The Perfect Storm:
Lateral Vibration of a TxDOT
Pedestrian Bridge

Dean Van Landuyt, P.E.
TXDOT—Bridge Division
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Presenter
Presentation Notes
Opening line:  About 6 years ago, the Bridge Division was asked to design 22 bridges for the new Martha Sharp freeway.  This included 4 ped bridges.  This is the layout for ped bridge 3.



Ground plane on left dips at a retaining wall and the mainlanes are depressed.  Frontage roads need clearance and are spanned by box beams on right.



The center portion is long prestressed beam spans (111’, 130’ and 114’).  



Columns are rocking along at about 20’ until this 40’ column in the median.  Those of you in the first few rows will notice my seal right below.
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Presentation Notes
View of actual bridge from autumn 2008.  Can see prestressed spans and 40’ column.
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Presenter
Presentation Notes
Nothing too remarkable about bents.  13’ wide overall.  Column is 5 x 3.  5, is a little on the narrow side but still more than our rule of thumb of greater than 10% of column height.  Strength checks for unbalanced pedestrian loading and wind were adequate.
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Presentation Notes
View of bents.  We can see the 114’ span in the foreground and 130’ span in background that required an interior beam.  



And lurking in the background is Jones stadium on the TT campus.
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Presentation Notes
Home to the Halloween game of 2008 between the unbeaten TT Red Raiders and my Longhorns.
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Presentation Notes
Who unfortunately lost in the last seconds of the game.

Little did I know that just a short while after this picture was taken, things would get a lot more troubling for me…

Ped bridge 3 would be fully loaded with pedestrians and begin to move.

Now I was not at the game or on the bridge, but I have it on good authority that the Tech fans got scared…
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Presentation Notes
And ran from the bridge screaming like little girls.



Seriously the movement was such that a few people ran from the bridge with reports that it was swaying.  It was covered in the news paper and TV.  Calls came into the Lubbock District office and the bridge division was contacted on Monday morning.



We examined our design notes and try to make sense of the reports that the bridge was swaying.  Surely the fans didn’t know their nomenclature and must mean that the bridge was bouncing up and down.



We concluded that we needed more information and the best time to get it was…


One week later...

- Oklahoma State

Instrumentation by:

Dr. Delong Zuo, Texas Tech
University
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Presentation Notes
One week later during the sellout between Tech and the once-beaten OSU cowboys.



We quickly signed a contract to have Dr. Delong Zow instrument the bridge.
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Presenter
Presentation Notes
We quickly developed a plan to determine the behavior in these locations:  midspan of spans 10 and 11, the end of span 10 and the bent below.  This is a plan view showing the locations on the 130’ and 114’ spans.
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Presenter
Presentation Notes
Here is a picture showing the same thing.  Midspan of Spans 10 and 11 although these are obviously representative symbols and not at the actual midspan.  The end of span 10 high and low, although it didn’t make any difference about the elevation on the superstructure.   Also instrumented the top of bent.
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Presentation Notes
A view on top of the bent taken from over the railing.


Acc-1-Y (g) Acc-1-X (g)

Acc-1-Z (9)

Span 10 Span 11
— - 2400s to 2700
0.05 : ! | i 3Xé%.5799Hz : 0‘ S‘
0.025] -=========mmFemsmoemsoensheoesoosoo = |
T ST S okl
o 1 1 - )
%100 2400 2700 3000 <0 2 4 6 8 10
0.05 ¥ ool —
0025053 A - - -+ - - - N?s 00.799Hz
il HU\ i \H\M il o
O it il ‘\| ‘H Hl I \‘\ “\ 0 ”N |H \Wi HH’N p il \‘l ‘M ‘\ | §0005
0025 [ EERREE SRR B
%00 24‘00 770 000 ¢ % 2 4 6 8 10
< x10"
0.05 | | | Ni' 00.799Hz
0025 22
O W A \ ] \‘\ e u TR 9)
| o i ol | @ g
“0.0251 - M| |16Hz
Q0. | : | Solol®23M
%%.OO 2400 2700 3000 <0 2 4 6 8 10
Time (s) Frequency (Hz)


Presenter
Presentation Notes
Results from Midspan of 10:

Acc X:  Longitudinal, not much going on.  					PSD X  very, very small number (3 x 10^ -5) so is due to accelerometer misalignment.



Acc Y:  Transverse, 2.5% of g at max.  Excites and then dampens.  	PSD Y shows .8 Hz of natural frequency on x-axis



Acc Z:  Vertical magnitude is less than lateral.		                  PSD Z very, very small number



Now keep your eye on Acc Y as we look at the data from Midspan of 11…


Acc-7-Y (g) Acc-7-X (9)

Acc-7-Z (g)

