushover Force, Ft (kips) 

NN NN NN 

NN NN NN 

23.2 

15.4 

10.3 

NN 

NN 

21.8 

14.2 

9.3 

20.6 

12.7 

7.8 

NN 

NN 

18.9 

11.1 

7.2 

17.9 

9.9 

5.7 

NN 

NN 

16.0 

8.8 

5.2 

1 1 µ, 

r 

NN 

NN 

15.2 

7.7 

3.9 

NN 

NN 

13.2 

6.9 

3.2 

NN 

~NN 



--------
1 

--X-~ ?-°?t'Le ~-r wrGl ?~A,.w 
f/4!>1(.u ?--~MP~ ~~~ 

10 

x-~3-11~~) 
Wtrt,.f P~k:!M? (),l(i@¼l1Z~ 
,A;,.tp V,t11M!l-1 -6::A.JtZ. 

I 

I 
I 
I 
1 
I 
I 
I 

' 
1 
I 
I 

l 
I 

--

t);J~ °3-f?u;; ~'( Wtl1-\f~~~ 

Mt7 u~ f-~4,.,17 ~ ~~ 

-----i 
I 
I 
I 
I 

\ 
' ·---------... , 

\ 
\ 
\ 

\ 

"'-----­--~ ', ~--- ,_ - -------

D ~-...... .,.. _ __._ ____ ...,_1 ____ __._ ____ _,__ ____ _,_1 ____ _._ __ _ 

t,,-, IC> 1'7 20 1...'5 ¾ 

Fig. 2.30. Pushover Load vs. Bent Height Plus Scour for Unbraced and X-Braced 
3-Pile Bents (HP10x42 Piles) with Uniform P-Load and Scour and with 

Unsym P-Load and Variable Scour 
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No. 

Bent 

Piles 

3 

4 

Table 2.22a. Pushover Load, Ft, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP10x42 Piles and Concrete Cap with lgross = 41,470 in4 for Unsymmetric 

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

H (ft) 

21 

25 

21 

25 

S (ft) H+S (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

NA 
25.2 

15.1 

9.0 

5.7 

NA 
23.3 

13.4 

8.0 

5.2 

NA 
38.0 

28.6 

24.l 

21.1 

NA 
34.6 

25.8 

21.3 

18.1 

NA 
22.4 

11.9 

6.3 

3.5 

NA 
20.2 

10.1 

5.6 

2.8 

NA 
34.0 

24.4 

19.2 

15.8 

NA 
30.3 

21.3 

16.2 

12.9 

Pushover Force, Ft (kips) 

NA 
19.6 

9.0 

4.3 

NA 
16.8 

6.6 

2.2 

NA NA 
14.1 11.4 

4.6 2.6 

unstable unstable 

unstable unstable unstable unstable 

NA NA NA NA 
17.2 14.3 11.4 9.0 

7.7 5.4 3.2 unstable 

3.4 unstable unstable unstable 

unstable unstable unstable unstable 

NA NA NA NA 
30.2 

20.4 

14.6 

11.0 

NA 
26.3 

17.0 

11.7 

8.5 

26.5 

16.4 

10.5 

7.2 

NA 
22.6 

13.1 

7.7 

4.4 

23.0 

12.7 

7.0 

3.5 

NA 
19.1 

9.2 

19.5 

9.2 

3.6 

unstable 

NA 
15.6 

5.6 

3.9 unstable 

unstable unstable 

Pile Bent Parameters: 

if' ~P' +P.&&1 
r: ->l"''•''---- ··:. -•. -,~~,.k -,:.. I '-~<"E,:"Z 

a,,, 
?-fr~ lE1 ---+---;! 

~)tr, 

2-90 



No. 

Bent 

Piles 

3 

4 

Table 2.22b. Pushover Load, Ft, for 2- Story X-Braced 3-Pile and 4-Pile Bridge Bents 
with HP12xs3 Piles and Concrete Cap with Igross = 41,470 in4 for Unsymmetric 

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

H (ft) 

21 

25 

21 

25 

S (ft) H+S (ft) 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

21 

26 

31 

36 

41 

25 

30 

35 

40 

45 

NA 
43.2 

28.1 

19.7 

14.0 

NA 
40.0 

26.6 

18.4 

12.8 

NA 
58.6 

46.1 

39.1 

34.9 

NA 
55.4 

43.1 

36.2 

32.0 

NA 
40.3 

25.0 

16.4 

10.7 

NA 
36.9 

23.3 

14.7 

9.8 

NA 
54.6 

42.0 

34.5 

30.1 

NA 
50.8 

38.7 

31.4 

26.9 

Pushover Force, Ft (kips) 

NA 
37.3 

22.1 

13.4 

8.3 

NA 
34.2 

20.0 

11.8 

7.6 

NA 
51.0 

38.0 

30.1 

25.4 

NA 
46.6 

34.3 

26.9 

22.0 

NA 
34.5 

19.2 

10.6 

6.2 

NA 
31.4 

16.8 

9.5 

5.5 

NA 
47.3 

34.1 

25.9 

20.7 

NA 
42.5 

30.2 

22.4 

17.1 

NA 
31.7 

16.4 

8.4 

4.3 

NA 
28.6 

14.0 

7.4 

3.4 

NA 
43.6 

30.4 

21.9 

16.4 

NA 
38.6 

26.3 

18.2 

13.0 

Pile Bent Parameters: 

.Oit~I. k;rti:l~y 
,,-Lwi 

___ ?l/li//fJj.,,. ~----

~ 

~J-i'PPi ! ,s 
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NA 
28.8 

13.7 

6.5 

2.4 

NA 
26.1 

11.7 

5.4 

unstable 

NA 
40.0 

26.7 

18.1 

12.6 

NA 
34.8 

22.5 

14.3 

9.3 



2.10 Bent Pushover Failure in Terms of Critical Scour Level 

As with the original screening tool (ST); the use of linear interpolation of Ft values 

between values of Ft 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 Ftpacity vs. S (or H+S) data in Tables 2.3 - 2.9 to generate tables of critical 

uniform scour, ScR, 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 Ftanure = 12.15k 

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, 

Ftpacity. If the resulting ScR > Smax applied 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 Ser for nonuniform scour are presented in 

Tables 2.25 - 2.26, and again these include a FS=1.25 on the pushover load, Ftapacity. 
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Table 2.23a. Critical Uniform Scour, ScR, of HP1ox42 3, 4, 5, 6-Pile Bents without 
X-Bracing to Resist Ft max design = 12.15k (includes a FS = 1.25) 

No. Bent Critical Uniform Scour, ScR (ft)1•2 

Piles in Height 
p = 160k Bent (ft) P=60k p = 80k p = 100k p = 120k p = 140k 

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 20.0 17.3 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 

1 Includes a FS=1.25 on the Pushover Force, Ft, 
2 If Smax applied< ScR at the site, the bent is safe from pushover failure. 
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Table 2.23b. Critical Uniform Scour, ScR, of HP12xs3 3, 4, 5, 6-Pile Bents without 
X-Bracing to Resist Ftmaxdesign = 12.15k (includes a FS = 1.25) 

No. Bent Critical Uniform Scour, ScR (ft)5•6 

Piles in Height 
Bent (ft) p = 60k P = sok p = 100k p = 120k p = 140k p = 160k 

10 14.2 12.2 10.4 9.4 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 

5 Includes a FS=1.25 on the Pushover Force, Ft, 
6 If Smax appnec1< ScR at the site, the bent is safe from pushover failure. 
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5 
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6 

Table 2.24a. Critical Uniform Scour, ScR, of HP10x42 3, 4, 5, 6-Pile Bents with 
X-Bracing to Resist Ftmaxdesign = 12.15k (includes a FS = 1.25) 

No. Bent Critical Uniform Scour, ScR (ttY:1·" 
X-Bracing 

Stories Height 
Configuration p = 60k p = 80k p = 100k p = 120k p = 140k 

in Bent (ft) 

13 9.1 7.9 6.8 6.1 5.3 
1-Story 

17 8.4 7.1 6.0 5.2 4.7 Single-X 
per Story 21 8.9 8.1 7.3 6.4 5.5 

2-Story 
25 7.5 6.9 6.4 5.3 4.8 

13 >25.0 23.0 19.3 15.9 12.0 
1-Story 

17 24.0 20.3 16.9 12.3 9.0 Single-X 
per Story 21 24.2 19.8 14.9 10.9 8.7 

2-Story 
25 22.6 17.0 11.8 8.7 6.9 

13 >25.0 >25.0 >25.0 22.8 18.6 
1-Story 

17 >25.0 Single-X >25.0 24.1 19.8 15.4 

per Story 21 >25.0 >25.0 23.6 18.4 12.7 
2-Story 

25 >25.0 >25.0 20.9 14.9 9.3 

13 >25.0 >25.0 >25.0 23.7 18.5 
1-Story 

17 >25.0 >25.0 >25.0 21.2 14.6 Single-X 
per Story 21 >25.0 >25.0 >25.0 19.7 12.6 

2-Story 
25 >25.0 >25.0 23.4 15.7 9.4 

13 >25.0 >25.0 >25.0 24.0 19.1 
1-Story 

17 >25.0 >25.0 >25.0 22.1 16.7 Double-X 
per Story 21 >25.0 >25.0 >25.0 22.7 16.9 

