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As the key member of the bridge substructure, the pier is always the most
concerned part under variety of hazards, among which the vehicle-induced impact is a
rare but an extreme load hazard that may result in significant structural damage, even full
failure of the bridge pier. This study overviewed the previous studies in vehicle-to-pier
collision and found the design in AASHTO code conservative.

Based on the explicit finite elemental method, the sensitivities to the impact load
values of different parameters of bridges and vehicles are analyzed by LS-DYNA®@. The
impact load is the most sensitive among various parameters, including impact velocity,
concrete strength, pier diameter, pier length, impact height, axial force, and cargo mass.

Two simplified impact load models are suggested for improvement of the design
values of the impact load: the simplified mass-spring model and response surface model.
The simplified mass-spring model is applied to the explicit analyses on reduced vibration
system to obtain the impact load following appropriate assumption. On the other hand,
the response surface model is based on mathematic experiment with large quantities of
data to find fitting function of the impact load according to the variation of the sensitive

parameters. Both methods can give approximate solution for the dynamic peak impact



load and the static equivalent impact load. Comparatively, the response surface model is
more efficient in design by giving the function of the impact load.

The reliability of the pier under the impact load has been analyzed based on Monte-
Carlo simulation and response surface model. For light-weight and medium-weight trucks
induced impact events, the failure probability of the pier could be controlled to a very low
level (i.e. 0.137%, reliability index equal to 3) by appropriately increasing the resistance
of the pier. For the heavy truck induced impact load, the most efficient way to reduce the
failure probability is to limit the impact velocities, while the cost for increasing the
resistance of the pier is uneconomic.

In conclusion, the suggested simplified impact load model based on the parametric

study could be applied to future analyses and designs for the truck-to-pier impact hazard.
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Chapter 1 Introduction

1.1Background

As the key member of the bridge substructure, the briggreipalways the most
concerned part under variety of hazards. A vehicle collision with a pier is such an extreme
loading hazard, which may be rare, but may result in significant structural damage, even
full failure and collapse of the whole bridge durthg lifespan of the bridge.

Harik et al.(1990)collectedthe data of bridge failusen the United State from 1951
through 1988. It was found thtite vehicle collision had caused serious structural failure
including partial collapseand total collapss. Only in Kentucky, five (5) full-collapse
failures andtwo (2) partiatcollapse failure were caused by trucks or cars colliding with
the structursfor 35 bridge failures in total. And throughout the United States, 42 of the
79 failures are due to d@ion. For the collisioinduced failures, 3@redue tothedirect
impact involving ships, trucks, and trains, and otteedue to the second hazard after
collision, such as the exploding and blasting.

Wardhana and Hadiprion(2003) conducted a similatudy of over 500 failure
events of bridgefrom 1989 to 2000. The studshows that failures took place primarily
during the service life of the bridges. Flood/scour, collision and overload are the leading
causes of bridge failures, of which 11.7% (5%68) are due to the collision involving
vehicles, vessels, trainst al.

More recently, the technical report MCEHR-0008 (Lee, et al., 2013) summarized
the total 1062 bridge failures after 1980 in the United States. The report shows that bridges

arerarked insecondvulnerable to collision (113 failures) aftecour (121 failures)as



shown in Table 41. And the number ofailurescaused by earthquake, alwayentioned
for the extreme evenis muchfewer with the total 16 failures.

The following recentvehiclecollision events show the significant damage to the
bridge due to the impact load, which not only led to structural failures but also traffic
disruptions.

Tablel-1 Bridge failures from 1980 to 2013

Causes of Failure Fail_ure Types -
Total Collapse Partial Collapse Distress
Design Error 38%(8) 52%(11) 10%(2)
Lack of Maintenance 67%(2) 33%(1) 0%(0)
[éiféiﬁzgg’iéﬂ 3296(10) 65%(20) 3%(1)
Material Defect 23%(3) 46%(6) 31%(4)
Earthquake 38%(6 63%(10) 0%(0)
Scour 50%(61) 50%(60) 0%(0)
Flood 75%(83) 25%(27) 0%(0)
Collision 39%(44) 60%(68) 1%(1)
Eg‘e’gfgég‘;gf' 29%(12) 699%(29) 29%(1)
Overload 76%(71) 24%(23) 0%(0)
Fire 50%(12) 50%(12) 0%(0)
Wind 78%(35) 22%(10) 0%(0)

A truck crashed into a bride pier that carries a county road ov@® hear
Worthington rests on its side following the Jup@2@03 incident. The driver and passenger
suffered minor injuriesThe pier shows obvious shear failure at the location of impact and
at the connection with the bent cams shown in Figure-1. Bridge and highway
maintenance crews used concrete box culverts, steel bridge beams -anchfithebers to
stabilize the pier and support the bridge deck. And repair wolkmonths to replace the

damaged pier.



Figurel-1 Bridge pier damage resulting from the truck crash

On July 7, 2005, a truekactortrailer loaded with an unknown load crashed into a
bridge pier on IH35 in Red Oak, Texas. Thisitige is located on US7 and carries traffic
over IH35. This vehicle, which was speeding in excess of 60 mph, impacted the
northernmost 3@nch diameter pier of the centep@er bent located in the median of-IH
35. The collision with the pier causslea failure in the 36inch diameter pier. The bridge

did not collapse as a result of impact.

Figurel-2 Shear failure near the connection of the pier and the cap

On May 30, 2007, a truekkactortrailer loaded with home building products crashed
into a bridge pier on IHI5 about 3 miles east of Corsicana, Texas. This bridge is located

on Roane Road and carries traffic overdbl This vehicle impacted the northernmost 30
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inch diameter pier of the centermpier bent located in the median of-#%. The collision
with the pier caused severe cracking in ther@h diameter pieras shown in Figure-3.
The weight of the vehicle and payload was approximately at 80,000 Ib, and the impact

speed was approximately &tph.

Figurel-3 Transverse crack caused by the impact

On 15 August 2007 at around 3:00 a.nsemitruck, carrying 55gallon drums of
sodium hypochlorite, was westbound of70 when the driver lost contrahen
overcorrected twice, and crashed into a concrete bridge pillar on the north edge of Grand
Junction. Two truckers were killed in this accident. The truck tore out 75 feet of guardralil
before thempact. The impact forcked to large shear force whidaused shear failure at
the connection of the bent cap and the pier that carries Road 26.5, as shown-Bigure 1

ColoradoDOT cost around $286,000 to repair the undermined hridge



Figurel-4 Shear failureat top of the pier

On 22 May 2011 at around 3:00 a.m., a trattaiter carrying newspapers and
magazines was traveling northbound eBblnear Gaffney, SC, when it struck the pier of
the SC Highway 150 overpass. The force of the collision destroyathfiaeted column
and half of the bent cap while also damaging the other two column®suiting in the
sagging of the superstructure spans. The destruction caused dnfligien is shown in
Figure 1-5. 1-85 northbound traffic resumed 52 hours followitng &iccident, after the
damaged section of the overpass was demolished. The whole owegsasder replaced
with an entirely new bridgehe replacement work, which cost $3.4 million, was finished
152 days after the accident occurrétde roadway was reagmed on SC Highway 150 on

21 October 2011.



Figure1-5 Tractortrailer collision with the SC Highway 198idge over 185
On 11 June 2012 at around 4:00 p.m., a traceoler carrying various electronics
was traveling westbound or3D in Dallas, TX, when the driver supposedly fell asleep at
the wheel and crashed into the bridge support columns of the Dolphin Road overpass. The
force of the impact was so great that the cab of the tractor and a drtientrailer were
split in half The impact, shown in Figuredl, resulted in a she#ailure to the easternmost
pier, requiring emergency repairs to be conducted to stabiézeverpass. The highway

was shut down for over 15 hours and the repairs tbridgetook about a week.

Figure1-6 Tractortrailer collision with the 430 Bridge over Dolphin Road



OnMarch 9, 2018, a tractarailer lost control and ran off the westbound lanes. The
truck smashed iotthepier supporting the Four Holes Swamp Rditige Shear failure
was observed at the bottom and the top of the pier as well as at the béditwaptbound
lanes of 126 and the Four Holes Road overpass were closed following the Gizesh.
damaged bdge was demolished to ensure the safety of traffic-2@&before reopening.

SCDOT has plans to replace the bridge. The accident remains under investigation.

Figure1-7 Tractortrailer collision with tke pier on 126, which was torn down after then

Exceptfor the crash incidestshown abovetherewerestill other collision events,
which also yielded serious structural damagHserefore it is necessary to take overall
studies on the failure behaviorktbe bridge piers caused by vehiaheluced impact logd
and to give a more sufficient design criterion of the pier under vehicle impact.

1.2 Literature Review

According to the most recent report from US DOT Federal Highway Administration,
there are 61887 bridges, of which the number in good conditioongy 291,412, by
highway system in the United States till the end of 2016. For bridges need maintenance
and repairing there are 48,559 in poor condition, about 8% of the total number. Only in
Maryland, there are 308 called Structurally Deficient (SD) bridges. These structurally

deficient bridges demand immediate maintenance, rehabilitation or reconstruction to
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ensure their performance céuifil the heavy daily traffic task. The report indicates that
large quantities of bridges cannot meet the design requirement today, so does the impact
design. Many technique reports and research pdyaee been posted, and engaged into

the field of studying impaatesign.To summaize the current state of the desigmdastudy

of the impact mechanism between a vehicle and a bridgefpllwing literature are
preliminarily reviewed.

1.2.1 AASHTO Load Resistance and Factor Design (LRFD)

The American Association of State Highway and Transportation Officials has long
history after includinghe impact design into the code, and also makes adjustment to the
impact load to fit the increasing truekeight and speed.

For AASHTO LRFD 4" edition (2007), the article 3.6.5.2 specifies that, without the
protection in article $.5.1, the abutments and piers located within a distance of 30ft to the
edge of roadway, or within a distance of 50ft to the centerline of a railway track, shall be
designed for an equivalent static force of 400kip, which is assumed to act in any direction
in a horizontal plane, at a distance of 4 ft. above the ground, based on the information from
full-scale crash tests of barriers for redirectingkg0tractor trailers and from analysis of
other truck collisions.

For the latest LRFD code (8edition, 2A.7), the equivalent load has been adjusted
to 600kips for the vehicle impact, and the location to apply the load is moved to 5ft. above
the ground. The orientation of impact is assumed to &leefirection of zero to 15 degrees
with the edge of the paweent in a horizontal plane. This revision is based on the latest

crash tests of rigid columimmpacted by 8&ip tractor trailers at 50 mpiButh et al., 2011)



Field observation indicaseshear failures are the primary mode of failure for individual
columns and columns that are 30in. in diameter and smaller are the most vulnerable.

However, the impact load specified in the code is still general compared with the
force induced by ship collision in article 3.14.8. The ship collision force clearly states the
relationship with the mass and the velocity of a vessel:

0 U oLy % &2

Where0 is the equivalent static vessel impact for€e "Ys the deadweight
tonnage of vesselyis the impact velocity.

From the specification about the ship collision force, the current vehicle collision
force cannot present the relationship with the speed and mass of the vehicle. Furthermore,
due to the process ofmpact is a result of complicated coupling of two systems. Any
parameter change of one system will lead to a different result of impact load. The mass and
stiffness contribution of both superstructure and substructure should be taken into
consideration toige a more convincing result.