HI

Span 10 Span 11
-5 2400s to 2700s
~ ,Xx10
0.05 1 | | I3[ oL6Hz S
0025 - A [ | NQZ 0,799Hz
I I | >< 17
-0.025F - ) 3.2Hz
| | [ '\I
-0 | : | S0 Jﬂ S
'%?LOO 2400 2700 3000 <0 2 4 6 8 10 12 14
0.05 7 x10”
' l l | ~ 00.799Hz
0.025/ -~ - g T R St : 26
l l l &)
o milfRhet i W‘ oy .“‘. | i i i | \L ‘\‘ | | mm ‘. D 4
| | | 3 ‘ ‘ ‘ ‘
-O'%5.LOO 2400 2700 3000 < 00 2 4 6 8 10 12 14
-5
~ ~Xx10
005 | | | L % 90.799Hz
0.025[ -~ P P wj 2,
0 fen i LI ‘ AN (L ‘ (R l‘. 9)
i o | | i H | ‘ ‘ a
I | | N 27
| | [ (:) - ) ‘ ‘ ‘ ‘
_O'%%.OO 2400 2700 3000 < 0O 2 4 6 8 10 12 14
Time (s) Frequency (Hz)



Presenter
Presentation Notes
We can see that virtually nothing has changed—the accelerations are very similar—moving laterally at 2.5% of g.  N. F. is still .8.



Again keep your eye on Acc Y as we look at the effects at the end of span 10…
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Presenter
Presentation Notes
We see that the accelerations have nearly doubled to about 5% of g.  Again the NF = .8.



One last time focus on Acc Y as we look at the accelerations of the bent…
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Presenter
Presentation Notes
Note how this is very similar to the midspan behaviour.  N.F. = .8



One interesting thing to note in all of these graphs is that they are a snapshot of a 15 minute interval of time.  See how they ebb and flow.  Dr. Zow says that this is the result of a complex non-linear damping relationship between people and the bridge—the bridge excites and then dampens.  Notice how quickly it takes to reach max movement—steep gradient from nothing to max in less than a minute.
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Presenter
Presentation Notes
Now let’s look at the lateral displacements along this axis over a 60 second interval.  If you had time to count you would see 48 spikes which represent each time the bridge completes a cycle.  48/60 gives us our .8 Hz.  



In the black we see that at midspan of 10 we are moving about .3 inches and at the end of 10, about .6”.



Notice too how the waves are perfectly nested…further indication of these two parts of the bridge moving in phase.
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Presenter
Presentation Notes
Midspan 10 and 11.  Nearly identical graphs.  Both moving at a maximum displacement of .3”.
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Presenter
Presentation Notes
Superstructure at end of 10 and the bent directly below.  We have seen the black wave already and the red, representing the bent is once again, very similar to the midspans of 10 and 11.
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Presentation Notes
Pregame:  Camera mounted on stadium.  Lightly loaded.  When a slug of people came by and were standing still, could feel it.  Researcher and data acqusition system at base of column



After game 1:  Drunken sailor walk.  Mentioned that bridge natural frequency was .8 Hz, unfortunately, people walk at .8 Hz (i.e. right foot will land every 1.25 seconds).  It only takes a few people walking in sync to get the bridge swaying slightly.  To maintain balance, others sync up and the bridge quickly sways very noticably.  Some of you in the back may not be able to detect it, but the bridge is actually seen moving.



After game 2:  To see the bridge, look at the edge of the bent cap moving relative to the back wall or this post on the left-a remnant of construction sitting on the overhang brackets on the left side of the bridge.  Some may actually be able to see the superstructure moving relative to the bent.  Notice how some people are steadying themselves by the railing.  I was walking with this crowd and it did indeed feel uncomfortable.


Creating a structural model to
recreate TT results

= Swaying Laterally at .80 Hz

= Ends of spans moved more than mid-span of
both spans

= Ends of spans moved more than bent
= All elements moving in phase (no snaking)
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Presentation Notes
Our next step was to create a numerical model that would recreate the phenomena experienced thru instrumentation.
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Matched natural frequency.



Matched:

-max movement in superstructure at bent

-some movement of column

-some movement at mid-span



Everything moving in phase
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Presentation Notes
Let’s look at the first of 3 options for retrofit—stiffening the superstructure.

Here is a quick had drawn sketch sent to the LUB district of one possible solution.  Plan view showing the railings and the expansion joint in the slab.

EJ is a result of ADA requirement to keep any gaps less than .5”.  Joints at every bent were a simple, no-fuss solution.  Unfortunately it allows the superstructure to hinge at every bent.  

One retrofit then is remove a portion of the slab from both spans and recast a portion of it.

Problem is it is disruptive to pedestrians who use the bridge every day.
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And that it does not improve the natural frequency much--.8 to .87



We can see that the superstructure is laterally continuous but the column still leans and the pads shear over.
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Presentation Notes
Second option is to stiffen the substructure.



Is expensive and disrupts the architecture, but…


600

2000

2400

Scale: 1: 390,205

Zoom: 135781

Eve: (-057735, 0.57735, 0.57735)
Eigenvalue analysis

Loadcase: 1:Eigenvalue 2

Results file: Ped #3 Multi col Bert mys
Eigenwalue: 38.6711

Matural frequency: 0.959723

Error norm: 2.16349E-9

Maimum dizplacement 0157759 at node 232

Deformation exaggetstion: 246.584

Solution: Multi-Column Bent N.F. = .99
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Presentation Notes
We are starting to get some improvement in the natural frequency.