2-Story 
25 >25.0 >25.0 >25.0 20.3 14.0 

a Includes a FS=1.25 on the Pushover Force, Ft. 
4 If Smax applied < ScR at the site, the bent is safe from pushover failure. 
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p = 160k 

4.8 

4.4 

4.9 

4.4 

9.3 

7.1 

7.2 

5.3 

14.2 

9.5 

9.1 

6.9 

12.1 

8.8 

9.0 

7.0 

13.9 

10.1 

11.5 

9.3 
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3 
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5 
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Table 2.24b. Critical Uniform Scour, ScR, of HP12xs3 3, 4, 5, 6-Pile Bents with 
X-Bracing to Resist Ft max design = 12.15k (includes a FS = 1.25) 

No. Bent 
Critical Uniform Scour, ScR (ftf •Cl 

X-Bracing Stories Height 
Configuration p = 60k p = 80k p = 100k p = 120k p = 140k 

in Bent (ft) 

13 16.7 14.3 12.8 11.7 10.4 
1-Story 

17 15.7 13.5 11.8 10.6 9.6 Single-X 
per Story 21 15.5 14.3 13.2 11.8 10.5 

2-Story 
25 14.3 13.2 12.2 10.7 9.6 

13 >25.0 >25.0 >25.0 >25.0 24.9 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 22.2 Single-X 
per Story 21 >25.0 >25.0 >25.0 24.5 20.4 

2-Story 
25 >25.0 >25.0 >25.0 21.7 17.1 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Double-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

7 Includes a FS=1.25 on the Pushover Force, Ft, 
8 If Smaxapplled < ScR at the site, the bent is safe from pushover failure. 
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p = 160k 

9.6 

8.8 

9.6 

8.8 

22.0 

18.6 

16.6 

13.7 

>25.0 

>25.0 

>25.0 

21.1 

>25.0 

>25.0 

>25.0 

22.0 

>25.0 

>25.0 

>25.0 

>25.0 



Table 2.25a. Critical Nonuniform Scour, ScR, of HP10x42 3, 4, 5, 6-Pile Bents 
withoutX-Bracing to Resist Ftmaxdesign = 12.15k (includes a FS = 1.25) 

No. Bent Critical Nonuniform Scour, ScR (ft)1•2 

Piles in Height 
Bent (ft) p = 60k p = 80k p = 100k p = 120k p = 140k p = 160k 

10 7.9 6.3 4.9 4.2 3.5 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 

1 Includes a FS=1.25 on the Pushover Force, Ft, 
2 If Smax applied< ScR at the site, the bent is safe from pushover failure. 
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Table 2.25b. Critical Nonuniform Scour, ScR, of HP12xs3 3, 4, 5, 6-Pile Bents 
without X-Bracing to Resist Ft max design= 12.15k (includes a FS = 1.25) 

No. Bent Critical Nonuniform Scour, ScR (ft)5•6 

Piles in Height 
Bent (ft) p = 60k p = 80k p = 100k p = 120k p = 140k p = 160k 

10 18.9 16.0 14.0 12.4 10.9 9.7 

3 

13 14.6 12.0 9.7 8.2 6.8 5.5 

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 

5 Includes a FS=1.25 on the Pushover Force, Ft, 
6 If Smaxapplied< ScR at the site, the bent is safe from pushover failure. 
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Table 2.26a. Critical Nonuniform Scour, ScR, of HP1ox42 3, 4, 5, 6-Pile Bents with 
X-Bracing to Resist Ftmaxdesign = 12.15k (includes a FS = 1.25) 

No. Bent 
Critical Nonuniform Scour, ScR (ft);;'4 

X-Bracing 
Configuration 

Stories Height p = 60k p = 80k p = 100k p = 120k p = 140k 
in Bent (ft) 

13 13.0 10.9 9.4 8.7 7.8 
1-Story 

17 11.9 9.7 8.8 7.8 6.7 Single-X 
per Story 21 13.5 11.5 9.8 9.0 8.1 

2-Story 
25 12.3 10.0 9.1 8.0 6.9 

13 >25.0 >25.0 >25.0 21.7 16.4 
1-Story 

17 >25.0 >25.0 22.3 15.8 12.2 Single-X 
per Story 21 >25.0 >25.0 19.9 15.2 12.6 

2-Story 
25 >25.0 22.6 15.7 12.3 9.7 

13 >25.0 >25.0 >25.0 >25.0 22.9 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 15.9 Single-X 
per Story 21 >25.0 >25.0 >25.0 22.2 15.4 

2-Story 
25 >25.0 >25.0 >25.0 15.3 11.6 

13 >25.0 >25.0 >25.0 >25.0 24.6 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 17.4 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 18.1 

2-Story 
25 >25.0 >25.0 >25.0 19.9 13.9 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 20.9 Double-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 23.8 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 19.1 

8 Includes a FS=1.25 on the Pushover Force, Ft, 
4 If Smax applied < SCR at the site, the bent is safe from pushover failure. 
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6.9 

5.7 

7.2 

5.8 

13.1 

9.7 

10.2 

8.4 

15.3 

11.4 

12.4 

9.2 

16.4 

12.4 

13.7 

10.4 

18,9 

14.9 

17.4 

14.4 
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Table 2.26b. Critical Nonuniform Scour, ScR, of HP12xs3 3, 4, 5, 6-Pile Bents with 
X-Bracing to Resist Fr max design = 12.1 Sk (includes a FS = 1.25) 

No. Bent 
Critical Nonuniform Scour, ScR (ft) 1 •0 

X-Bracing Stories Height 
Configuration p = 60k p = 80k p = 100k p = 120k p = 140k 

in Bent (ft) 

13 23.3 20.1 18.4 16.6 15.1 
1-Story 

17 22.2 19.2 17,3 15.6 14.3 Single-X 
per Story 21 24.0 21.0 19.0 17.4 15.8 

2-Story 
25 22.9 19.9 17.9 16.2 14.6 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 24.0 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Single-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

13 >25.0 >25.0 >25.0 >25.0 >25.0 
1-Story 

17 >25.0 >25.0 >25.0 >25.0 >25.0 Double-X 
per Story 21 >25.0 >25.0 >25.0 >25.0 >25.0 

2-Story 
25 >25.0 >25.0 >25.0 >25.0 >25.0 

7 Includes a FS=1.25 on the Pushover Force, Ft, 
8 If Smaxapplled < ScR at the site, the bent is safe from pushover failure. 
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14.1 

13.1 

14.5 

13.4 

>25.0 

>25.0 

24.0 

19.7 

>25.0 

>25.0 

>25.0 

24.9 

>25.0 

>25.0 

>25.0 

>25.0 

>25.0 

>25.0 

>25.0 

>25.0 



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, Ft, 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 II work. (See the HWL 1 and Ft1 positions in 

Fig. 2.31.) However, the Ft loading 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 HWL2 and Fl 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, Fl, which will hereforth just be denoted as Ft, is assumed to 

be applied 7.5 ft down from the top of the pile and the distance from Ft 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 Ft loading for the 

maximum scour, i.e., (H+S)max condition, and assuming the pile is an HP10x42, then for a 

maximum height unbraced bent, 

M 57.74'k x 12"1• 
crmax = Sax = 

14
_
2 

in3 = 48.8 ksi (for 8=25 ft) 

MP = ZY x cry = 21.8 in3 x 36 ksi = 785"k = 55.4'k 

Thus an HP10x42 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 Ft Locations 

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'k X 12"/, 
o-max = 

21 
_ 1 in3 = 32.8 ksi (for S=25 ft) 

Mp = Zy x o-Y = 32.2 in3 x 36 ksi = 1159"k = 96.6'k 

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 Mmax 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 to distribute the Ft force to all piles in the bent (see 

Fig. 2.34). Therefore. these bents will be OK for the lower Ft loading position. If there is 

no horizontal strut, the diagonal L 4"x3½"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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Fig. 2.33. Upstream Pile, P1, Mmax Values for Fixed-End Condition 
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Fig. 2.34. X-Braced Bent with Ft•load at Level of Horizontal Brace 
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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 

(2.1a) 

or, 

p M 
- +- ~ 1.0 
per Mp 

(2.1 b) 

to determine its adequacy. 

For our maximum height unbraced bent shown in Fig. 2.31 with P=1 ook and the 

HWL and Ft being at level 2 as shown in Fig. 2.35, and assuming the bent has HP10x42 

piles and cannot buckle in a sidesway mode, a check of the adequacy of the upstream 

pile as a beam-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/Mp. 

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 Ft load if the scour is extremely large, 

i.e., S > 20ft if the bent piles are HP1ox42· However, if the piles are HP12xs3 or larger, the 

upstream pile is adequate for S ::;; 25 ft. 
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Fig. 2.35. Checking Upstream Pile of Maximum Height Unbraced Bent 
as a Beam-Column 
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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, t, of the upstream pile, and 

this means the smaller the pile buckling load, Per, 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 

.e = H + S -2' (2.2) 

Thus, for a maximum height unbraced bent of H=13 ft, we can use Eqn 2.2 to determine 

the unsupported length of the upstream pile for different levels of scour, and in turn 

determine Mmaxapplied from the equation in Fig. 2.33 and Per from the equation in Fig. 