In code ASCE710, although no impact load for pier is specifiaequivalent static
horizontal on barrier system with 600G Ib listed inChapter 4.5.3. However, this value
is much lower than the specification of the AABBI LRFD specification.

The Annex B of European codrart 11 gives the impact of a vehicle on a barrier
within 1.5m range as:

O TGO T EqQ.1-2

Where m is the gross mass (kg) of thaigke; v is the velocity (m/s) of the vehicle

normal to the barriey; is the deformation (mm) of the vehicle; is the deformation mm)

of the barrierForweight ofvehicles not exceaa 2500kg when applying this equation



following values ould be used to determine the force F: m=1500kg, v=4.5m#400mm
For rigid collision, the could take the value of zero. F then takes va&2kN (34.2 kips)
which is also much smaller than the specification in the AASHTO.

The part 17 of the European code gives @quivalent static impact load up to 1000
kN (225kips) in the direction parallel, and 500kN(112.5kips) normal to the orientation of
the road adjacent to the piefhis value is closer to the AASHTO value but still
underestimated. Wnex C suggested an alternative method to evaluate the impact load by
the equation:

"0 OMQa Eq.1-3

Where v is the impact velocity; k is the equivalent elastic stiffness of the object; m
is the mass of the colliding object. This equation gives more reasonable estimation of the
impactz cording to Ferrero6s study (2010) .

Thereforethere is demantb give the study involving the truck weight, velocity and
properties of pier in detail to generalize equation of collision load including these
parameters.
1.2.2 Experiment study

NationalHighway Traffic Safety AdministratioNHTSA) had conducted series of
full-scale tests to investigate the properties of different vehicles in a crash. For example,
the Chevrolet C1500 Silverado pickup truck was tested by crashing into a rigid war at the
speed of 35mph in 1998. (Test Number 2809). Honda Accord was tested at speed of 35.1
mph in 2017 for new car safety evaluation (Test number 10191). The data of all these tests
is accessible on the website of NHTSA Vehicle Crash Test Database. Althougiestese

only involve tests of vehicle with rigid wall, the data was applied to build and modify the
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vehicle finite element model. The refined vehicle model pravide way to accurately
simulate the process of impact during collision.

Kishi et al. (2002 designed dalling-weight impact tests to establish a rational
impactresistant desigprocedureof shear failurelype reinforced concrete (RC) beams.
Twenty-seven simply supported rectangular RC beams without shear rebar were used. All
RC beams were of Dsnm width and 250mm depth in cross section, with variables
including rebar and sheapan ratios. The fregropping steel hammer weighed 300kg with
a spherical striking face. During the test, only a few vertical flexural cracks developed at
the low impactvelocity, V=1m/s.A severediagonal crack was developed in the case of
V=3m/s. Keeping increasing the impact velocity to V=5m/s, the RC beam was split into
three parts due to severe diagonal craékapirical equation for required static shear
capacity wasleveloped with a maximum reaction force equal to one and a half times of
the required static shear capacity. And the beam would absorb 60% of initial kinematic
energy during the impact.

Saatci and Vecchio (2009) hdcee dropping teston eight reinforcal concrete
beans and static tests diour reinforced concretbeamswith different stirrup spas and
drop massedll specimens, regardless of their shear capacity, developed severe diagonal
shear cracksas shown in Figure-8, even if the member is flexercritical under static
load conditions. Specimens with higher shear capacity were able to sustain more impacts
and absorb more energy, whereas the ones with lower shear capacity suffered extensive
damage under the same or smaller impact loads. The hiymigmic nature of the
responsetead to theresistance oimpact forcedrom the inertia of the specimeias the

initial stages of responspecimens, before the forces reached the supports.
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Figure1-8 Diagonal shear craslduring the impact test

Fujikake et al. (2009) conducted a very detailed experiment about a rigid hammer
freely dropping ontaa concrete beam. Twelhapecimens oRC beams with different
amount of longitudinal reinforcementere investigaed to study the impact response
corresponding to the different impact velagst The striking head of thérop hammer had
a hemisphericdlp with a 98mmradius and a mass of 400.Kbhe dropping height ranged
from 0.15 to 1.20 nto realize differentmpact velocityAn analytic modebf a twodegree
of-freedom masspringdamper systenwas developed to evaluate the response of
reinforced concrete beam, awds compared with the experimental result, as illustrated in
Figure 19. A perfectly plastic colsion was assumed between the hammer and the beam
(Suzukietal.1996) The contact spring was asAnd med

the damping coefficients ¢s assumed to be, While ¢z is assumeds:

~

o —0 Eq.1-4
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Figure1-9 Two-degreeof-freedom masspringdamper system model

Based on the result, with the comparatively higher amounts of longitudinal
reinforcanent, the RC beam exhibited not only the overall flextai#ire, but also local
failure located near impact loading point due to the large impact from the loading acting
on a single point. The analytical model was shown to be in good agreement with the
experimental miedspan deflection when the RC beams exhibited only an overall flexural
failure.

Buth et al(2011) conducted a fulscalecrash test of truck running into a bridge pier
shaft with 36 in. in diameter and 14 ft. in heighg shown in Figure-10. The trucks were
vantype semitractortrailers ballasted with bags of sand on pallets with the weight around
80,000Ib. Impact speed was nominally 50mph. The test result has been filtered with 0.05
sec average values of responses, and these®%verge data is close to the equivalent
static result. Two peak impact loads were observed during the test. One is due to collision
between the engine of tractor and the pier, and the other is due to impact induced by the
trailer. Based on the test result, son of the AASHTO LRFD codevas made by
changing the equivalent static force of 40ps to 600 kipsfor vehicle collision force

Meanwhile the location of impact was moved upward from 4ft. to 5ft. above ground.
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Figure1-10 Full-scale tractotrailer-to-pier crash test

Deng et al. (2012) carried out an experiment to study the dynamic behavior of
concretefilled circular Steel tubes under hig@train Rate Impact Loading. Nine simply
supported circular sel concretdilled tubes (CFTs), two circular steel posttensioned
concretefilled tubes (PTCFTs), and one circular steel filbenforced concretélled tube
(FRCFT) had been tested in an instrumented -trejght impact facility. Four damage
modes wereloserved in the test, including no crack, crack at the bottom, crack up to lower
half of the circumference, and rupture. The structural response of the beam is
predominantly flexural rather than shear within the plateau. Failure in the steel tubes was
commaly tensile facture or rupture along the circumference. Concrete core in the impact
area commonly crushed under compression and cracked under tension. The use of
prestressing strands and steel fibers significantly restrained tension cracks in the concrete
by comparing the result of PTCFT and FRCFT specimens with CFT specimens.

Chen et al(2016) developed scaledequivalent truck frame based on the F800
Ford single unit truckThe scaledequivalent framevascomprised of two steel blocks
mounted on a sté&ame. The first block represatthe engine, clutch, and
transmission, while the second represdthie cargo. The supporting fram@&s made up

of steel channel members with similar properties tattassis of the truck. The frame
14



was designed to ske at mid span of threBC columrs vertically. The three specimens

of RC column had a diameter of 333mm. Theeee total 16 longitudinal reinforcemeant

with diameter 8mm, and stirrups with diameter of 6.5mm were spaced at 333mm. The
impact speeds rangewm 10.4 to 13.9m/s, and the truck frames had masses from 451 to
1026kg. The test result was compared with the finite element analysislbteaale

collision between the F800 truck and the pidre study shows that the equivalent truck
frame could prome a similar impact result as thel-scaletruck. The dynamic response

of the test kept a good agreement with the response from finite element analysis. The
failure model exhibits obvious shear behavior near the impact point, as shown in Figure

1-11.

Figurel-11 Impact Tests of Model RC Columns by an equivalent truck frame

Demartino (2017¢onducted an experimental investigation on the behavior of-shear
deficient reinforced circular RC columo$ 330 mm dameter and 1700mm heighihder
laterd-impact loading. A total of 10 specimerfev¢ for each type with different hoop
spacing) were tested under a lateral Figggnmer impact at different impact velocities
(2. 25, 3 and 4.5 m/ s antilever dnd fixedinmplg-suppgrtedc on d i t i

Two phases during impacivere observed. In the first phase, a large peak value
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characterized as a large impulse is observed. This sudden inoezase=dto obtain
deceleration of the test truck and local accelematidhe RC column, to make them acquire
a common velocity and move together. The impact fevae mainly governed by the
inertia of the RC column. In the second phase, impact force died down, and the reduction
is proportional to the damage and loss dffreéss of the columnin all tests, the post
impact condition revealed a brittle shaégpe damage characterized by one main diagonal
crack starting from the base of the column to the impact point. The shear damage could be
reduced by increasing the traesse reinforcement rati@omeflexural cracks were found
behind the impact point
1.23 Numerical study

El-Tawil (2004) studied the dynamic performance of a single pier with either
rectangular or circular section subjected to the impact fadravroletC2500 and F800
Ford single unit truckThe dimension of the rectangular section was 4.75 ft. x 4.5ft, while
the circular sectiomad a diameter of 3.5ft. Two lines of beam elements were applied to
thesimulaton of the superstructure. Compressiomly soil sping was used toealize the
soil-pile interaction. A materiak of pierwereassumed linear elastithe study involves
a sensitive study about the coefficient of frict{@OF) between two contact faces. It was
found that increasing COF to 0.6 woulddet one and a half times of contact force,
compared with the result of COF equal to 0.3. But lower COF would have no large
influence on the contact forck.was found the equivalent static impact force of C2500
pickup truck lied bellow the AASHTO code thi400kips. But the impact load of F800
single unit truck had far exceeded the design force.-M8@verage was used to obtain

the equivalent static force for design demand.
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Consolazio and CowdR005) built a 3D model of doublelumn pier with the bent,
the foot and piles. A simplified modebntainingSDOF barge system coupled with MDOF
pier systemwas suggested, and its result was compared with the finite element solution.
An exponentially decaying historical averaging process is used to computeediamp
increments of barge impact forcéhe study shows pier column shape and overall pier
stiffness have been found to have only marginal influence on the sustained impact forces
generated. And mass may not necessarily impose significant additional strdetngsnd
on the pier due to additional kinetic impact energy dissipated during the through increased
plastic barge deformation. The suggested simplified method can efficiently evaluate the
dynamic force.

Ferrer (2010) had a simulatiofcollision betweerl©2500 pickup truck and4dhape
column. The simulation results shesthat the static load equivalent to an impaeis
strongly dependent on the speed of the impacting vehicle. Changes in the mass of the
vehicledid not significantly affect the equivalentasic load obtained And it was found
that heindicationgiven in AnnexC of EUROCODE 1was close tthe results obtained in
this study and are on the safe side, whereas the loads proposed in part 1.1 Annex B and
Part 1. Avereboth less than obtained vais in this study.