There is very little movement in the bent, but we still have pads shearing and flexibility in the superstructure.
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Presentation Notes
Last option was stiffening the bearing pads.



This is the least expensive retrofit as it only involves drilling and expoxying bars and casting concrete between the beams.
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Solution: Shear Keys N.F.=1.11
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And we can see that this gives us the most improvement for N.F.



The bearing pads are no longer sheared over, but the column and super are quite flexible.
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Loadcase: 1:Eigenvalus 2

Results file: Ped #3 Poor Boy Slab st 3 Bents w Shear Keys my
Eigenwalue: 71.3137

Matural frequency: 1.34402

Error norm: 0.16165E-9

Maximum displacemert 0.232609 at node 186

Deformation exaggerstion: 155532

Solution: Poor-Boy Slab with Shear Keys N.F.=1.34
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However we were in the midst of a mini-PR dust-up and had the contractor on site for a few more months, so we really had one, best chance to get it right, so we started to look at combinations and can see that the natural frequency is even better with PB and shear keys.
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A huge jump with multi and shear keys
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Solution: Multi-Column Bent w/ Shear Keys and Poor-Boy Slab N.F.=2.45
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And the cadillac—all 3.


Natural Freguencies

EXisting

Poor-Boy Slab

Multi-Column Bent

Shear Keys

Shear Keys + Poor Boy Slab

Multi-Col Bent + Shear Keys

Multi-Col Bent + Sh. Keys + Poor Boy

0.80
0.87
0.99
1.11
1.34
2.09
2.45
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Least invasive and best assurance was multi + shear keys
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Shear key construction with bars epoxied.  Can see ends of beams and just a little of the pads.
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Now, while we wanted the shear key to be cast tightly to the beams, we still needed thermal expansion, so we put a layer of roofing felt in and you can see this 2 x 4 holding it in a vertical postion.
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Shear keys are barely noticeable.
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Presentation Notes
Contractor still on job and the forms were reused keeping the cost down.  The total cost of the reconstruction was $111,000—less than 1/10th of 1% on this 142M project.
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Presentation Notes
The finished bent.  It hardly looks worse than this top-heavy transition bent.




Presenter
Presentation Notes
And none of the retrofits are visible from the freeway.


Ingredients for the Perfect Storm:

= No AASHTO Bridge Spec provision

m Long Spans

= [all, narrow column

= Tall, soft, small pads

= ADA reguirement—exp. joint at every span
= Aesthetics

= Proximity to large venue
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Presentation Notes
I inserted standard bearing pad sheet into the plan set.  I could have run an analysis that would have allowed me to shave a few fractions of inches off the pad height, but not sure that would have prevented the swaying.



Would not be surprised if we loaded all of our ped bridges around the country like this one to see a few of them experiencing the same problem.


SECTION 3: LOADS AND LOAD FACTORS

3-29

Bridges for only pedestrian and/or bicycle traffic shall
be designed for a live load of 0.085 ksf. The frequency of
pedestrian footfall loads in either the vertical or transverse
lateral direction shall not resonate with the natural

The conservatism in this Article reflects the
unpredictable nature of pedestrian load, which gains
significance where it becomes a primary load. Footfall has
been estimated to have a frequency of 2 Hz in the v al

frequencies of the structure,

Where pedestrian and/or bicycle bridges can be used
by maintenance and/or other ineidental velncles, the
following loads shall be considered in the Strength I1 Load
Combination, unless otherwise specified by the Owner:

Clear Bridge Width (w) Design Load
T <w-=101M4. HS
w10/t H10

The pedestrian load shall not ke considered to act
concurrently with these wehicles. The dynamic load
allowance need not be considered for these vehicles.

direction. and 0.67 Hz in the transverse lateral direction.
Therefore. the fundamental frequency of the structure

and lateral directions respectively, unless detailed analysis
justifies otherwise. The reduction based on deck influence
area from previpous specifications has been eliminated due
to potential crowding on the structure,

Snow removal and other maintenance vehicles
sometimes have access to pedestrian bridges. The slow
speed of such vehicles justifies the omission of dynamic
effects.

Sidewalks, pedestrian, and/or bicycle bridges less than
7.0 ft. in width need not be designed for a maintenance
vehicle. Where vehicles larser than those specified herein
could mount & sidewalk, consideration should be given to
using the full design truck load, For slab design of beam-
slab type bridees, force effects from concentrated wheel
live loading may exceed those due to the uniform
pedestrian loads. Force effects listed in Table A4-1 may be
scaled accordingly.

i P——
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H1Z 4.0 Kips 16.0 Kips
HS 2.0 Kips 8.0 Kips

Figure 3.6.1.6-1 H-Vehicle Configurations.



Presenter
Presentation Notes
Coincidentally the 2008 Interims now contain a lateral vibration check.


Success of Retrofit?


Presenter
Presentation Notes
So we are now half way thru the football season and you may be curious to see how our retrofit worked?  Well I would be more than happy to tell you, but it seems that…




Presenter
Presentation Notes
…no one wants to stay and watch all 4 quarters of a TT football game.


Questions ?
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