2.35. With these values and our knowledge of Mp 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. 

For H=13' and S=20' Q .e = H + S - 2' = 13+20-2 = 31 ' 

Mmax = 41 _g'k (see Fig. 2.33) 

M 
_ Z _ 36ksi x 21.8in3 = 

65
_
4

,k 
p - O"y X - 12'/, 

_._£_+~ = 1.0 • _P_+ 41 _gk = 1 • P=( 1- 41 .9) 297k 
Per MP 29711 65.4k 65.4 

P=0.359 x 297k = 107k 

:. For the maximum height unbraced bent with HP10x42 piles and a 

maximum scour level of Smax=20 ft, if 
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H (ft) 

13 

13 

13 

13 

13 

13 

Papptied < 107k the upstream pile is safe 

P applied ::::: 107k the upstream is not safe 

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

resulting P1:fi~;:d loads are shown in Table 2.27. 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 Per 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 Ptailure 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 Ft=9.72k and H=13 ft Unbraced Bent with HP10x42 Piles 

s (ft} t (ft) Mapplied Mp Pbuckle Pyield Per Ptailure (kips) max 
(ft-kips) (kips) (kips) (kips) (ft-kips) 

0 11 15.8 65.4 2355 446 446 338 

5 16 20.6 65.4 1113 446 446 306 

10 21 30.1 65.4 646 446 446 241 

15 26 36.9 65.4 422 446 422* ~ (Adjusted 
160k Value) 

20 31 41.9 65.4 297 446 297* ~ (Adjusted 
100kValue) 

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 debris raft forms. However, if the unbraced bent has HP10x42 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 following for the upstream pile: 

P=160k- Stauure = 15'....;,, Ssafe = 12' (where Ssafe = StanurelF.S. of 1.25) 

P=140k - Stailure = 16.6' - Ssafe = 13.3' 

P=120k - sfailure = 18.3' - Ssafe = 14.6' 

P=1 oak - Stailure = 20' - Ssafe = 16' 

P=80k - Stailure = 23' - Ssafe = 18.4' 

P=60k - Stailure = 27' - Ssafe = 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 HP10x42 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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N✓ 

Is the bent X-braced? 

No Yes 

Are the bent piles 
larger than HP10x42? 

Upstream pile is OK 
as a beam-column! 

No 

✓ 
Is there a source or 
history of flood debris 
such that a debris raft 
could form? 

~ 
Yes 

Yes 

~ 
Upstream pile is OK 
as a beam-column! 

Upstream pile is OK 
as a beam-column! 

Are the bent height, H, and high water 
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 

Upstream pile is OK 
as a beam-column! 

Yes 

Then for 
P = 160k- Stailure = 15' and s:! = 12' 

P = 140k- Sfailure = 16.6' and s:! = 13.3' 

P = 12ok- sfailure = 18.3' and s~a:= 14.6' 

P = 1 ook- sfailure = 20' and s::~ = 16' 

P = 80k- sfailure = 23' and s~a: = 18.4' 

P = 60k- Sfailure = 27' and s:! = 21.6' 

at the site, and at the site is, 
s > ssafe ? 

max max · 

No/ 
Upstream pile is OK 
as a beam-column! 

Yes 

~ 
Bent upstream pile should 
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, Ft, on the bent may occur as high on the bent 

as the bottom of the pile cap and this was the position of Ft assumed in the Phase II 

work. However, the topology 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 II work. GTSTRUDL 

pushover analyses were performed for the family of relative tall two-story X-braced 3-

and 4-pile bents of HP10x42 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, 140k, 160k} and scour 

levels of {S} = {0, 5', 1 0', 15', 20', 25'} and had the pushover force, Ft, 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 Ft load did not prove to be the most severe 

load location. Rather, the lower location of Ft yielded pushover loads approximately 

8% - 12% lower than the high location of Ft. 

Essentially, the analyses results indicate that the vertical position of the flood 

water horizontal loading, Ft, 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 Ft 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 Ft 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, Ft, at High or Low Position for 2-Story X-Braced 3-Pile and 
4-Pile Bridge Bents of Height H=21 ft with HP10x42 Piles and Concrete Bent Cap 

with Igross = 41,470 in4 for Symmetric P-Loads and Uniform Scour 

No. Bent Ft s (ft) H+S (ft) 
Pushover Force, Ft (kips) 

Piles Position P=60k P=80k P=lOOk P=l20k P=140k 

0 21 45.1 48.9 46.7 44.7 43.2 

High 5 26 20.6 18.4 16.5 14.5 12.3 

(Bottom 10 31 11.1 8.6 6.1 3.8 UNS 
of Cap) 15 36 5.8 2.8 UNS UNS UNS 

20 41 UNS UNS UNS UNS UNS 
3 

0 21 45.1 43.0 40.9 39.2 37.8 

Low 5 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 5 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 

20 41 16.8 12.0 7.4 4.0 UNS 
4 

0 21 57.4 53.7 50.3 47.2 44.3 

Low 5 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: ff 11' f 
,·:<."., ,. ,, , ........... --·, ·" l 
"C>< '2-~x~ 

?-"'14-~fuuT-;,t , 

·,t-:'-• ~ .. ~ 
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~ 
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Fig. 2.39. Unbraced, 1-Story X-Braced, 2-Story X-Braced Bent Deformations 
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L j 
a. Ft Loading at Bent Cap 

• 

L j 
b. Ft Loading at Horizontal Brace/Strut 

Fig. 2.40. GTSTRUDL Generated Deformations of 3-Pile Bent from Ft Loadings 
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a. Ft Loading at Bent Cap 
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b. Ft Loading at Horizontal Brace/Strut 

Fig. 2.41. GTSTRUDL Generated Deformations of 4-Pile Bent from ft Loadings 
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Table 2.29. Pushover Load, Ft, at Low Position for 2-Story X-Braced 3-Pile Bent of 
Height H=21 ft with HP10x42 Piles for Various Values 

of Horizontal Brace (HB) Stiffnesses 

P-Load No. of H+S 
Pushover Force, F1 (kips) 

(kips) Piles 
H (ft) s (ft) 

(ft) I= 0 I= Ihb I= Ihb I= Ihb 1=1000 Ihb 

A= 0 A= Ahb A= 2Ahb A=40Ahb A=Ahb 
0 21 43.9 45.1 45.3 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 

0 21 39.9 41.0 41.2 41.4 45.1 

5 26 14.1 14.6 14.6 14.6 14.6 

100 3 21 10 31 5.1 5.4 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 f7 'P 
GTSTRUDL Pushover Analyses 

Ihb, Ahb = actual values of I and A 
of bent horizontal brace 

~ H ,:{ .21 JL 
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2.13 Additional Expansions of Applicability of the Tier-1 Screening Tool 

Guidelines for some additional expansions of applicability of the Phase II 

Reportffier-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 HP12xs3 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 results for HP12x53 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, r-embedment ~ 3 ft 

Upon reviewing this further and recognizing the limited ability to 

accurately predict the Smax 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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2.14 Closure 

Bent pushover loads for lower levels of P-loads, i.e., P=60k 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, L~.P, 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 

• the span length 

• the bridge width and girder spacing 

• 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 MSHTO design truck and lane loadings are meant to cover a 10-ft. width. 

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 

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. 

3 Trucks side-by-side with 
only 1 truck per lane 

SECTION A 

a. Truck Lane Loading 

.... 

No. of Lanes 

2 

3 

4 

5 

6 

7 

8 

9 

10 

3-64psf (48psf) DESIGN LANE LOADS 

IQ.26k 1p:21 1Q.'._..-26"P-Load (19.s") 

f\~~±r!l 
SUPERSTRUCTURE 

SECTION 

b. Design Lane Loading 

Fig. 3.1 LL to Determine Pi;ntMaxApplled 
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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, WoL-

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

Bridge/Girder RDL RLL 
Support Condition Max Max 

ss 1.0 WoLe 1.0 WLLe 

2-Span Continuous 1.25 woLe 1.25 WLLt 

3-Span Continuous 1.10 WoLe 1.20 WLLe 

4-Span Continuous 1.15 WoLe 1.22 WLLe 

5 -Span Continuous 1.15 WoLe 1.22 WLLe 

(or laroer) 

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. If 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. 

3.4. 

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

!' 
Bent Pile Cap Size = 2.5' x 2.5' x Cap Length 

Bent Cap Weight= Cap Size (volume in ft3) x 0.150 k/ft3 

Assume Cap Weight 

Is Equally Distributed 

To Piles. 

P, Cap 
Pile -

Cap Weight 

No. Bent Piles 

Example problems illustrating the computation of P~~Appnec1 are given in Section 
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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. P~~Applied is the 

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

3.2(b). 