Buth (2010) simulated the collision events of a single unit truck weighifip6Hh
and a tractor trailer weighing @@O0Ib crashing into a rigid circular pidérwas found with
larger pier diameter, the impact force will be reducetipaligh the decrease is limited (15%
lower with twice of the diameter). Rigid ballast in the cargo and higher impact velocity
would increase the impact force. The impact force averaged in 50ms is useful to predict

the design load.
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Liu (2012)started fromisnulating the impact test of Fujikake et @009). The F800
truck model developed by National Crash Analysis Center for crash simulation with the
concrete barrier (2005) was adopted to realize the collision simulation between a-median
weight truck and aquare pier. The truck was set to strike the pier with an angle of 20?
The impact velocity and the pier sineere selected for parametric study. 12 cases are
included in total with the pier size ranging from 3ft. to 4ft., and the impact velocity ranging
from 30mph to 70mph. With the increase of impact velocityptbecracked at the height
of impact, then the pier concrete spalled near the connection with the cap, at last the pier
failed due to combination of moment and shear shown in Figure-12. A crack also
develomdin the cap near the connection of the second pier for a high impact velocity. It
was also found that the impact forselargely independent of the pier size and mainly
depend on impact (approach) velocity and weight of the truck. Righer speed, the
impact between cargo and pier yielded larger impact fovhéde the head impact resulted
in peak load for lower speed due to dying down of the velocity before the secondary impact
with cargo. A steel jacket can effectively improve tlegfgrmance of pier under impact
load. With full composite jacket under 70mph impact velocity, only minor damages were

casted onto the pier.

Figure1-12 Behavior of bridge piers during vehicular impacts
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Mohammed (2012) investigated the behavioasfngle hammer head pier column
under impact load induced by the C2500 pickup truck and F800 single unit truck. In the
finite element analysis, 20 specimens with different concrete stsingitact velocities,
ard section aspect ratio, were analyzed. Damage scale factor was employed as the index of
current failurestate andjiven as a function of effective plastic straftregression analysis
was performed based on 20 cases to give the function between the daaladactor and
effective plastic strainDeployable honeycomb energy absorbers with different shapes
were designed and compared as an efficient way to reduce peak compressive stress during
impact.

Gomez (2014) performed a parametric study on a F80Gesung truck crash into a
circular pier with 900mm diameter. The piex imodeled with concrete footing, concrete
piles as well as soil springs. The parameters for parametric study include the diameter of
section, the spacing of hoop and the impact vslogihe displacement of the pier, shear
force and moment at each sectiangthe dynamic impact forceaveinvestigate for each
load case. It was shown that as the stiffness of the piers increased, there was an increase in
peak dynamic impact forces, actease in lateral displacements, and an increased
resistance to shear and moment stress. Increasing pier diameter, usingpéemiodint, or
decreasing hoop spacing altlleo increased stiffness of the bridge piers. Vehicle impact
velocity ha a significant effect on the amount of kinetic energy that must be absorbed by
the pier and colliding vehicl@he damage ratios, calculated by dividing the peak dynamic
impact force by the shear capacity of the pier, can be used to design bridge piers for specific

damage states resulting from vehicle collisions.
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Abdelkarim et al.(2016) studied the performance of holloare FRPconcreté
steel bridge columns subjected to vehicle collision. The effects of 14 parawiegts
columnswere investigated: Concrete ma#&trmodel, concrete compressive strength,
Material strain rate, Column heigtd-diameter ratio, Column diameter, The FRP
confinement ratipDiametefto-thickness ratio of the inner steel tube, Column void ratio,
Embedded lengtio-diameter ratio, Steel tebin-filled foam, Column top boundary
condition, Axial load level, Vehicleelocity, andVehicle mason the behavior of HC
FCS columns. The main resistance of the-HCS columns came from the inner steel
tube. The elastic properties can be used, for $icrtp, to design the HEG-CS columns

under vehicle collisionThe peak dynamic force of the HECS column was lower than

that of the RC column. An equatignild Owas used foestimatingthe equivalent static
force, whera) Qs the kinetic energy ohe vehicle.

Chen (2016) ran finitelement simulations to investigate the structural demands
generated by a F800 colliding with a bridge pier. A F800 single unit truck was selected for
collision simulatiorwith a circular and a square. Cases with the aiffeimpact speed and
weight were studiedThe simulation data showed that truck weight alone is not directly
correlated with the peak force delivered to the bridge pier while impact velocity, structural
characteristics of the colliding truck, and the getinmand properties of the pier itself all
play a significant role. Besides, the study employed a reduced coupledpniaggiamper
(CMSD) system, as shown in Figurd 3, to analytically solve the impact forceheforce-
displacement diagrams of the @dlent springswere obtained by fitting thdorce
displacement relationship of the assumed spring withirtigact forcedisplacement

diagram.
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Figure1-13 Simplified analytic model for the impact coupling

Do et al (2018)had anumericalsimulationof the F800 single unit truck crashing
into a squareshape pierThe pierwas modeled with the superstructure, a concrete box
girder, as well as the concrete footiddg. cases were compared involving the pararaeter
engine mass, vehicle mass, velocyextra cases were used to investigate the influence of
different simplification of superstructure. The simplified models of superstructure included
uniformly-distributedload model, lumped mass modahd beanmodel With the increase
of vehicle speed, the failure modehange from local damagep flexural crackingthen
to shear cracking. Shear crack firstly appéarear the connection of the cap, and then
appeared near the foot with the increase of the kieatcgy of engine. Finally, punching
shearwould take place. It was also found that the impact force causes a considerable
increase of the axial force which should be taken into consideration in the design. All three
simplified mode$ can well predict thempact force, whereas the beam model and the
lumped mass model can get good results of displacement that is close to thesgBléull
model.

Cao et al. (2019) had a numerical simulation of the traicader truck impacting on

a pier with different thelimension and the shape. Three main sources of impact demand
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were identified: bumper, engine, and trailer. Each was shown to deliver a spike in the
applied impact force. The engine impact induced the highest peak dynamic force, which
was also closely assated with the impact speed. Shear failure was found to be the typical
failure mode of the bridge pier, as was observed in numerous actual accidents. It was also
found that the demands could be underestimated for trucks moving at speeds in excess of
80 kn7h following the recommendation of the AASHTO LRFD bridge design specification.
Based on the numerical simulation resuwdtsimplified pulse demand model for bridge pier
design against heavy truck impact. The main variables of the model were pier dimsensi
impact speed, and truck weight. The simplified model can well simulate the impact load
induced by tractesemitrailer truck.
1.3 Summary

From the previous experimental studies, the impact load is more likely to yield shear
failure which caused by ¢hlarge impulse of the first stage that makes the rigid body and
the beam or column move together. When there is enough shear resistance, flexure failure
could also occur due to the tensile failure of the concrete. It also refers that most of impact
testsare still based on the scaled and simplified model. The impact force could exhibit
good result for the contact between a rigid body and a beam or column. However, due to
the very complex coupling system of vehicle itself, impact tests involving-loiggty
contact is hard to reflect the true relation. Because it is infeasible to run an experiment with
many cases with fukcaled piers and real trucks, the numerical analysmre preferred
in studying the fulscale impact between the truck and the fere to the limitation of
the experimental study, researchers turn to computational simulatiaghefampactioad

study.
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The contact problem raiseery requirement to ensure the accuracy of the simulation,
which require very smalttime step and fine meshlin the recent 10 years, with the
explosive development of the performance of computer and the wide application of explicit
dynamic, finite element analysis becaaevery useful tool to carry on the study of vehicle
collision issues, which involving laegamounts of nonlinear calculatidsational Highway
Traffic Safety Administration along with the National Crash Analysis Centeddéaoted
large effort¢o develop vehicle model based on large quantities of material and rigid impact
tests, whichguarantes the precision of vehicle model contagthousands of parts with
different properties, in the collision tests. Many researches have conducted the FEM
analysis based on these vehicle madglost of these studies show strong shear falure
during the inpact analysis, especially for a vehicle with large kinetic energy. It was also
found that the vehicular impact load had different sensitivities towards different gropert
of vehicles and pier8ut the concerned properties of each studyegircumscribedFor
instance, the simulation of collision between heesyght truck and pier is still
insufficient, whee most of simulations are for lighteight (pickup truck) and median
weight (single unit) vehicle. Therefore, more comprehensive study is needed.

Furthermore, both the experimental and computatishadies illustratedhat the
impact loads specified in codésd a limitation in reveal the relationship between the
parameters of the vehicle and the pier. Some of worthy analytic methods based on
numeric simulation are proposed to better reflect the real condition of the impact load,

but same as the FEM, these methods oaiypriseof few parameters.
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Chapter 2 Theoretical foundation

2.1 DynamicSystem
For a singledegreeof-freedom(SDOF) systenas shown in Fjure 21, the equation
of motion can belescribedy thewell-known equationof motion:
GO o QU no Eq.2-1
Wherem is the massg¢ is the damping coefficienk is the stiffness offwing; p is

the external force acting on the foreds the displacement of the mass point.

Figure2-1 SDOF system
For multidegreeof-freedom system, thieq. 2-1 could be witten as

Iro pro Lyo |Fo Eq.2-2

Where! is the mass matrixgis the damping coefficient matri¥ is the stiffness

matrix; |} is the external force vectof:is the displacement vector.

Theissue of a vehicle colliding with a pier is actually a very complicated coupling

systemwith millions degree of freedoniThis system can be divided into two major
subsysters 1) vehicle systen?) pier system.

The vehicle system itself is a very compleditcoupling system, which contains

many components constrained together with welds, bolts, gears, etc. During the collision

event, part by part, internal contact Wk formed because of deformation and yielding.

And the components of vehicle that havataged with the pier were coupled with pier

24



with the contact stiffness and contact damping. Althowghdcurately and completely
describe the motion of the equation of such a complex system is almost impassible
diagram of a simplified coupling systezan beshownin Figure 22.

As shown in Figure2,Q andd® means the stiffnessnd dampindpetween the'|
and the K degree of freedomDegrees of freedom numbereslith 1, 2, 3, etc., were
coupled with degrees of freedom of pieamed) ,n , 1 , etc., through contact. Arttie
impact force can be expressed as:

0 0V w 0w N E Eq.2-3

Wherew s the relative displacement between degree of freedantr)

Figure2-2 Simplified vehicleto-pier coupling system
2.2 ContactTheory
The common way to solve the contact problem is to get the contact stiffness in order
to couple to contactode as shown in part 2.1. The contact theory will be introduced in this

section as ththeoreticabackground for FEM based contact simulation.
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2.2.1 Hertaan contact theory

Hertzian contactheorywas first put forward by Heinrich Hertz in 1882 with the
publication of the paper "On the contact of elastic solids". In the drop hammer test of
Fujikake (2009), the Hertzian method was applied and well estimated the contagt force
which proved theffectivenes#n predicting the impact force between rig@deformable
collisions Far a rigid sphere in contact with an elastic ksfice as shown in Figure32
(Popov 2010, The contact radius could be calculated by:

© nYQ Eq.2-4

\L/d

Yz

Figure2-3 Deformation of surface during Hertzian contact

Following the assumptigrhere is:

6 QO — Eq.2-5

n n p — Eq.2-6
whereo is the vertical displacement, and p is the distributed presguhe location of

radius r.For the maximum pissure, there is:

7
n -0 - Eq.2-7

So theimpact force can be obtained through

26



O -n 6 Eq.2-8
0 -OoY*fQ7 Eq.2-9
where for two curved surfasehere is:
- Eq.2-10
- - — Eq.2-11
Despite ofafamous and commonly used method to estimate the contact stiffness and
force, thereare severahssumptions that limit the application of the Hertzian theory when
takingthe application in the cragmulation:
1. The strains of two contact paghould be located within the elastic limit.

2. The surfaces are continuous and-eonforming (implying that the area of

contactis much smaller than the characteristic dimensions of the contacting

bodies).
3. Each lody can be considered an elastic {saéce.
4. The surfaces are frictionless.