P~i~eMa>eApplled is determined from Fig 3.2 and 3.3 as follows: 

SS Spans 2-Span Continuous 

a. Truck Line Load: P~i~e = [16k +16k(:)+4k(!~)] 1.1 (2(3.12)+16+9.36]1.1 

=[16+9.41+2.35]1.1=30.5k 34.Bk 

SS - Spans 2-Span Continuous 

b. Design Lane Load:P~i~e = [ 0.064 ; 2 x6'x34'+26k ]1.1 [(0.064x6x34)1.25 + 26]1.1 

=[13.1+26] 1.1 = 43.0k 4-Governs [16.32+26]1.3=46.6k~Governs 

:. p~~eMa>eApplied = 43.0kfor Simply Supported Bridge 

:. P~i~Ma>eApplied = 46.6kfor 2-Span Continuous or Continuous for LL 

:. P~i~MaxApplied =46.6kfor 3 or More Span Continuous or Continuous for LL (see below) 

3-4 



As can be seen from Table 3.2, for purposes of estimating the maximum P~i~eMax 

applied to a bent cap and pile, using the upper bound value of P~~=1.25wLL.e 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 truck wheel 

loadings) controls by a sizeable margin for both the SS bridge, and the continuous 

bridges. 

Example problems illustrating the computation of Pii~e Max are given in Section 3.4. 
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a. Truck Line Load 

\( 6' ,, 
1 r 
e:l:,::1-64p•f (48 psi) 

r t: "-DECK 
GIRDER 

b. Design Lane Loading 

Fig. 3.2 Girder Line Loading to Determine P~keMaxApplied 

11.,,k 

l ,,,---"'""" UlAD '40 " '" """ FOOT OF LOAD ""' - ll2IH,C LIIAIIIJIG 
IIS2!M4 LDAIIIHS 

l'i,GI< 

~ 
115-44 LOAD• 
HS1H4 WJll8 

Fig. 3.3 AASHTO H & HS Lane Loading 
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3.4 Example P~':tAppliect Determinations 

Two example problems illustrating the computation of P~:1~pplied 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 II Girders (4 Girders at 8' 

Spacing), Jersey Barriers, 4-Pile Bents with 2.5' x 2.5' Caps. 
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D t • P.Bent e ermme MaxApplied 

PoL: Deck: Deck Thickness x Out-to-Out Deck Width x Span Length x 0.150 
7' 
-x32'x34'x0.150k I ft.3 = 95.2k 
12 

Thickened Deck Overhang: fl Overhang Thickness x Overhang Width x 
Span Length x 0.150k ft. 3 

2' 
-x4'x34'x0.150k I jt.3 x2 
12 

Diaph: .!.x Girder Depth x Distance Between Exterior Girders 
12 

x 0. 15d I ft. 3 x No. Diaph/Span 

9' 
-x3.0'x24'x0.150k I ft.3x3 
12 

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

0.384k I ft.x34 'x4 

Barrier Rail: Jersey Barrier Wt./ft x Span Length x 2 

0.390k I ft.x34'x2 =26.5k 

Bent Cap: Cap Width x. Cap Depth x Cap Length* x 0.150k I fi3 

2.5 'x2.5 'x28 'x0.150k I ft.3 

*If Cap Length is not available use 
(Distance Between Exterior Girders+ 4') PoL = 231.3k 

PLL - Both Lanes Loaded (Case I Loading): 

Design Lane Load: [ 0.064k I ft.2 x10' x34' + 26.0k ]2xl.1 = 105.lk 
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Truck Lane Load: [32' +32G~ )+sG~ )]2xL1 = 122.2k- Governs 

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

Pushover Load Case I: 

P,Bent k 
MaxApplied 353.5 88 4k •1 = = = . perp1 e 

No. of Piles 4 piles 

PLL - Only Up-Stream Lane Loaded (Case II Loading): 

Design Lane Load: [ 0.064k I jt.2 xlO' x34' + 26.0k ]lxl.1 = 52.5k 

Truck Lane Load: [32' +32G~)+sG~) Jixu -61.lk- Governs 

PLL =61.lk 

R 231.3k 
RBent ' = DL = =57 .8k per pile 

DLApplred No. of Piles 4 

P,Bent = PLL - 61.1k =30 6k • 
LLAppUed 2 - 2 " ' p~e~~plied = 0 (other 2 piles) 
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:. Pushover Load Case II: 

Note, 
88.4 =1.53 
57.8 

1 
or --=0.65 

1.53 

Therefore, based on Example 1 and 2, in performing pushover 
analyses for Load Case 11, use the following bent loadings. 
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Example 2: 
34' Span SS Bridge with 7" Deck, AASHTO Type II Girders (3 Girders at 8' 
Spacing), Jersey Barriers, 3-Pile Bents with 2.5' x 2.5' Caps. 

D t · DBent e ermine r Max Applied 

PoL: Deck: Deck Thickness x Out-to-Out Deck Width x Span Length x 0.150 

.!.x27'x34'x0.l50k I ft.3 

12 

Thickened Deck Overhang: b. Overhang Thickness x Overhang Width x 
Span Length x 0 .150k ft. 3 

2' 
-x4'x34'x0.l50k I ft.3 x2 
12 

Diaph: ~ x Girder Depth x Distance Between Exterior Girders 
12 

x 0. 15if I ft. 3 x No. Diaph/Span 

~x3.0'xl6'x0.150k I jt.3x3 
12 
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Girder: Girder Wt.lft x Span Length x No. Girders/Span 

0.384k I ft.x34' x3 

Barrier Rail: Jersey Barrier Wt.lft x Span Length x 2 

0.390k I ft.x34 'x2 = 26.5k 

Bent Cap:Cap Width x Cap Depth x Cap Length* x0.150k /ff 

2.5'x2.5'x20'x0.150k I jt.3 = 18.8k 

*If Cap Length is not available use 
(Distance Between Exterior Girders+ 4') PoL = 187.8k 

PLL = Both Lanes Loaded (Case I Loading): 

Design Lane Load: [0.064k / jt.2x10'x34'+ 26.ok]2xl.1 = 105.1k 

Truck Lane Load: [32k +32(:~)+8(:~)]2xl.l = 122.2k-Governs 

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

:. Pushover Load Case I: 

PLL = 122.2k 

P,Bent l k 
MaxApplied 3 0.0 103 3k •

1 --~-=--= . perp1e 
No. of Piles 3 piles 
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PLL - Only Up-Stream Lane Loaded (Case II Loading): 

Design Lane Load: [0.064k I ft.2x10'x34'+ 26.ok]lxl.1 = 52.5k 

Truck Lane Load: [ 32' + 32G~) + sG~) ]1x1.1 = 61.1 '- Governs 

P, 187.8k P,Bent . = DL = -- =62.6k per pile 
DLApphed No. of Piles 3 

P.Bent = PLL = 61.1k =30.6k . 
LL Applied 2 2 =====' 

:. Pushover Load Case lh 

Note, 93.2k = 1.49 
62.6k 

or 

P~~;~pnect = 0 (other 1 pile) 

r,, 

l~z 

1 
- =0.67 
1.49 

Therefore, based on Example 1 and 2, in performing pushover 
analyses for Load Case II, use the following bent loadings. 
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4. REFINED "ST" AND TIER-2 SCREENING 

4.1 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 

HP10x42 or HP12x53, and checked these bents for the following possible failure modes. 

1. Bent pile tip "kick-out" failure (due to insufficient pile embedment ayter 

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 

4-1 



modes. These improvements/refinements in the basic "ST" have been incorporated in 

the refined/2nd 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 2nd tier screening which should be 

performed to address the "blocks11 in the original "ST" indicating to "check more closely 

for possible failure". This 2nd 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. 

4.2 Refined/2nd Edition "ST'' 

The refined/2nd 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/2nd 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 Ft loading 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(D. 

An enlarged drawing of justBlock(D is shown in Fig. 4.2 for convenience and 

readability. 

In the "Kick-Out" and Plunging Evaluation Module (Block® ), 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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r------------~-----------------
START 

Bridge is over w-.ater and is 
in a scour possible setting 

No 

Yes 

-----..1No 

Yes 

Derermine bent pile and bent 
maximum applied loads. 

pile 
p inu applied 

hcnl 
Pmollflllllcct 

Pile/Bent will have a pile/bent 
''kick-out" or plunging failure. 

Tate COITeCtive action 
immed"iately! 

Bent piles have 
lost more than 2S<J; 
of their original ara 

in splash 7.0lle 

Yes 

Take immediate corrective action 
ID build-up pile sec:tlon back 10 
original or grater dimensions 

where more than 25'1: of material 
bas been lost due to corrosion. 

B11dge1 Bent,.; ,ire 
s,lle frolll s(our­

L1du1t 

e 
PRELIMINARY 
EVALUATION 

See Ch. 2 in lhis report 
and/or Ch. 4 in Phase II 
report. 

-------------~-------J 
Bent piles have 
lost more than No 
259' of their 1---.., A 

original area in 
splash mne or 
at ground line. 

Yes 

Tate immediate 
concclive action 
to build-up pile 
section back to 

original or greater 
dimensions where 

more than 2SCJi 
of maierial has 
been lost due IO 

corrosion. 

Fig. 4.2 Enlargement of Preliminary Evaluation Module (Block CD) of Fig. 4.1 
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r-------~-------- --~----, 
A ., 

I 
I 

Pile has more than 3 
feet of embedment in a No Check more closely 

finn soil after scour. i.e .. --9-1 for possible ·•kick-out .. 
t > 3ft failure of pile/bent 
as 

Yes 

Pile/Bent is safe from 
"kick-out" failure 

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

KICK-OUT AND 
PLUNGING 
EVALUATION 

I. Driving resistance in blows/in at end of drh,•ing Bent should be 
2. Type of driving hammer and hammer driving energy No checked more closely 
3. Piles are known to be primarily ·•End Bearing Piles•· or ·•Friction .,_ __ ....,.. for possible pile/bent 

Piles" plunging failure 
4. Pi)e embedment length before scour and Smax 

S. pinax applied = p max design load ( wilh FS = I .25) 

Yes 

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 tbs , to detennine the 
critical plunging scour, i.e, 

S _ %lossofcmbedment(fromFig.5.6-5.ll) (, 
CR - 100 X bs 

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

Is SCR 2: Smax for the site? 

Yes 

Pile/Bent is 
safe from plunging 

failure 

No 

Bent should be 
checked more closely 
for possible pile/bent 

plunging failure 

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

(Block@) 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 Ill 

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 Ill 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 2nd tier of screenings (Tier-2/4A 

4-7 



r---------------------------------------------------------------. 
I B C ., 

I __ __,____ ------ ~--~---. BUCKLING I 
I The"Srcnnnot No EVALUATION I 

check the buckling 
I .__ ______ _, and pushover '----.------' r---''-----'----, .--------, I 

~~ ..------------~ --be I 
I bent. Print this ..--_____________ .,__ _____________ _, checked man:closcly 

I .-----I----- me:~g~:,i:.~f~en Check ecr and Sa forNonsidesway and Sidesway Buclcling Sidc:Jiway - Mode 2 Buckling: '--------' for.:kl\~~ fJ'r:r:nt I 
f CombincGravilyDL+LL NonsidcswayBuckling: SidcswayBuckling: PC'Rl :::r. Cix

2
Ell -----''-------------- I 

I rromcarlierBlockO ..-----''---- (Model) ~---- (Mode 7) ~---- t' I 
delcnninutions to gel Ex"it the "ST' ✓ 2 ✓ 2 Nonr.ilfeliway- Mode I Bucklin,:: 

Ctn El, C2n El, I 
I •11, ,._ ____ _, lau= ..i1,: lcR2= FS•Pn11c wherel=H+S-1, .,112EJ 

p FS • P,•~a. .. ....J,... .- PC111 • -=--f I htll\UPfllled ..,,.-.. ma-..,..ilcd Therefore. ~---- FS•r I 
I hom whereFS=l.25 whcrcFS=l.25 ✓ <;•'El. or. ~---- f 

P n111, ::iflrlic:d lcR == ✓ , 
I ._ ________ ..., SCR1=4CR1·"H"+l' SCR2=lCR2-r·H"-X)forJ-or2,.storybcntif. fS•prik t 21t·El.! I 

membcrHBl is-in place and for muapfllicd CR• FS*Pptc 
J ?s·;~::nl if only member HB2 where FS = I .:?5 .. affl(1cd I 
I Pilccmbedmentaftcrscnur.tos whcrcfS=l.25 J 

For~ SCR2=tCR2-uH''+l' forl-storybentifHBtis 5cR=t'cR1·H+J· pJNl: r =asprcscribedlnCh.4or I I t',11s ~ 8ft forHPJ0x4:? pil1$nruny HPI0tierics pile- not present and for2-story Is mnopp itll Pha.'iC' n rc1xut furrondnuow. 
or bent if HB 1 and HB2 arc ,;pan bridgei:. or ai; prei.crlbcd I I tos ~ 12ftfarHPl2xS3p1lc1.nranyHPl2KCrictrnrlargcr HPpllc nolprcscnt Sa> S,nm inCh.3oflht:PhNIIIRcpm1 .. 

I '----,.-------.---' and. I 
Us, C1 =2.00ond C,=0.511inEqn,. bclow (sccFigs,4Aa and b fordofioitionsof"H" and X No 

I For, andfor!Dofmcmbc111HBI andHB2) Yeo 5r.• = lCll 'H+ I" I 
!ifl S lai < KflfnrHPl0x4:!pilcsnranyHPl011erit,$pitc 

I or ~-----'L------, ,-->----, ~--"--~ ~-----, I 
I 7ft s t as < l2f1 fnr HPl2x53 plle1 or any HPJ.2 series ur ltJ.l!er HP pile The smaller of SCRI ond Sca1, ~~e;:~nJj:tfu~e ~~:ure Sm with Sm:i• ch!k:J =~:~l:scty 1 
I For. U$CC1=J.7SnndC2=-0J75inEqn.(.bcJnw j,;SCRfortbepile/bcnt. .__....,. __ ... ScJt>S~- for~ki~~~rJ't::n• I 
f !! < lu < SftfurHPI0x42pllc5nrunyHP10scric,;pilc CompureS0 withSmut'i.e •• Js Ye), f 
I 3ft < to.s < 7fiforHPlh.53pileizoranyHPl2i-criesorlargerHPpile Sea> Srrwt .------''-------, f 
f UM:C1= l.!iUandC2a0.25in Eqns..bclnw Ye.,; Benlpilesarell!SSumed1obeplnned L-----"" I 
I ---'--~ •t their base in the ·sr· when I 

Nmc. for t,.,, S 3n lhc pile/bent hos 11 po1cn1ial .. kicl:.-ou1- pmhlcm whh:h Pile/Bent is s.if c 1-----------.i checking. pushover capnchy/ 
J ncedi. 10 he 11dd~ssed immcdl;11~ly. from Buckling udcquucy. Therefore.. go 10 @ f 

I in the ·•sr and check for I 
bent pui;hover adequacy. 

I C I 
I E I I ________________________________________________________________ J 

Fig. 4.4 Enlargement of Refined Buckling Evaluation Module (Block @) of Fig. 4.1 
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SWA YBRACJNG ITTA!l.S 

TWO STORY BENT 
SWAYSRACING TABLES 

"H" "E- "A" "8" ·c· WT. LBS. 
20· -o· 6' -T. 29'-10' 30'-()" 31 '-6" 1407 
21 ·-o· 7'-1" 129'-1 O' 30•-o· ~1·-10· 1412 
22· -o· a·-1· 129'-10' 30•-o· 32'-2" 1417 
2J'-o• 9' -1 • !29'-10· 30'-0" 32' -7" 142.3 
24'-o· 10'-1 • 29'-10· .30·-o· 3.:r-a· 14.30 
2s· -o· r,'-1· 29'-10· 30•-o· JJ' -s· 14.36 

BATlDI l+E!GHT TO Bf AIJD€O TO ABO'.f: T)El[S. 10-BATTEJ{S 
R[OIJIR[[), 5/o' X l 1/2' X t'-o 1/4" 0 12.1/ [AO/. 

NO~ KflGIT 0'tfN IS TOTA/. FC.i 00 Pl[C[S CF (AO( 
f.[NGTH (F SWA tBRACJNG :JfO',tN FN BOTH TABt.fS. 

SINGLE STOAY SENT 
SWAYSRACING TASLES 

"H" "G" ·o· WT. LBS. 
lJ'-0" 71-0· 29 1-1 O" 459 

14' -o· 8'-0" 30'-J" 466 

1 s· -o· g·-o· .30' -8 • 472 
, s·-o· 1 O' -o• Jl'-1" 478 
17' -o· 11 '-o· .'.ll'-6~ 485 
18'-0" 12'-0" 32·-o· 4,9.3 
19•-o· 13•-o· 32'-6" 501 

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

X 

\ 
\ 
\ 
\ 

TT 

. -
\ "E" 

~-+-l-t---~:-¥::-1--~~ w 
7- OGL 

s I 
I 
I 

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 ,f, = S+"H"-1' crI 

Buckling Mode 2 - Sidesway (lower portions of piles) 

(4.1) 

(4.2) 

where ,f,cr2 =S+("H"-X) for 1 or 2-story bent if member HB1 is present 

and for 2-story bent if only member HB2 is present 

£cr2 =S+("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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r----------------------------------------------------
1 E e 1, 
I BENT 

PUSHOVER l 
I Is there a source or history of No Assume no debris Go to appropriate max applitd Bent is safe from EVALUATION I 
I stream flood debris from which raft develops, and pushover load ls F, > F, pushover failure 

a bent debris raft could be builr? max applied k table in Ch. 2 to ---...... --- ______ __, I 
I ~----...... ---------' F, = 2.5 determine bent No 

I Yes (includes a F.S. = 1 .. 25) pushoverforceF,. ,._ _____ .,.. Bent should be checked II 
I - more closely for possible I 

pushover failure 

I Are the pile bents No Bent should be checked by ....-------, .---------, I 
th Bent piles are The ·sr cannot I 

3, 4. 5, 6-pile bents with or without X-bracing with HPI 0x42 or 1-----+1 other me ods for adequacy 1-------------- steel HP piles 
HPJ2xS3 piles'! against a pushover failure ----.-----' ch:I~ta~ii;,sf~~er I 

Yes bent Print this I 
Yes message and then 

--------------------------. exit the 'ST' I 
Detennine P to apply to bent cap above each pile in pushover analysis. i.e., 

bcnl 
p mux upplietl 

P=-------
No. of Piles in Bent 

For the given bent size (number of piles and height). level of gr.ivity P-load. 
bracing condition and size of HP pile. go to the appropriate table of Tables 
2.23-2.24 and detennine the critical scour, SCR. These values of SCR include 
a F.S. = 1.25 on the pushover load, F,. 