For crash analysis, the large impact load will force both the vehiclgiandnto
plastic state, and friction exists between two impact surfaces. Furthermore, it i® hard
deteminewhetherthe contact surface of vehicle can be treated asspalfe
2.2.2 Penalty method

Another weltknown method often applied in finite element analysis of contact
problem is the penalty approachhich is also adopted HyS-DYNA (Peter Wriggers
2002. Starting withthe pointmassspring systenat a specific time (Figure 24), where
u is the distance from origin to the impact surface, h is total displacement, and c(u) is the

penetration displacement. Assuming due to penetration into the ceutéate, a spring
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with the penalty stiffnessckalsoknownas the penalty parameteeacted onto the point

mass to constrain its penetration

Figure2-4 Penalty spring and itechanism

Figure 24 shows a pint-mass supported by a spring and a penalty spring due to the
penalty termWith virtual work, there is:
V61 66 6QR6|] 6 T Eq.2-12
from which there ighesolution
6 a'Q Qara 0 Eq.2-13
The value of the penetration depending on the penalty parameter can be obtained as:
w6 N6 — Eq.2-14
Hence the two limiting cases can be distinguished in the penalty method:
QO Ht 0 QO m which means that one approaches the correct solution for
very large penalty parameters, and hence only very small penetration occurs.
'Q O mrepresents the unconstrained solution, and thus is valid for inactive
constraints. In the case of contact, a solution with a very small penalty parameter leads to

a high penetration.
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The reaction force for a penalty method is computed from
Y Qoo — M aQ Eq.2-15
2.2.3 Contact inLS-DYNA
From section 2.2,2how todetermine théQ is importantin the contact simulation.
In LS-DYNA, when a slave nodspenetrating anaster segment, the penalty stiffness will

be added to this slave node, as shown in Figese Bvo methods are provided inS-

DYNA for the calculation of the penalty stiffness.

Slave face

e e

Master face

Figure2-5 Contact springs reacted on the slave nodes

1) Standardpenaltyformulation

For solid element
Q — Eq.2-16
For shell element

Q Eq.2-17

Where K is thébulk modulus of contacted elemeAtea is the face constrains the

slave nodeFor homogenous isotropic materials,
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o — Eq.2-18
where E is theviY® utnlged sP aiacatstetakéass eithertthie walue
of the master segment or the slave node.

When the stiffness of the master segment is very different from the stiffness of the
slave node, for example, a steel ball impacting a foam bulk, it is very had to use the equation
to dgermine the accurate contact stiffness.

2) Soft Constraint penalty Formulation

To solve the deficiency of éhstandard penalty formulation, soft constraint penalty

formulation is giveras

T o YU "O"Y%-H Eq.2-19
whered is the nodal mass, atbis the time step. The contact stiffness is to be taken as
the maximum stiffness from equatiog &nd k:

0 I A@RQ Eq.2-20

The equation shows that the soft constraint formulation is directly related to the time
step. With large time step, the stiffness will be taken place of by the standard simulation.
Althoughthe standard simulation contains no variable of the time step, large time step will
induce large penetration, which may contract the real condition.

2.3 Explicit Dynamics

For complex MDOF system, analytical solution of the equation of motion is usually
not possible. Such problems can be tackled by numerical-dtepping methods for
integration of dferential equation. Researchers have suggested several methods, which
can be categorized into implicit methahd explicit method.The LS-DYNA takes

Nemark-b  ftheimplicit analysis and Central difference method for the explicit analysis.
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2.3.1Implicit method

For the implicit structural dynamics problem, fr&qg. 2-2, there is

e o Ly O Eq.2-21
Eqg. 2-21is solved by the unconditionally stable, estep, Nemarlb t i me i nt egr
scheman the following:
0 6 Yop 16 1Y® Eq.2-22
° —— 5 -~ - 16 Eq.2-23
The increments can be written as:
Yo o 6 ¥ 6 6 Yo o6 6  Eq224
Yo 0 0 Eq.2-25
Eq. 222 and Eq2-23 can be rewritten as
Yo Yo @ 1YoYo Eq.2-26
Vo Ve L-o6 1 Yo Y6 Eq.2-27
Eq. 227 can be solvefbr
Yo % = —9 Eq.2-28
By substituing Eq.2.8 into Eq.2.5, there is:
Yo —Y¥6 -6 Yop —06 Eq.2-29

Then above two equations are substituted into the incremental equation of motion:

S0 that:
LYo YO

where
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L: ¢< T R Eq.2-32
Y0 Y0 —4a -6 —a Yo— p o Eq.2-33
1) For linear system

The incremental displacement is computed from:

yo Lz YO° Eq.2-34

OnceY6 is known,Y6 and¥d can be computed basedBg. 228 and Eq. 229,
respectively,and 6 0  can be calculated frofaq. 224.
Then the acceleration carsalbe obtained from the equation of motion at time i+1
6 47 0 o Ly Eq.2-35
WhereYois the time step! andf are the free parameters ofégtation. For a
special casé, pft and] pA¢ make the method beconthe trapezoidal rule and
energy conserving.
2) For nonlinear system
Iteration is required to approach the accurate result. Taken the modified Newton
Raphson iteration as the example,daling steps are required ftire (1+1)" time step
The initialization offirst iteration takes:
o s} Eq.2-36
The initial true resisting force corresponding to the current tangeimestftakes:
Qi Qi Eq.2-37
The residuaforce can be calculated as:
VY Y'Y ¥Qi Eq.2-38

And itsinitial valueis
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Y'Y Y0 Eq.2-39
The diffness always takes the tangent stiffness of the stat pqjnt
Then fortheith iteration:

L: Yo V'Y Eq.2-40
The increment of displacementtbgith iteration¥é can be solvd, and then is

substituted into:

o] o] Yo Eq.2-41
Theincrement of resisting force could be computed from:
yQi Qi Qi Lz L, Y Eq.2-42
Then the residual force can be calculated as:
Y'Y Y'Y Y Qi Eq.2-43

The above steps will be repeated to meet the requirement of conveagémnejh

iteration:

e
|

5 i Eq.2-44
wherg is the toleration of convergence.

ThenY6  will be substituted back intEq.226 and 227, for Y6 and¥é . And

then6 O 0 can also be obtained.
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Figure2-6 Nonlinear iterations
2.3.2Explicit dynamic
Explicit dynamic analysis is condect based on central difference methd can
design the algorithm of the explicit finite element method with the framework shown in
thefollowing process:

At then' time step,
6 — = 5 —= Eq.2-45

So the equation of motion can be changed to:

I= == [ — Ly © Eq.2-46

Transferringhe knownquantitiesto the right side, there is:
k3o 0’ Eq.2-47

_ T Eq.2-48
2 q.2-
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(=X}

0 Eq.2-49
0 Le 0° Eq.2-50
To avoid the instability of the solution whichay cause blowing up of the resuilt

requires that:

v

yo — Eq.2-51
wherg is themaximumcircular freqencyfrom the modal analysiBesides, much
smaller time stepyd should be taken even though the equation is satisfied to obtain accurate
result.
The central difference method can be eamilgptedor the solition of thenonlinear
system by simply substiting the L with EI , SO that the onldiffererceis

z

'~<<| =
‘<<|=|

0

[=

0 Qi o) Eq.2-52

By comparing the two methods, it shotliatin nonlinear implicit analysis, solution
of each step requires a series of trial solutions (iterations) to establish equilibrium within a
certain tolerance. In explicit analysis, no iteration is required as the nodal accelerations are
solved directly Explicit analysis handles nonlinearities with relative ease as compared to
implicit analysis, which includethe treatment ofontactand material nonlinearities. But
it should be noted that the requirement for maximum time step should be fulfilledaa/here
the implicit method is unconditiorlglstable.
2.4HourglassMode

For solid and shell elements iB8-DYNA during crash analysisjolume or area

integration is carried out with Gaussian quadrature. thhadunction defined over the

volume
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. QQu g glko-10-17, Eq.2-53
whichis approximated by

B B B "Q hkh s Eq.2-54
where0 ho A0 are the weighing factorsiis the determinant of thdacobianmatrix.
Usually onepoint integration is chosen to cut down the calculation exgdensiee contact
simulation Besides, &oint integration has another disadvantage intemtdio cost. Fully
integrated elements used in the solution of plasticity problems wheies sonés r at
approaches 0.5 lock up in the constant volume bending modes, which is known as the
relative volume change:

- - - " " " p ¢ 7O Eq.2-55
wher e Poi $ 5 daséts 0.5 thetequation is equal to 0
However, for ongpoint integration, there will be zero energy modes, which are also

called hourglass ndes. Thdour kinds of hourglass modes for epeint integrated solid

element are shown in Figurer2

Figure2-7 Hourglass mode®r 8-node solid element

For onepoint quadrature:
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The shape function for ther®de hexahedron is

%0 -p ] p — P —

An antisymmetry property of the strain matrix will yield with:

s0 that there is

Eq.2-56

Eq.2-57

Eq.2-58

Eq.2-59
Eq.2-60

Eq.2-61

wherel is the element volumé; is the density; ¢ is the material solspeed; and s

a desirable constant to determine the magnitude of the resist folc®DNWNA, 0 s

defined bytheuser.It should be noted that applying this force will also stiffen the element

Thereforel  should be given a sultée value to prevent the hourglass modelt not

yield an inaccurate result

f4 N4 NI B3
— —
1 —»
} X
—_— -
fl N1 N2 2

Figure2-8 Resisting forces to prevent hourglass deformation
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Chapter 3Rigid-to-flexible-body impact

To get the accurate result of @sibn simulation between pier and vehicieis
important to make sure the physical characteristics such as geometry, material properties,
boundary conditions, and some extra paramedach as the Hourglassefticient, are set
to the correct values, wth can yield the solution reflecting the physical truth. The best
way for the validation is to match the displacements and forces with experimental results.
Since the process of vehicle colliding with pier is very complicated, the two coupled
systens, thevehicle and the pier, are separated into two parts for validation purpose. This
chapterwill validate the pier modeby the independent repeat verification of the
experimental result of Fujikake et al. (2009) through the finite elemental simulation in LS
DYNA.

3.1 0riginal Experiment Setup

This original experiment tested a hammer dropping on a reinforced concrete beam
with different heightsThe dimension of the RC specimenssaswnin Figure 31 are
259mm in depth, 150mm in width, and 1700 nmength The properties of the test RC
beamspecimensre listed in Tabl&.1. The specimen S1616 included two top and two
bottom longitudinabars with diameter 16mm. Tispecimen S132&cludedtwo topbars
with diameter 13mm, and two bottobars with diameter Znm. The specimen D2222
included two top and two bottorbars with diameter 22mm. The yield strengths of D13,
D16, and D22 were 397MPa, 426MPa, and 418 MPa, respectively. The transveveedties
spaced at 75mm along the beam with diameter 10ft@.aggreg@shadthe maximum
size of 10mm. All tests were performed within a periofbaf days after 70days of casting.