Yes 

Bent is safe from 
pushover failure 

Bent should be checked more 
closely for possible push-over failure 
during an extreme scour/flood event 

Is 

I ,~p mux •ppliod < F copocil)' ? 
.~ I - I • 

Yes 

No Bent should be checked 
more closely for possible 

pushover failure 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ---------~------------------------------------------~ 

Fig. 4.5 Enlargement of the Bent Pushover Evaluation Module (Block@) of Fig. 4.1 
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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® has been added to the refined/2nd edition "ST" and 

is shown enlarged in Fig. 4.6. This module checks for possible failure of the upstream 

pile as a beam-column 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 ). It should be noted that if the debris raft forms at or near the top of the 

bent then bent pushover failure would govern. If the bent is X-braced, the bracing will 

serve to distribute the force Ft to all of the piles in the bent and the piles and bent will be 

OK for the lower position of the Ft load. 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 upstream bent pile only occurs when the bent 

piles are 

• HP10x42 or smaller 

• Unbraced 

• Loaded with the Ft 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 @ which, for conditions where a beam-column 

failure is possible, determines the Stanure level and then converts this to a s~: by 

dividing Stailure by a F.S.=1.25. In turn, s::,a! is compared with the Smax anticipated at the 

site to determine the adequacy of the upstream bent pile as a beam-column. 
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r-------------- ........ -----.-., 
UPSTREAM PILE • I 
BEAM-COLUMN 
EVALUATION I 

----------y~ ls the bent X-braced? __ __,.,.. Upstream pile is OK 
as a beam-column! 

No 

Are the bent piles 
larger than HP 10,.42? 

Yes Upstream pile is OK 
---.... as a beam-column! 

No 

ls there a source or history 
of flood debris such that a 

debris raft could fonn? 

No Upstream pile is OK 
as a beam-column! 

Yes 

Are the bent piles HP10,.42 piles? 

Yes 

No 
Check the upstream pile 

for adequacy as a 
beam-column by the 

procedure in Section 2.11 

Are the bent height, H, and high water level, No 
HWL, such that during an extreme flood Upstream pile is OK 

---- as a beam-column! event a debris raft could likely fonn 7 ft or 
more below the top of the bent cap? 

Yes 

Then for 

P = 160k..., Sra1iure = 15' and s:~ = 12' 

P = J40k..., Sfailure = 16.6' and s:~ = 13.3' 

P = 120k- Sfailure = 18.3' and s:ri = 14.6' 

P = l()()k .... Srailure = 20' and s:~: = 16' 

P = 8Qk .... Sfailurc = 23' and s:!! = 18.4' 

P = 60k- $failure= 27' and s:!! = 21.6' 

at the site, and at the site is, 
safe 

Sma1. > Sma,,; 

No 

Bent upstream pile should be 
checked more closely for possible 

failure as a beam-column 

Yes Upstream pile is OK 
as a beam-column! 

I 
I 
I 
I 
I 
I 
I 
I 

l 
L:. - - - - - - - - - - - - - - - _J 

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

As indicated in the previous section, 

• there are no 2nd tier screening referrals in the Preliminary Evaluation 

Module, CD· 

• there are two 2nd tier screening referrals each in Modules® and @ 

and these are shown shaded in gray in the 2nd Edition "ST" flowchart of 

Fig. 4.1. 

• initially identified 2nd tier screenings in Module® were combined with 

1st tier screenings of the original 'ST into a new refined Module@vhich 

is shown in Fig. 4.1. 

Each of these 2nd tier screenings as well as the new refined Module@ (Buckling Module) 

are presented and discussed below. 

Pile Plunging Evaluation {Block® ) 2nd 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 Ser > Smax check in the pile plunging evaluation, i.e., Tier-

2/28 screening, is described in Fig. 4.7b. In this second tier screening, a new and 

probably less conservative P~::appliea is determined for the pile being investigated. It 

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: 

• If driving resistance at end of driving (EOD) is unknown, assume a 

Final Driving Resistance = 5 blows/inch 

• If type of driving hammer and hammer driving energy is unknown, 

assume a 6 ft-kip hammer driving energy. 

• If piles are primarily "End Bearing" or "Friction" is unknown, assume 

the piles are primarily "Friction Piles". 

• 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, 

• the most heavily loaded pile in a bent will get "lean-on" plunging 

support from the adjacent piles in the bent 

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

"lean-on" support from the adjacent supports/bents 

• the loading of all possible Design Traffic Lanes (see Table 3.1 in 

Phase Ill-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!:applied be redetermined as follows: 

• 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 P~=~~pplled based on the assumption above 

pBent 
• Assume ppne . = maxapplied 

maxapplied 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@ ) 2nd 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 2nd tier and 

1st 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, .eas, is less than or 

equal to 3 feet, then the 'ST" will indicate a possible "kick-out'' failure may occur. If the 

bent i.s determined to be adequate for buckling then the refined 'ST' moves forward to 

checking the bent adequacy for pushover failure. 

Bent Pushover Evaluation (Block@) 2nd Tier Screening. Second tier bent 

pushover screenings are recommended for the shaded/gray referral blocks in Block@ 

of Fig. 4.1. The 2nd 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 Ser> Smax 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 
HP1ox42 or HP12x53 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. 

• For bents with HP1ox57 piles, check the bent 

pushover adequacy by treating it as a HP10x42 pile 

bent. 

• For bents with HP12x(63, 74, 84} or larger HP piles, 

check the bent pushover adequacy by treating it 

as a HP12x53 pile bent. 

• Bents with piles as large or larger (based on the 

pile lyvalue), than HP12x53 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 Ser> Smax requirement for pushover adequacy, do 
the following: 

a. Use the expanded bent pushover capacity tables and information in 
Chapter 2, i.e., 

• Pushover loads for nonuniform scour distribution 

• Pushover load for debris raft at lower height level on the bent 

• Reduced flood water loading due to no debris raft forming 

= Reduced lateral load due to a continuous superstructure 

as appropriate to determine more refined values of both, 

• the maximum applied lateral load on the bent, and 

• the bent pushover capacity. 

b. Check to see if, 

Ftax applied X 1.25 :::; Ftpacity 

t F.S. 

c. If Ftaxapplied x 1.25 :::; Ftpacity , the bent is adequate for pushover. 

If Ftax applied x 1.25 > Ftapacity , the bent is not adequate and should be 

checked more closely for possible 
pushover failure. 

Fig. 4.Sb Tier-2/48 Screening for Bent Pushover Adequacy Assessment 
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4.4 Closure 

In this Phase Ill work, improvements and refinements in the "ST" have been 

made and are included in the refined/2nd edition "ST" presented in Section 4.2. It should 

be noted in Section 4.2 that an additional possible mode of bentfailure 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 HP10x42 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 2nd 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 Ill 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. 

4-20 



5. EXAMPLE APPLICATIONS OF THE TIER-2 "ST" 

5.1 General 

As indicated in Chapter 4, there are no 2nd 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 "kick-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 2nd level of screening, i.e., Tier-2 screening, in checking for 

these possible failure modes. As indicated earlier, for pile buckling checks, 2nd 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 2nd level 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. 

1. 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, Srnax, is 
0 ~ smax ~ 3 ft ? 

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

3. Is the bridge at a site where the maximum estimate scour, Smax, is greater than 
the pile embedment length, R. bg, i.e., is srnax 2 R. bg? 

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/2nd 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 fl 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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I G<. l /4.n'P. I 
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: 

• If driving resistance at end of driving (EOD) is unknown, assume a 

Final Driving Resistance = 5 blows/inch. 

• If type of driving hammer and hammer driving energy is unknown, 

assume a 6 ft-kip hammer driving energy. 

• If piles are primarily "End Bearing" or "Friction" is unknown, assume 

the piles are primarily "Friction Piles". 

• 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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I &. i 4.u1~ I 
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: 

---• • If driving resistance at end of driving (EOD) is unknown, assume a 

·• 

• 

Final Driving Resistance = 5 blows/inch. 

• If type of driving hammer and hammer driving energy is unknown, 

assume a 6 ft-kip hammer driving energy. 

• If piles are primarily "End Bearing" or "Friction" is unknown, assume 

the piles are primarily "Friction Piles". 

• 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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I ~-Z~hl 
In recognition of the facts that, 

• the most heavily loaded pile in a bent will get "lean-on" plunging 

support from the adjacent piles in the bent 

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

"lean-on" support from the adjacent supports/bents 

• the loading of all possible Design Traffic Lanes (see Table 3.1 in 

Phase Ill-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!~: applied be redetermined as follows: 

• 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 P!:~~pplied based on the assumption above 

pBent 
• Assume ppile . = maxapplied 

maxapphed No. Piles 

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

Fig.4.Sb. Tier-2/28 Screening for Pile Plunging Adequacy Assessment 
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11:x. 2 kt-rf;i, ! 

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 ft. 6 

78 to 90 ft. 7 

90 to 102 ft. 8 

1 02 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 RDL RLL 
Support Condition Max Max 

ss 1.0 WoLf 1.0 WLLf 

2-Span Continuous 1.25 WoLf 1.25 WLLf 

3-Span Continuous 1.10 WoLf 1.20 WLLf 

4-Span Continuous 1.15 WoLf 1.22 WLLf 

5 -Span Continuous 1.15 WoLe 1.22 WLLf 

(or larqer) 
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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, 2nd 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, 

• Lower P-load levels of P=60k and 80k acting on the cap 

• Reduced P-load levels on the downstream side of bent 

• Reduced level of scour in the downstream direction of the bent 

• A debris raft not forming at the bent 

• 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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No. 
Bent 
Piles 

4 

/ 

Table 2.3a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP1ox42 Piles and Reinforced Concrete Bent Cap with lgross = 41,470 in4 

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

H (ft) 
Pushover Force, Ft (kips) 

S (ft) H+S (ft) 1----~---,--=~--,----~--__,-----, 
P=60k P=80k Ci>~oo]11 P=l20k P=140k P=l60k 

'-..:::: <- ~ ~--,;, "') 

0 10 21.6 20.6 19.6 20.0 18.8 17.6 

5 15 12.9 11.5 10.1 
l'i""..~, 1,,:: ... 

(-:-r.~..,- -d.0:1 20 8 2 6.3 r.~r~,) ~1:9~1 ._£,l ___ f- __________ ------ -..S..;-,-~ 

8.9 

2.3 

unstable 

unstable 

unstable 

7.3 

unstable 

unstable 

unstable 

unstable 

5.6 

unstable 

unstable 

unstable 

unstable 

/ - 15 25 4.9 2.3 unstable 

13 

10 

13 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

2.0 unstable unstable 

unstable unstable unstable 

15.6 14.4 13.2 12.4 11.0 9.5 

9.8 

6.1 

3.1 

8.2 6.4 4.7 2.8 unstable 

3.9 1.5 unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable unstable unstable 

unstable unstable unstable unstable 

38.3 35.7 33.5 34.8 

31.8 28.9 26.1 24.8 

30.8 

24.8 

19.0 

13.6 

33.6 

30.7 

27.8 

21.3 

15.6 

11.0 

27.2 

21.6 

15.5 

10.5 

30.6 

27.6 

23.8 

17.8 

12.3 

8.3 

24.3 

18.2 

12.3 

7.8 

27.9 

24.6 

20.8 

14.5 

9.3 

6.0 

22.0 

14.8 

9.0 

5.3 

27.5 

22.7 

17.8 

11.1 

6.5 

4.0 

unstable unstable 

unstable unstable 

32.3 29.9 

21.8 18.9 

18.5 

11.6 

6.3 

3.3 

24.8 

19.3 

14.3 

8.0 

4.1 

2.5 

15.1 

8.4 

3.8 

1.8 

22.0 

16.0 

10.9 

5.3 

2.5 

unstable 

Pile Bent Parameters: 
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(£x'.•7.;t;-:; Table 2.3b. Pushover Lo.ad, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
;:~~f'.:..~" HP12x53 Piles and Reinforced Concrete Bent Cap with lgross = 41,470 in4 

No. 
Bent 
Piles 

3 

/ 
,;,-/ 

(:•Jr,) 
,·:.::;) 

H (ft) 

10 

13 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

for Varying Values of P-Load and eH+S'. 

Pushover Force, Ft (kips) 
H+S (ft) f---------r---------r----:=-=c--r---~--~--~ 

P=60k P=80k l'p~---fo-0'k~, P=120k P=140k P=l60k 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

'~:.;~.:;:.-5) 
33.8 32.8 32.0 34.2 33.1 32.0 

21.6 20.4 19.3 18.9 17.6 16.3 

15.4 14.0 12.5 11.2 9.6 7.8 

11.5 9.7 7.7 5.8 3.6 1.4 

8.5 6.3 3.8 1.1 unstable unstable 

unstable 6.1 3.2 unstable unstable unstable 

25.3 24.3 

17.5 16.2 

12.9 11.2 

9.6 7.5 

7.0 4.4 

4.7 unstable 

56.6 53.4 

45.4 41.6 

23.3 

14.9 

9.5 

5.3 

23.5 

13.9 

7.8 

2.9 

unstable unstable 

unstable unstable 

50.7 

38.8 

22.2 21.1 

12.4 10.9 

5.9 3.8 

unstable unstable 

unstable unstable 

unstable unstable 

1~"'-~ 10 20 41.1 37.8 35.0 
(lO•~- - '~~ 

54.4 

38.7 

34.0 

31.4 

23.4 

17.0 

52.3 

36.2 

31.0 

28.l 

19.9 

13.6 

50.1 

33.7 

27.8 

24.4 

16.5 

10.5 

/''.;(' -- --~i~~ 25 40.7 37.4 (~_:t9 
I "---i-.. ----- i------------------..t~ 

// 20 30 33.3 29.6 26.6 

13 

25 

0 

5 

10 

15 

20 

25 

35 

13 

18 

23 

28 

33 

38 

27.3 

47.3 

42.4 

41.0 

36.7 

29.2 

23.5 

23.8 

44.3 

39.0 

37.4 

32.6 

26.2 

20.3 

20.4 

41.7 

36.1 

35.0 

29.0 

22.7 

16.8 

42.8 

35.3 

33.1 

26.9 

19.3 

13.5 

40.5 

32.4 

29.6 

23.1 

16.0 

10.5 

38.1 

29.6 

26.3 

19.5 

12.8 

7.8 

Pile Bent Parameters: 

17 Iv I? 
7 ~ r 

I-•:•;,·,.-.• •:.:!;.-: : ·., •:.,. :~1 -~~ 
, t~ 
~ 

Hl"'r~z. 
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Table 2.10a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP10x52 Piles and Concrete Cap with lgross = 41,470 in.4 

for Unsymmetric P-Loadings and Varying Values of 'H+S'. 

No. Bent 
H (ft) s (ft) H+S (ft) 

Pushover Force, Ft (kips) 

Piles P=60k l~p;:·sof-:"'-1 
\~::-.;-::~:..r;£Y 

P=lOOk P=l20k 

0 10 19.4 17.6 16.1 14.3 

5 15 10.8 8.8 6.8 4.7 

10 10 20 6.3 3.9 unstable unstable 

15 25 3.2 unstable unstable unstable 

20 30 unstable unstable unstable unstable 
3 

0 13 13.5 11.6 9.8 7.8 

5 18 7.9 5.6 3.3 unstable 

13 10 23 4.4 unstable unstable unstable 

15 28 unstable unstable unstable unstable 

20 33 unstable unstable unstable unstable 

0 10 36.8 33.4 30.4 27.6 

5 15 30.5 26.7 23.4 20.1 

10 10 20 29.7 25.5 21.6 18.4 

15 25 23.6 19.6 16.1 12.1 

1"': ... ?, 20 30 17.5 13.6 9.8 6.0 
•?4t• ~~!..:<.., 0 13 32.5 28.6 25.3 21.9 

' ' I'-...,_ 5 18 28.8 25.5 22.1 18.6 
' '/.,"':., 

'1}}' \':._:;.!',, 10 23 26.5 22.4 18.3 14.9 

' 15 28 19.8 16.0 12.1 8.3 
' ' ';z&i 

(..-:;::;:~ 

I~ .·,,.J 33 14.3 :fa]; 6.6 unstable _.;;., ___ ------- ------ --~..:.!..:,.,' 

Pile Bent Parameters: 

lf f' .r"·i¼? ip JP ¼o~? f-2-41 

t 
1 

s~ ·-- .... -.... ,, ~-.. , •·.·-···· r=:: ~ , .. , ....... ·•··· ·-- .,_,_ .. , .. :·' ·----· 
-!:,.-

t, ' ¼k.,~-4? 4--?~ ~,-:: 
841!.J! µ. 
~--1. a:."'"t,J"-" JJti'P I £~r--- II' / ,-.-;-:;, 

-·- --------- --- i------- t 
\ ~-< 

j 

i 
.,.,....,._.,..<.,"- ---~ .. :.,,.....,~...,,"""'"°'V'~_.,.t".JL\.i..,:\..,,"-... ...-,,..-...-:://~'-'-.._,._~\. v•·;✓ /,-#A-'°....(\.\.'- \...'-\.\.V////'"""..t✓,r.,._\..'-''--"' 
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P=l40k 

12.5 

2.4 

unstable 

unstable 

unstable 

5.7 

unstable 

unstable 

unstable 

unstable 

25.0 

17.0 

14.5 

8.2 

2.3 

19.2 

15.l 

11.1 

4.5 

unstable 



:ff~(:( Table 2.20a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
~~/~;:· HP1ox42 Piles and Concrete Cap with Igross = 41,470 in4 for Unsymmetric 

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

No. Bent 
H (ft) 

Piles 

10 

3 

13 

10 

,..-::. '"'!, ,94;1\ 
,'3,;]i, 

' ' ', 
' ' ' '>':if~, 

~X§__ - ' ' ' 

Pile Bent Parameters: 

NN - Not needed, bent 
is adequate for 
uniform scour. 