The concrete compressive strength at the time of testing was 42MPa.
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Figure3-2 Configurations of the impact test

As shown in Figure -2, the drop hammer was dropped freely onto the top surface
of the RC beam at migpan from four different heights: 0.15m36h, 0.6m and 1.2m for
S1616 beam specimens; 0.6, 0.6, 1.2 and 2.4m for S1322 and S2222 beam specimens,
respectively. The hammabed a hemispherical head with a radius of 90mm. The total mass
of the hammewas400kg. The RC beam was supported by two spigdasigned devices,

which allowedthe beam to freely rotate, but unable to move transversely.
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Table3-1 Properties of the test RC beam specimens

Bending resistance  Shear resistance

Rvi=4 MuiL Rs=2 vu
Designation (kN) (kN) Ry/Rw
S1616 91.1 232.0 2.55
S1322 162.2 245.4 151
S2222 162.6 2454 151

3.2 Finite Element Modeling for the Independent Repeat Verification
To verification the original experimental resulhe finite element softwareS-
DYNA is used in this studydue to its good performance in explicit dynamic simulation.
To ensure the consistency of units, the input unit of length, time, stress, density, and force
are in mm, sec, MPa and N, resipesly.
3.2.1 Geometry
The finite element nael of the beam is presented in Figur®.3he beanis broken
into 46 parts: the concrete core and t@ncretecover at mid sparat 1/4 span, and at
support. The concrete modeledwith 8-node, constant stress, singleint integration
solid hexahedroalements. The dimension of element in the longitudinal directi@®rnsn.
At each cross section, there are 32 elements for the concrete core, and 64 elements for the

concrete cover.

Figure3-3 Finite elenent model of reinforcement concrete beam with drop hammer
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The steel reinforcement is modeled with beam element wittwo-node, Hughes
Liu with cross section integration, 2x2 Gaussian quadrature. The nodes of beam elements
are merged with the nodes ofnooete solid element, which allow the steel elements and
concrete elements bonded together with no sliding.

The drop hammer is modeled wittn8de, constant stress, singleint integration
solid elements. The drop hammer is simplified into a spherea@mmradius

The concrete part contains 6528 solid element elements. The longitudinal
reinforcements have 272 elements, and the ties include 552 elements. For hammer, there
are 5103 rigid elements. In total, the model includes 12455 elermedtst513 mdes.
Figure3.3 showsthe mesh of the model.
3.2.2 Material
3.2.2.1Concrete

The concrete of beam modeled using material model 159. This material model is
developed by Feeral Highway Administration tpredict the dynamic performaricéoth
elastic debrmation and failuré@ of concrete used in roadside safety structures when
involved in a collision with a motor vehicl@Murray, 2007)

Concrete is a composite material that consists primarily of aggregatecstatd Its
response is complex, ranging framittle in thetensileand low confining pressure regimes
to ductile at high confining pressufghe critical behaviors of concrete are shown below.

The elastic behavior of e concrete is isotropic before cracking, which means the
concrete is assumed to tell mixed, vibrated, and not stratifie.oungos modul

concrete varies with concrete strength:
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e
% % — Eq.3-1

where%i s the YoungopyompudWhschnids the value
modulus wherilQ® p 1 0 ¢

This equation is from ComitéEurtnternacional du Béon (CEB) Federation for
Prestressing (FIP) Model Code (1990). The shear and the bulk modulus can be obtained as

well based on the equations:

— Eq.3-2
+ — Eq.3-3
wherebi s t he Poissonbés ratio.
Alternatively, the ACI code 318 suggests the elastic modulus:
% TYXT®RO 0A Eq.3-4

Thisformulagi ves Youngos modu ldiffesence bf thbose givere wi t |
by Eq. 31 based omeport FHWAHRT-05-062 Murray 2007
Concrete exhibits softening in the tensile and low to moderate compressive regimes.
The damage formulation models bagtrains softening and modulus reductioiihe
damage famulation is based on the work of Simo aq1987):
K p AKX Eq.3-5
where d is a scalar damage parameter that transforms the stress tensor without damage,

denotedf , into the stress tensor with damagenoted{ . Thus,p Ais a reduction

factor whose value depends on the accumulation of danBgenage to the concrete
elements is tracked through ductile and brittle damage parameters. Ductile damage occurs

when stress is applied to the element in compression. Beithege occurs when stress is
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applied to the element in tensidrhe strainstress relationship is shown in Figurd.3he
concretemodel hasa mass density of 2,274 kg, an unconfined compressive strength of
42 MPa, and a maximum aggregate size of 10 ifime. element is set to erode after the
maximum principle strain excegf.l.

Concrete exhibits an increase in strength with increasing strairAratscoelastic
formulation is used to model an increase in strength of the elements with an increasing
strain rate.CEB provides specifications for the DIF. However, the CEB specifications are
not a good fit to the tensile data from Ross and Tedesco (1992). The material 159 gives
default dynamic increase factor (DIF) curas shown in Figure-8 based on numeus
calculatiors via a trial and error. This curve provglgood fit to both the tension and

compression data from Bischoff (1995) and Ross (1992).
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Figure 3-5 DIF related to the strain rate for the concrete

3.2.2.2Steel reinforcement

The steel reinforcement materiads applied material model 24, an elagtiastic
material model accounting for a stredmin curve and strain rate dependenthien
density of all reinforcemertars is 7850 kg/f The elastic modulus is set to 200 GPa. The
tangent modulus for the hardening stage is 1.5 GPa after the yield point reached. The yield
stresses of the D10, D1B16 and D22 are 295MPa, 397MPa, 426MPa and 418 MPa,
respectivel y. The Poissonébés ratio i s assun

reinforcement is shown in FigureG3
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Malvar and Crawford1998) collected data on dynamic tests conducted on steel
reinforcement and proposed the following equations to determine the DIF of steel

reinforcement:

$) & — Eq.3-6
For yield stresg, | is expressed as follows:

| T8t X T 18t T Eq.3-7
For ultimate stresg, | is expressed as follows:

| T8I p WTBT T~ Eq.3-8

where'Qis the yield strength in MPa. These equations are valid for the steel material with yield

stress between 290 MPa and 710 Mdra for strain rates between“@nd 225 3. The four

curves of DIF corresponding to the strain rate are plotted in Figdre 3
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3) Drop Hammer

The drop is assumed as a rigid steel ball, which modeled as material model 20. The
elastic modulus of steel, 200GRan d P o i s s oareassignedadthe agid el@memts,
which arenecessary for correct modeling the contguing. The sphere representing the
drop hammer hagradius of 90mm.
3.2.3 Modelingcontrol
3.2.3.1Boundary conditions

The nodes at the bottom of the beam, and 150mm away from the two ends, are
restrained in the horizontal and vertical directions, Wiaillow free rotation.
3.2.3.2Initial Conditions and Loads

An initial velocityis applied to the&lrop hammer to account for the dropping height.

The impact velocity is calculated based on theorem of kinetic energy:
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0 M Eq.3-9
where g is the acceleration of gravity (9.8065); h is the free dropping height (m); v is
the impact velocity (m/s). The corresponding impaabcities arel.72,2.43, 3.43, 4.85
and 686 m/s, corresponding to the dropping heights of 0.15, 0.30, 0.60, 1.20 and 2.40m
respectively.
The gravity is applied to the system as a body force corresponding to the acceleration
9.806m/s. A static implicit analysis is to bein before the explicianalysis to prescribe
the initial deformation and stress for the beam to eliminate the dynamic response due to
the gravity.
3.2.3.3Contact
The automatic surfae®-surface contact is defined between the rigid drop hammer,
and the beam. The rigid sphesedefined as the master part, and the beam is defined as the
slave partFriction inLS-DYNA is based on a Coulomb formulation
Q ‘€0s Eq.3-10
where Qis the frictional force; is the cefficient of friction; andQis the component of
contact force normal to the contact surface. The coefficient of frictismdefined based
on thefollowing equation:
Q e Eq.3-11
Where' is the dynamic coefficient of frictignt is the static coefficient of friction;
wis the exponential decay factarjs the velocity.The static coefficient ofriction and
dynamic coefficient of friction are definexk 0.5 and 0.3, respectively. The exponential
decay coefficient is 0.001 for velocity with unit in mm/s (1.0 for ms)d the coefficient

of friction at specific velocity is plotted in Figure83
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3.2.3.4Solution control

A termination time of 0.85 secondsis selected, of which the time history can
capture the impact and response from the drop hammer experiment. The initial time step is
set to 1@s, which is enough to ensure the stability and accuracy of analysis, based on
sensiive study of time stesfrom 10° to 107.

Hourglass energy control is opened, which is based on the theory shown in section
2.4. To ensure the hourglass model is effegivektrained, the hourglass energy of the
system should be less than 10% of the total energy of the whole system (Bala and Day,
2004) Viscous and stiffness hourglass control formulaigenerate hourglass forces
proportional to the components of nodalooity and displacementespectivelyType 5,
FlanagarBelytschko with exact volume integration, hourglass control is a stiffness form
algorithm and is used in this study to manage hourglass model in the drop hammer and
vehicle impact simulations.

Due tothe chosen o&n appropriate hourglas®efficientwill affect the obtained impact
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force, a sensitive study has been performed to determine the howggdfssient The
S1322 bean with a drop height of 1r20s used to conduct this study.

The hourglassoefficientQn values ranged from the default value of 0.1 to 0.001 are
studied.The impacforcesof the different hourglass coefficients are shown in Fige®@e 3
From the impact force, it can be illustrated that with the increase of the hourglass
coefficient, the PDF changes little, but the impact force is larger for the higher constant,
after the first peak of higher hourglass.

The hourglass energies corresponding to coefficient values of 0.1 and 0.001 are
shown in Figure 40 and 311, respectivelyFrom the two figures, it shows that larger
hourglass coefficient will result in smaller hourglass energy, which means the hourglass
model is better restrained. The ratiof hourglass to total energy fdahe hourglass
coefficiens equal to 0.1 and 0.004re 3.1% and 15.6%, respectivelyhe ratio of the
hourglass energy to the total energy is plotted in Figek2 Figure 312 illustrates that,
when hourglass coefficient reaches 0.003, the ratio of hourglass energy will be reduced to
around 3% from the 15.6%orresponding to coefficient 0.001. Continuing increasing the
hourglass coefficient has no further contribution to reducing energy ratio. Therefore, the

hourglass coefficient in this study will take 0.01 for following analyses.
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Figure3-9 Impact force corresponding to different hourglass constant
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3.3Simulation Resultand Comparison

The experimental results reported by Fujikake et al. (2a693ompaed with the
mid-span deflection and impact forces from the analyses. The S1616, S1322, and S2222
beam experimental and analytical results are presdnbea Figures 313 to 3-15,
respectively. Theaveragedifference for the peak values of impact load amud-span
displacement between the analytical and experimental reardt8.6% and 9.2%,
respectively, which shows that the peak dynamic responses of FEM analyses match well
with the experimental results.

It shows that with the increase of drop heighthlibe displacement and impact force
increase due to faster impact speed of the hammer. From the time history of the impact
force, the analytic curves keep in good agreement with the experimental curve for around
the first peak response, which is also theximum dynamic response yielded during the
initial contact. For the second peak response, the value of the analytic dargelisFor
the displacement, although the peak values match each other well, the results of FEM
analyses obviously die down fasthan the experimental result. AlImost for all the cases,
thedisplacement of FEM analyses is slightly lower than the experimental result.

The crack profileés observed using the plastic strain contours (Mohammed 2011).