' ', 

s (ft) H+S (ft) 

0 10 

5 15 

10 20 

15 25 

20 30 

0 13 

5 18 

10 23 

15 28 

20 33 

0 10 

5 15 

10 20 

15 25 

20 30 

0 13 

5 18 

10 23 

15 28 
'r.~~3 

33 v20,, 
,·i:'L-- f--- -----

Pushover Force, Ft (kips) 

P=60k tr.·~ii(ilc' .. ::;:: ,,.~\ 
\I,-•"\ ... ., ...... ,,,,, P=lOOk P=120k 

NN NN NN NN 

12.8 10.7 8.7 6.7 

8.4 6.2 4.0 unstable 

5.5 3.0 unstable unstable 

3.3 unstable unstable unstable 

13.5 11.6 9.8 7.8 

9.1 6.9 4.7 2.4 

5.9 3.4 unstable unstable 

3.6 unstable unstable unstable 

unstable unstable unstable unstable 

NN NN NN NN 

NN NN NN NN 

NN NN NN NN 

29.5 25.4 21.6 18.4 

26.5 22.5 18.4 15.2 

NN NN NN NN 

NN NN NN NN 

29.3 25.3 22.1 18.6 

26.9 23.1 18.8 15.6 
/-',~ 

23.2 
(- ,:,." 

15.9 12.2 tHJ! -------- ---l'"'"--

5-26 

P=140k 

NN 

4.6 

unstable 

unstable 

unstable 

5.7 

unstable 

unstable 

unstable 

unstable 

NN 

NN 

NN 

14.5 

11.5 

NN 

NN 

14.7 

11.9 

8.6 



No. 
Bent 
Piles 

3 

Table 2.3a. Pushover Load, Ft, for Unbraced 3-Pile and 4-Pile Bridge Bents with 
HP1ox42 Piles and Reinforced Concrete Bent Cap with Igross = 41,470 in4 

H (ft) 

10 

13 

10 

s (ft) 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

15 

20 

25 

0 

5 

10 

25 

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

Pushover Force, Ft (kips) 
H +s (ft) r--P-=_6_o_k---,--(.i>-=_ ~=·:s=o=-~}-J -,---P-=_1_o_o_k--,---p-=_1_2_ok--.--P=---14_o_k----,--p-=_1_6_o_k----1 

,::.·~- -.::-:;, 

10 

15 

20 

25 

30 

35 

13 

18 

23 

28 

33 

38 

10 

15 

20 

25 

30 

35 

13 

18 

23 

38 

21.6 20.6 19.6 20.0 18.8 17.6 

12.9 

8.2 

4.9 

2.0 

11.5 10.1 8.9 7.3 5.6 

6.3 4.3 2.3 unstable unstable 

2.3 unstable unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

15.6 

9.8 

6.1 

3.1 

14.4 13.2 12.4 11.0 9.5 

8.2 6.4 4.7 2.8 unstable 

3.9 1.5 unstable unstable unstable 

unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

unstable unstable unstable unstable unstable unstable 

38.3 35.7 33.5 34.8 32.3 29.9 

31.8 28.9 26.1 24.8 21.8 18.9 

30.8 

24.8 

19.0 

13.6 

33.6 

30.7 

27.8 

11.0 

27.2 

21.6 

15.5 

10.5 

30.6 

27.6 

23.8 

8.3 

24.3 

18.2 

12.3 

7.8 

27.9 

24.6 

20.8 

14.5 

9.3 

6.0 

22.0 

14.8 

9.0 

5.3 

27.5 

22.7 

17.8 

11.1 

6.5 

4.0 

18.5 

11.6 

6.3 

3.3 

24.8 

19.3 

14.3 

8.0 

4.1 

2.5 

15.1 

8.4 

3.8 

1.8 

22.0 

16.0 

10.9 

5.3 

2.5 

unstable 

Pile Bent Parameters: 
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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/2nd 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 elevation of 7 .5 ft below the 

top of the bent cap, and thus applying the Ft 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 example 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, Ft, from 

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

6.1 General 

Phase II of this research developed a "screening tool" (ST) to assess the 

adequacy of bridge pile bents for bents with HP10x42 and HP12xs3 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 Ill work were to take the "screening tool" developed 

in Phase 11 and 

• simplify and refine it 

• extend and expand its scope of applicability 

• 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". 

• develop an automated version of the "ST". 

These purposes were the focus of Phase Ill research work, and conclusions and 

recommendations based on this work are presented in the following sections. It should 

be noted that a separate Phase Ill 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 11 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 (bP-loads) and are presented in 

· Section 2.3. In each case, the tallest possible bent ("H" = 25 ft) with the maximum scour 

(S = 20 ft) was considered. Only in the case of a 3-pile bent (the least width bent) was 

the bP viewed as being significant (L1P = 15.6k 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 rbP 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 in Section 

2.4. From these analyses it was determined almost all of the lateral deflection due to a 
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debris raft Ft loading was due to flexing of the pile bent. Thus, assuming a rigid 

superstructure, it was determined that 

FBent _ 1 F 
max applied - N X t 

where Ft = flood water load on debris raft 

N = number of continuous spans 

If this F!!~~pplied < Ftshovercapacity (given in Tables in this Report) then the bent/bridge is 

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 AL DOT bents ("H" = 25 ft) subjected to the largest anticipated scour 

(S = 20 ft), the pile fmax would be 

For this case, if, 

fmax = "H" + S - 1' = 25 +20 - 1 = 44 ft 

Pmaxapplied ::;; 118k for an HP1ox42 pile 

Pmaxapplied . ::;; 209k for an HP12x53 pile 

then the pile/bent is safe from buckling. If Pmax applied 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 II "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 

sok. In these cases, the "ST" can be used by using the P = 1 ook 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} = {60k, 80k}. These are presented in Section 2.6. The P = 60k 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 sok. 

Pushover Loads for Unsymmetric P-load Distribution. Pushover analyses in 

the Phase II "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} = {60k, sok, 100k, 120k, 140k, 160k}. However, it was not 

clear that a uniform P-load distribution yielded the smaller bent pushover load, Ft, 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 
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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 II "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 II "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, Ft, 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 II 

work and "ST", the debris raft on which the horizontal flood water loading, Ft, 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 Ft 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 

significantly lower than the top of the bent cap, it was anticipated that the Phase II 

assumptions were overly conservative. 

In the Phase Ill work we performed pushover analyses for 3- and 4-pile bents with 

the debris raft water loading, Ft, 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-bracing 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, Ft, 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 Ft 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. It should be noted that for the lower 

position of the flood water loading, Ft, 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. In 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 HP12xs3 pile. 

However, when it is an HP10x42 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 Ill work. The resulting 

Refined/2nd 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 2nd tier 

screening (Section 4.3) which should be performed to address the "blocks" in the 

refined/2nd 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 2nd tier screenings 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 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 II report. 
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6.3 Recommendations 

Readers interested in the workings of the refined/2nd edition "ST" and that plan to 

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

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

• The "ST" is a screening tool to determine the adequacy of steel HP 

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

• 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 to 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 

• The refined/2nd edition "ST" is an improvement of the original "ST" 

(Phase II "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 2nd tiers of screening for those bents not 

successfully passing the 1st tier of screening of the original 

"ST" 

- 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/2nd edition "ST" 

from the original Phase II "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/2nd edition "ST" and the 2nd Tier Screenings 

included in the refined "ST". 

• Manually work through at least some of the example application 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 11 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 II 

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

"E" 

"G" 

X 

ly 

HB1 

HB2 

Pgirder max 

Pbentmax 

ppile 
max applied 

pbent 
maxapplied 

Py 

= Bent height from top of bent cap to OGL 

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

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

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

= Pile moment of inertia about its weak axis 

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

= Battened double angle bent horizontal brace at 4'+"E" 
above the OGL for two-story bents 

= Bridge superstructure maximum girder vertical load 
on a bent 

= Bridge superstructure maximum total vertical load on 
a bent 

= P girder max plus portion of bent cap weight going to the 

pile 

= Pbent max plus weight of bent cap 

= Pile yield strength (Py = a-y A) 
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fCRI 

£CR2 

E 

F.S. 

LL 

DL 

HWL 

Ftip 

e 

Vdesign 

F!aaxapplied 

. constant n2EI 
= Pile elastic buckling load, 1.e, Per= 2 Y 

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

= Pile unbraced length needed to have an elastic 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

buckling failure, i.e., £ cR = 
constant n 2Eiv 
----~· where the 

pmaxapplied 

constant depends on the pile bracing and boundary 
conditions 

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 (V design 

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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tip 
F max applied = Maximum horizontal flood water load applied at the 

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

F capacity = Flood water bent pushover force capacity for t 

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 

F pushover = Horizontal force applied at the bottom of the bent cap t 

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. 

F~c1esign = Ft max design = 12.15k (includes a F .S. = 1.25) 

B = Base dimension of assumed flood water triangular 
debris raft 

A = Altitude or height of assumed flood water triangular 
debris raft 

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

s = Scour depth, or OGL-NGL 

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

ScR1 = Level of scour required to cause a nonsidesway 
(Mode 1) buckling failure 

ScR2 = Level of scour required to cause a sidesway (Mode 2) 
buckling failure 

Smax ::: Maximum estimated scour at the bridge/bent site 

OGL = Original ground line elevation 

NGL = New ground line elevation (after scour) 

7-3 



f bs = Length of pile embedment in supporting soil before 
scour 

Ras = Length of pile embedment in supporting soil after 
scour 

R re = Length of remaining pile embedment after scour, i.e., 
R re= .fas 

Ptip = Vertical force applied or resisted at the pile tip 

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

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

bpi = Blows per inch of final pile driving resistance 
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