The effective plastic strain is epgssed as:

1 v ! ’ ’Q (‘) Eq 3'12
] 1 1 Eq3'13
where, ,, ,, are the strain rate tensor, elastic strain tensor and plastic strain tensor,

respectively.
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The crack patternarein good agreement with the experimental results. The crack
profiles of the analytical and experimental resalte displayettom Figures3-16to 3-18.
The red area of contours shows the diagonal development of the cracks. Fepdegh
impact (drop height at 1.2m and 2.4m), the eroatoiop of the beam occurs due to local
compression yielding from contact é&. The failure model shows a combination of shear
failure and bending failurd=or low impact velocity, the bending failure is more obvious,
while for highspeed impact, the shear failure dominates.

3.4Summary

Based on the comparison between the FE8dIlte and experimental results, it can
be concluded that the finite element model, with material nsdgeland 159, can be
applied tahesimulaton of the reinforcement concrete pier under the dynamic impact load
from the vehicle. The automatic surfacetwface contact algorithoanaccurately capture
the coupling characteristics between two impact objects. FlarBgjsitschko stiffness

hourglass control minimizes the hourglass deformation of tintisgratedsolid.

Table3-2 Percentage error between the FEM result and experimental result

S1616 S1322 S2222
Dropping F D F D F D
height (m) (kN) (mm) (KN) (mm) (kN) (mm)
0.15 17.3% 7.5% - - - -
0.30 16.7% 4.7% 16.1% 18.4% 5.5% 11.3%
0.60 6.0% 9.2% 3.8% 15.5% 3.4% 8.5%
1.20 3.0% 13.7% 2.0% 11.3% 4.5% 4.1%
2.40 - - 15.0% 3.3% 9.9% 6.2%

Note: F=Impact force; D=displacement
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(@) Drop helght at 0.15m

Drop height at 0.3m

(d) Drop helght at 1 2m

Figure3-16 Plastic strain for specimen S1616
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(a) Drop height at 0.3m

Drop helght at 0 6m

*

(c) Drop helght at 1.2m

T

(d) Drop height at 2.4m

Figure3-17 Plastic strain for specimen S1322
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(a) Drop helght at 0 3m

*

Drop helght at 0.6m

*

(c) Drop height at 1.2m

rfw

(d) Drop height aR.4 m

Figure3-18 Plastic strain for specimen S2222
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Chapter 4 Vehicle-to-pier collision

To verify the impact feature able to be realibg finite element analysis between a
vehicle and a bridge pier, tfiaite elemental simulatioon the vehiclao-pier collisionis
conducted andompared with existing researches.
4.1Vehicle Models

For the coupling system consisting of a vehicle and a pier, the vehicle is much more
intricate than the pieThat bow thebuilt model can reflect the characteristics of vehicle
with thousands of members is a complicated technique anddimsuming work. National
crash analysis centéNCAC), belonging to Federal Highway Administraticand the
National Highway Traffic Safety Administratidrave devoted large effort into developing
varieties of vehicle modelbased on large quantities wéhicleto-rigid-wall crash test.
These vehicle models are widely used in crash simulation, involvintp-car, casto-
barrier, caito-pier collision,etc. Three truck are selected in this study for vele-to-pier
collision: the Chevrolet C2500 pickup truck, the F800 Ford single unit truck, and the tractor
with 45ft semitraileras shown in Figure-4. The three types of truck are proposed here to
represent the lightveight, mediumweight, and heawyeight vehicles. For vehicles model,
no further changes have been done about the physical properties of members, except for
the mass of cargo, and the initial velocithe number of elements and the total masses
(including ballast) of three trucks are listenh Table 41. Thekinetic energies for three
trucks corresponding to different velocities are plotted in FigtZe 4

Table4-1 Properties of truck model

Truck type Number of Elements Mass (Mg)
C2500 10518 1976
F800 35193 8.167
Tractortrailer 373662 36.172
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(a) ChevroletC2500 pickup truck

(b) Ford F800 single unit truck

(© Tractor, day cabin, with 48 semitrailer

Figure4-1 Finite element model of trucks

35000
C2500
30000 [ ----. Ca00
'_J .
= 25000 Tractor-traile
>
o
@ 20000
c
@
.© 15000
2
Z 10000
S EPT L E
0 B====oo=ooT T
. " i 110 130 150

Impact veloctity (km/h)

Figure 4-2 Kinetic energy versusimpad velocity for thevehicle models
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4.2Vehicle Collision Validation

In order to validate the finite element model for three trugkh vehicleto-pier
collision simulatiorfollowing existing studies are conducted, and the results are compared
with the data from the original analysis or the experiment to verify the accuracy. The C2500
and F800 models are validated following #2OT report(Project number BC356) by
El-Tawil and Sherif (2004). Tractor trailer model is validated following the experiment in
FHWA report 949732 by Buth et al. (2011).
4.2.1Chevrolet C2500 Pickup Truckand Ford F800 Single Unit Truck
4.2.1.1Modelling of the pier

The pier geometryollows the dmensiosof i Pi er | | 60 i n6,dhe r ef
shown in Figure 4. Pier Il is a reinforced concrete pier. It has a circular esession of
1075mm (36 60) di aof®25mm( 2aMd& 95 /hled g)h.t The pier
a reinforced concretelpicap with dimension 3300m x 2300mm x1075mm ( 106 x 7 06
36 60) in di ametnemm (a2néd 6edmb eidndteod t8h3e0 gr ound
mm (180) diameter pr estmnmlengtle d4#1d barsc(3dmt e pi |
diameter) and #5 (16m)da met er r ound If1870nm) aseembedddd inat 50
the pier concrete.

The superstructure of two parallel box girders sitting on the pier is modeled using
beam elements. The geometric properties of each box girder are as follows:

0 yYymp&wa pgRE
O gowypmad @xccpmQe

O Witmnmpmad ¢drmntp Qe
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Figure4-3 Detailsof the pier

Where z is the horizontalxis and y is the vertical axis. The composite section is
transformed into equivalent steel section for the calculation. The girder consists of two
spans with length 53,400 mm (175 ft) and 50,000 mm (165 ft), respectively, which are
assumed to be pinnettheir fat ends. Each span of a girder is modeled by 20 elastic beam
elemens. The beam is constrained with the node at top of the pier in translational degree
of freedom.

The soitpile interaction is modeled with elastic spring. The stiffness of spwags
calculated using the approaches recommended by Greimann andTwadde (1998) as
shown in Table €. The soil behind the pierlsosesand with the unit weight of 18kNAN

The concrete and steel are all assumed to be elastic material followiragvEEl | 6 s
study. The strain rate of steel follotie assumptioim Chapter 3The finite elementnodel

of thepier is shown in Figuré-4.
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Table4-2 Parameters for soil springs

Case
Parameter Clay Sand
Lateral springs
Py 9 @B 390 B(k
kn 67 G NpX
Vertical springs
fma(H-piles), kif The least of 0.02N[2(d+2B)]
2(d+h)cy
2(d+2hb)ca
2(da+bx i)
fmax(Others), kif The lesser of 0.04Ny
14Ca
14Cu
kv 10fma>/ Zc 10fma>l Zc
Point spring
Omax (ka) 9cu 8Ncorr
k 10qna>/Zc 10qna>lzc

Note: B=pile ?/vidth; h=flange width (ft); e=adhesntiorbetween soil and pild;
c.=undrained cohesion of the clay soil=97.0N+114(psf); d=section depth (ft); J=200 for
loose sand, 600 for medium sand, 1500dense sand;tgross perimeter of the pile (ft);
ko=tarf(45% «/2); N=average standard penetration blowsr®IN i f N Oudi 5 , or
=15+0.5(N15) if N>15(N=15 in this study); srconstant of subgrade reactiog2335; x=

depth from the soil surface;=elative displacement required to develgpbr gnax, and

z=0.40 for sand, 0.20 for clay; U=shear st

weight; «=angle of internal friction.

Figure4-4 Finite eement model of the pier
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4.2.1.2Analysis control

Vehicle impact simulationare conducted at four velocities: 55, 90, 110, and 135
km/h. The initial translational velociti@seapplied to the vehicles in the globaldirection
(perpendicular to the plamé the bridge)Gravity is applied to the system as static implicit
preload to eliminate the vibration due to gravity.

Automatic surfacgo-surface contact is applied to the vehitdepier collision. The
master part, the truck, transfers its energy ¢odlave part, the pier, through contact. The
static coefficient is set to 0.5, and the dynamic coefficient is set to 0.3, based on the study
of El-Tawil (2005).

100ms is used as the termination time for each simulation which is enough to capture
the peakmpact force, which is mainly yielded by the contact between the engine and the
pier. Hourglass is set to 0.01 based on the stu@papter 3. The initial time step is set to
10-7 s. A time interval of 0.1ms is used for collection of data of resultanacioiotrces.
4.2.1.3Result

1) ChevroletC2500 pickup truck

The process of impact is shown in Figurd,4vhich depicts the analysis in this study
reflects the similar progression of impact when the vehicle striking at the bridgd peer.
resultant contact forcet differentimpact velocities are plotted in Figure64The peak
resultant impact foreeat impact velocity, 55km/h, 90km/l10knih, and 135 km/h, are
3633.7kN, 7658.9kN, 9778.6kN, and 11593.21kN, respectively. The peak resultant force
all happen when #hengine striking at the pier.

The comparison of the peakpact force with the study of ElTawil et al. (2004), Gomez

(2014), Abdelkarim and Ebawady (20T) is made It shows that the peak impact force is
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close to the result obtained the previous stdy. The vehicle model simulations are
believed to match well witpublishedreference anavill be used for further study ithe

following chapters.

a)  Time at 0.000 seconds

c) Timeat0.111 seconds

Figure4-5 Progression of impact of C2500 pickup truck at 110 km/h comparing simulation

results (left) with ElTawild €004) results (right)
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Figure4-6 Resultant impact force for the C250i@kup truck at various impact velocities
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Figure4-7 Comparison between the simulation results and the results published bwiEkt al.
(2005), Gomez (2014) and Adelkarim (2017)
2) Ford F800 single unitack
The process of impact is shown in Figus8,4vhich depicts the analysis in this study
reflects the similar progression of impact when the vehicle striking at the bridge pier. The
resultant contact forsaat different impact velocities are plottedkigure 49. The peak

resultant impact foreat impactvelocities 55km/h, 90km/h110km/h, and 135 km/h, are
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1858.8kN, 8414.XN, 11981.kN, and16958.&N, respectively. The peak resultant face
all happened when the engine striking at the pier.

The comprison of the peak impact forcwith the study of ElTawil et al. (2004),
Mohammed (2011) anGomez (2014was madelt shows that the peak impact force is
close to the result obtained the previous studyThe vehicle model simulations are
believed to mtch well with publishedeference andavill be used for further study in

following chapters.

a) Timeat 0.000semnds

b) Time at 0.021 seconds

C) Time at 0.111 seconas

Figure4-8 Progression of impact of F8@&nhgle unit truck at 110 km/h comparing simulation

results (left) with EfTawild £2004) results (right)
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Figure4-9 Resultant impact force for the F800 single unit truck at various impact velocities
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Figure4-10 Comparison between the simulation results and the results publishedTtanilet
al. (2005), Mohammed (2011), Gomez (2014)

4.2.2Tractor -semitrailer Truck
4.2.2.1Finite element modeling
The trator-semitrailer truck is validated by comparing the result of the FHWA

report 949732 by Buth et al. (201I)exas Department of Transportatiarhichinvolves
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a full-scaletractortrailer truck striking a speciallydesigned pier. The photos for this
expeimentareshown in Figure 4.1. The experimental pier and the suggested simplified
model are shown in Figurel2

Based on the suggested model for analysis in the report, a finite element model
including the tractotrailer truck, and the pieis built intheLS-DYNA, as shown in Figure
4-13.The pier is concretélled circular steel pier has a height of 14ft, with diameter 36in.
Thethicknessof the steel tube is 1lin. The filled concrete has strength 5000psi (34.5MPa).
The spring stiffness at tHeeight1ft, and at théneight 13ff are 165kip/in (28.98kN/mm)
and 1137kip/in (199.1kN/mm)Trhe steel material is modeled with bilinear model with

tangent stiffness 1.5GPa in the hardening stage. The concrete is simulated by material

model 159, which is used @hapter 3.

Figure4-11 Full-scale impact test of tracttnailer truck colliding a pier (Buth, et al., 2011)

kt
T AR

L dm() 8
b

y(t) aVAYAVAVAVA

Figure4-12 The experimental pier and the giegted simplified model for analysis.
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Figure4-13the finite element model for the crash scenario

4.2.2.2Results

1) Resultant impact force

The report suggested #0s average value of the dynamic forcgéb the equivalent
static impact forcdt shows thathe 58ms average value of resultant impact force matches
well with the suggested 600kip impact force irstteport, which is also adopted by the
AASHTO LRFD bridge design specificatipas shown in Ejure4-14.

The behavior of the impact force over the duration of the impact is comparable to
the impact force timdistory recorded during the experiment. The hourglass energy was
observed to account for less than 10% of the total energy in the systéymgdine proper
use of hourglass energy control. Overall the numerical analysis matches well with the
experimental results.

2) Failure model

Bridge piers subjected to vehicle impact forces are typically found to have large
shear and bending forces. Sh&alure is the major mode of failure typically observed in
the field where the shear force generated by the impact exceeds the shear capacity of the
pier (Buth et al. 2010). This failure was also verified by the impact study of the C2500

vehicle strikingnto the pier. The plastic strain formed adégree angle zone at the height
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of impact. The failure modes of the column in the finite element model appear to be

consistent with the observed failure modes of impacted columns.

= 12000 - -
< Simulation resultd
§ 10000 50ms average
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<
£ 6000
E 4000
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$ 2000
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Figure4-14 Filtered data for tractetrailer impact

Stirrup

Shear failure
plane

Impact

Force

Figure4-15 observed failure mechanism form impact force on bridge pier
4.3 Summary

This chapteransimulations based on fig element model and experimental data in previous
studies. The impact loaghaintairs good consistesy with the finite element analyses results of
previous numerical studidsy El-Tawil et al. (2005)Mohammed (2011)Buth (2011),Gomez
(2014) and Adelkam (2017) Compared withprevious researcldata, the dynamic response

matches well mutually with a same set of paransétea similar impact event. Besideke filtered
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data, which takes the average value of 5kaspsin agreement with the experimentabult and
the design codelhe failure modes of the finite element analyesis consistent with the failure
mode observed ithefield study. Therefore, the vehicle model along with the material model used

in Chapter 3 can be used for further sindythe mechanism of the vehicke-pier impact.

72



Chapter 5Parametric study of impact lcad

5.1 Overview

In order to have a comprehensive understanding about which parameter the impact
force is sensitive to, parametric studies are to be conducted to investigate thergarame
sensitivity. The vehicle and pier model will follow the material model and analysis control
setting used in Chapter 3 and Chapter 4. The pier model to be studied is shown in Figure
5-1. The parameters listed Trable 51 will be involved in this part.

Among these parameters, mass of the vehicle is changed by the mass of cargo. The
impact height is controlled by the distance from the ground to the foot of the pier, which
means that a higher impact location with the deeper pier foot. The superstisittube
simplified into a lateral spring, and a rotational spring to represent the restraint to the pier.
The mass of superstructure is lumped at top of the pier. And the vertical force is to simulate
the reaction force supporting the superstructure.pi¢reand foahg model are based on
the Maryland structural detail manual-02, which allows the minimum pier diameter as
0. 76260).26The column diame6e@)y tandé9p68mm/(
Table 52 shows the detail of the pier. The detdithe foundation is shown in Figure2s
The soil spring is s6d)c.edValtueesveafy sA®bi7l. 23y
calculated based on Table24with the undrained cohesion of the clay soil 24.61kPa
(514psf), 49.17kPa (1027psf), and 98.38KR054psf) respectively, which is shown in
table 53. The plastic behaviors of piles are not taken into consideration, which ignores

The aims of the parametric studies are to learn which parameter will contribute more
to the impact force, and what kind &dilure model will be obtained with specific

parameters. The peak dynamic impact force will be compared for each group of parameters.
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At the same time, the equivalent static force based on the average value of 50ms will also
be compared.

Load cases withitferent se$ of parameters for lightveight truck C2500, medium
weight truck f800, and heawyeight tractostrailer truck are respectively listed in Table 5

4, Table 55 and Table .

Vertical force

Top rotational spring
! Top lateral spring

Impact force ———=

Figure5-1 the Finite element model to be studied
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Figure5-2 Square piledundation details
Table5-1 Parameters to bacluded in the studies
Part Parameters Symbol
Length of the pier L
Strength of the longitudinal bar Fys
Pier Spacing of the hoop S
Strength of the concrete Fyc
Diameter of the pier D
Mass of the superstructure Ms
Stiffness ofthe top lateral spring Kh
Superstructure Stiffness of the top rotational spring Ky
Axial Force P
Foundation Undrained cohesioaf the claysoil Cu
Impact velocity V
Vehicle Mass of the cargo M.
Heightfrom the ground to the foot L,

Table5-2 Design criteria for typical reinforced concrete pier

Pier Diameter Longitudinal Hoop Rebar Number
Rebar

0. 76 26n0 ) 16

0.914490nm) #10 #4 20

1. 066%®m) 24
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Table5-3 Soil spring properties

cu Lateral spring Vertical spring Point spring
N/mm N/mm N/mm
24.61kPa (514psf) 0.744x10° 1.659x10 2.52%10¢
49.17kPa (1027psf) 1.487x10° 3.319x10° 5.05:10°
98.35kPa (2054psf) 2.974 x16 6.637 x10 1.009x10
5.2 C2500Pickup Truck
Table5-4 Load cases for C2500 pickup truck
Y, C. | Fye D L Fys L, K, Kn | Mc | Ms]| P S
Case
km/h| kPa | Mpa | mm mm | Mpa | mm | Nmm/irad | N/mm | Ton | Ton | Mpa| mm
C1l | 100 | 98.35| 27.58| 914.4 | 5486.4| 413.7| 1219.2 0 0 0 0 5 |304.8
C2 | 60 - - - - - - - - - - - -
C3 80 - - - - - - - - - - - -
C4 | 120 | - - - - - - - - - - ; ;
C5 | 140 - - - - - - - - - - - -
C6 - 2461 - - - - - - - - - - -
c7 | - [4917] - - - - - R ; ; ; - -
cs | - - | 4137] - - - - - - - - - -
co | - - |s5.16] - - - - - - ; ; - -
cio| - - - 762 - - - - - - - ; ;
cii| - - - |1066.8] - - - - - - - - ;
c12| - - - - | 6705.6] - - - - - - - ;
C13 - - - - 7924.8| - - - - - - - -
ci4| - - - - 9144 | - - - - - - - -
C15 - - - - - 275.8 - - - - - - -
ci6| - - - - - |s551.6] - - - - - - -
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C17

- - - - - = [ 3048 - - A A -

C18

- - - - - - [ 21336 - - - -

C19

- [ - [ - - - - [ 2xx0 | - | - -1 -71-

C20

- - - - - - - 2 x1G° - H N -

Cc21

e e 24 T - O i I

Cc22

- - - - - - - - IX10 | - | - | - -

C23

- - - - - - - - X1 | - | - | - -

C24

- - - - - - - - - o043 - | - -

C25

- - - - - - - - - |o86| - | - -

C26

- - - - - - - - - 129 - | - -

c27

- - - - - - - - - - 335 - -

C28

- - - - - - - - - - [670] - -

C29

C30

C31

- - - - - - - - - - - 15 -

C32

- - - - - - - - - - - 762

C33

- - - 3 3 3 - - - |- - 1524

C34

- - - - - - - - - |- [ - 2286

Not €éi: means that the value in this blank is
5.2.1 Impact Load

As shown Figuré-3 and Figureb-4, for the impact force with respect to the vehicle
speed at 60km/h (37.3Mph), 80km/h (49.7Mph), 100km/h (62.1Mph), 120km/h (74.6
Mph), 140km/h (87.0 MphXhe higher vehicle speaavill yield muchhigher dynamic and
equivalent static impact force€€ompared tothe AASHTO design value of 2669kN

(600kips) equivalent static force, the finite elemental result shows much smallerltesult
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means anuchconservative estimation of the impact force based on the latest cdidgatfor
weight vehicle like pickup truck, edan and SU\etc.

As shown in Figure5-7 and Figures-8, peak dynamic force dromdbviously,as the
concrete strength of the pier increases. However, the equivalent static impact force shows
insensitivity with the variation of the concrete strength.

For the variation of diameter, larger pier diameter will yield higher peak dynamic
impact load as shown in Figuge9 and Figure5-10. The equivalent static impact force
shows insensitivity to the variation of pier diameter.

With higher impact location from thep of the pier foot, the peak dynamic value of
the impact force obtains smaller results. The equivalent static impact force is not sensitive
to this change, as shown in Figli&5 and Figures-16.

There is an obviousicreasdor the dynamic impact loagthen theaxial force at top
of the pierincreasesThe equivalent static force also is not sensitive to the change of the
axial force, which is depicted in Figure2b and Figure 56.

According toFiguresb-5, 5-6, 5-11, 5-12, 5-13, 5-14, 5-17, 5-18, 5-19, 5-20, 5-21,
5-22,5-23, 5-24, 5-27, 528, both of the peak dynamic force and equivalent static force of
the impact load show insensitivity to the following parameteesstiffness of the soithe
length of the pier, thgield strength of the steelirdorcementthe impact height of the
pier, the stiffness of spring at top of the pier, lumped mass at top of thehmdnaded
cargo massand the spacing of the hoop.

It refers thathedynamic characteristics, such as the modal shape and the tgquen
of the pier, has little influence on the impact load. The material of the structure not directly

subjected to the impact, such as the steel, has little effect on the value of the impact load.
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Figure5-6 Peak dynamic forces and equivalent forces with different soil stiffness
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Figure5-8 Peak dynamic forces and equivalent forces with different concrete strength
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Figure5-10 Peak dynamic forces and equivalent forces with different pier diameter
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Figure5-12 Peak dynamic forces and equivalent forces with different pier length
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Figure5-14 Peak dynamic forces and equivalent forces with different steel rebar strength
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Figure5-22 Peak dynamic forces and equivalent forces with differargo mass
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Figure5-24 Peak dynamic forces and equivalent forces with different tog mas
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Figure5-25 Time histories of impact forces with different axial stress
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Figure5-26 Peak dynamic forces and equivalent forces with different axial stress
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Figure5-28 Peak dynamic forces and equivalent forces with different tie spacing
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5.2.2 Failure mechanism

The failure mechanism is analyzed by the effective plastic strain. By comparing
Figures 529 (a) (b) and (c), it is found that with increase of impact velocity of the truck,
the number oklementsin plastic state also increasé@ree kinds of failure could be
observed.

1. At the impact location, there is local failure due to the impact load

2. Shear failure at the impact height within 45zone as shown in Figure 4.16.

3. Bending failurehappensear the foot of the pier.

Figures 5-29(a) and (d) tell that softer soil could reduce the bending failure near the
foot. Figures 5-29 (a) and (eghow the higher grade of concrete can reduce both local and
bending failurs. Figures 529 (f) and (g) infer that larger section of the pier akso reduce
the failure. Figures29 (a) and (h) show that the bending failure will b@imizedfor
high pier but that there will be plastic zone at the location near the top of thé\fhien
the impact happened near the fogwof the pier, the bendg failure zone will beeplaced
by shear failure zone as shown in Figure®4j) and (k). When restraints are added at the
top of the pier as shown in Figure29 (a), (I) and (m),the bending failure is reduced.
When there is large lumped mass atttpeof the pier, there will also lzbending failure
zone near the top of the piewhich is shown in Figure-89 (0). By comparing Figusé-

29 (p) and (q)it refers that increasy the prestressed top axial force, the bending failure
would be reduad Figures 529 (n) and (r) show the larger cargo mass and the smaller
hoop spacing don6ét changes much about the

C2500.
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5.3 F800Single Unit Truck

Table5-5 Load cases for F800 single unit truck

Case

km/h

Cu
kPa

Fyc
Mpa

D
mm

L
mm

Fys
Mpa

L,
mm

Kr

Nmm/rad

Kh
N/mm

Mc
Ton

Ms
Ton

mm

F1

100

98.35

27.58

914.4

5486.4

413.7

1219.2

0

0

2.913

304.8

F2

60

F3

80

F4

120

F5

140

F6

24.61

F7

49.17

F8

41.37

F9

55.16

F10

762

F11

1066.8

F12

7315.2

F13

9144

F14

275.8

F15

551.6

F16

3048

F17

2133.6

F18

2 x10

F19

2 x10°

F20

2 x10?

F21

1 x1C

F22

1x10

F23

F24

F25

335

F26

670

F27

F28

10
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F29 - - - - - - - - - - - 15 -
F30 | ] ) ) - - - - - - - - | 76.2
Fa1 | - - - - - - - - - - - | 152.4
Fax | - - - - - - - - - - - | 2286
Not &i: means that t he amelasiteevalueofbasdacasebll ank i s t

5.3.1Impact Load

For the impact force with respect to the vehicle speed at 60km/h (37)380&m/h
(49.7Mph), 100knit (62.1Mph), 120km/h (74.6 Mph), 140km/h (87.0 Mph3.shownin
Figure 5-30 and Figure5-31, the impact force induced by F800 yieldsigher value
compared with the impact force induced b®500at the same vehicle speedhe peak
impact force rangesdm 2.1610°%kN to 1.13xLG*kN, while the equivalent static force
ranges from 1.34XI%&N to 2.22x1GkN. A higher vehicle speed will lead to higher
dynamic and equivalent static impact forces. Moreover, when the vehicle speed exceeds
120km/h, the cargo masslivinduce a secondary impact. However, its impact force is
smaller than the heash initial impact. The initial impact is most critical according to the
finite elemental analysis resulCompared to the AASHTO design value of 2669kN
(600Kips) equivalent atic force, the finite elemental result shows much smaller result,
which means a conservative estimation of the impact force based on the latest code for

mediumweight vehicle.

It is shown in Figure5-34 and Figures-35, peak dynamic force drops as thec®te
strength of the pier increases. However, the equivalent static impact force shows

insensitivity with the variation of the concrete strength.
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For the variation of diameter, larger pier diameter will yieigherpeak dynamic
impact load as shown indure 5-36 andFigure5-37. The equivalent static impact force

shows insensitivity to the variation of pier diameter.

With the increase of the piBeight the peak dynamic impact force decreases, while

the equivalent static load does not change muchasrsin Figure>-38 and Figures-39.

With higher impact location from the top of the pier fogt the peak dynamic value
of the impact forceobtains smaller results. The equivalent static impact force is not

sensitive to this change, as shown in Figud2 and Figureb-43.

When the truck is loaded with heavier cargo mass, the peak dynamic load will
increase slightly. However, the equivalent static force also changes little, which is plotted

in Figure5-48 and Figures-49.

Compared with results of C2500¢tincrease in the axial force at top of the foer
F800 truck shows little changes in the dynamic impact load. The equivalent static force
also is not sensitive to the change of the axial force, which is depicted in Bi§@rend

Figure5-53.

It tells in Figures5-32, 5-33, 5-40, 5-41, 5-44, 5-45, 5-46, 5-47, 5-50, 5-51, 5-54,
and5-55, both peak dynamic force and equivalent static force of the impact load show
insensitivity to the following parameters: stiffness of the soil, yield strength of tHe stee
reinforcement, the stiffness of spring at top of the pier, lumped mass at top of the pier, and

the spacing of the hoop.

It refers that the boundary condition and top mass which will have large impact on

the dynamic characteristics, such as the modaleshad the frequency of the pieryha
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little influence on the impact load. The material of the structure not directly subjected to

the i

Impact Force (kN)

Impact, such as the steel, has little effect on the value of the impact load.
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Figure5-30 Time histories of impact forces with different vehicle speed
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Figure5-32 Time histories of impact forces with different soil stiffness
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Figure5-34 Time histories of impact forces with different concrete strength
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Figure5-39 Peak dynamic forces and equivalent forces with different pier length
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Figure5-40 Time histories of impact forces with differesteel rebar strength
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Figure5-41 Peak dynamic forces and equivalent forces with different steel rebar strength

103



9.00E+03

Ht=0.3048m
(1f)

~ 8.00E+03 & - = =Ht=1.2192m
7.00E+03 \ e

- - — Ht=2.1336m
6.00E+03 al

5.00E+03

4.00E+03

3.00E+03

Resultant Impact Force (kN

2.00E+03

1.00E+03

0.00E+00
0 0.02 0.04 0.06 0.08 0.1

Time (s)
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Figure5-43 Peak dynamic forces and equivalent forces with different impact height
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Figure5-44 Time histories of impact forces with different rotational spring stiffness
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Figure5-49 Peak dynamic forces and égplent forces with different cargo mass
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Figure5-54 Time histories of impact forces with different tie spacing

1.40E+04
—@&— Peak Dynamic
1.20E+04 - =@ -- Equivalent Static
AASHTO Design Valug
g 1.00E+04
~ 8.01E+03
8 5.00E+03 |_OE+03 7.42E+03 7.41E+03
S 8. — — ./0
L
S 6.00E+03
Q.
E
4.00E+03 2.67E+03 2.67E+03 2.67E+03 2.67E+03
2.00E+03 P epp—— e p——— o=—d======= o
1.64E+03 1.67E+03 1.69E+03 1.69E+03
0.00E+00
50 100 150 200 250 300 350

Tie spacing (mm)
Figure5-55 Peak dynamic forces and equivalent forcéh different tie spacing
5.3.2 Failure mechanism
The failure mechanism is analyzed by the effective plastic s€ampared with the
load case witlthe same parameteof C2500, the load case of F800 indsineore serious

damage, as shown in Figuréb. Four failures mechanissitould be observed:
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1. Localfailure at the impact height;

2. Sheaffailure at the impact height within the 45°ange;

3. Bendingfailure at the foot of the pier;

4.Bendingfailure at the middle of the pier on the opposite faidde impact location.

Figure 556 (a) shows the spalling of the cover at the impact location compared with
5-29 (a).Figure 556 (b) shows with small impact speed at 60km/h, it only yields minor
damage. For the speed at 140krtiik,pier near the foatushes at two bending side, which
shows obvious plastic hinge of bending failuBg.comparing Figures-56 (a) and ¢), it
is found that wittremaller soil stiffness, the plastic deformation could be redu€igdres
5-56 (a) and (e) show the higher gramfeconcrete can reduce both local and bending failure
near the foatFigures 556 (f) and (g) infer that larger section of the pier can also reduce
the failure.Furthermore, Figure-56(f) shows the small section pier with diameter 0.762m
(2.5ft) could no resist the impact by mediumeight truck at 200km/h, which induces the
total failure near the fowotg of the pier with the combination of bending and shearing.
Figures 556 (a) and (h) show thaaller pier will extend the bending failure zone at the
opposite of the impact location of the pier. FigureSeb(j) shows that increasing the
strength of the steel reinforcement could prevent the spalling at the impact height shown
in Figure 556(a). When the impact happened near the ifapbdf the pier, the bading
failure zone will be replaced by shear failure zone as shown in Figtbégjband (k)
while higher impact location will distribute the bending failure zone within longer length.
When restraints are added at the top of the pier as shown in$gbéga), (1) and (m),
the bending failureone will be redistributedVith the bending restraint in Figuress (1),

there will be bending failure near the location of the restraint. Figi@ (Bn) shows the
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wider distribution of the bending failure zerat middle of the pier. Figures3s (n) shows

little influence induced by the change of the cargo mass. When there is larger mass from
superstructure lumped at the top of the ,pieere will also be bending failure zoneear

the top of the pierand te failure at the impact height and the foot could be reduced, as
shown in Figure 56 (0). By comparing the Figus&-56 (p) and (q)it refers that increase

the prestressed top axial force, the bending failure would be kdEigrires 556 (r)

showsthesmallerhoop spacingould minimize the shear failure at the impact height

minie

(a) F1 r (b) |£2 (c) F5

siafni




(d) F6 (e) F9 (f) F10

(I) F20
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Figure5-56 Effective plastic strain for the impact induced by F800 meednetght truck
54 Tractor -trailer Truck

Table5-6 Load cass for tractortrailer truck

Ca.se V Cu ch D L Fys L| Kr Kh M Cc Ms P S
km/h| kPa | Mpa | mm mm | Mpa| mm |Nomrad | N/mm | Ton | Ton| Mpa| mm
T1 80 |98.35| 27.58| 914.4 | 5486.4| 413.7| 1219.2 0 0 22.179| 0 5 76.2
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11 | 4 ) ) ) ) ) ) ) ) | )
13 | 9| - ] ] ] ] ] ] ] S ]
T4 | 100 - - - - - - - - - - -
5 | 2] - ] ] ] ] ] ] ] S ]
16 | - | 2461 - - - - - - - - - -
17 | - 4917 - - - - - - - - - -
18 | - - 4137 - - - - - - - - -
T9 | - - |55.16] - - - - - - - - -
T10 | ) ] 762 i i i i i i ] ]
T11 | - - - | 1066.8] - : : : - - |- -
T10 | - - - - | 7315.2] - - - - - - -
T13 | - - - - 9144 | - : : - - |- .
T4 | - - - - - |2758] - - - - - -
115 | - - - - - |551.6] - : - - |- .
116 | - - - - - | 3048 - - - - -
117 | - - - - - - | 21336] - - - |- .
T18 - - - - - - - 2 x1¢ - - - -
T19 - - - - - - - 2 x10° - - - -
720 - - - - - - - - 1x1C - - -
T21 - - - - - - - - 1x1¢ - - -
T22 | ] ] ] ] ] ] ] ] 0 T )
103 | - - - - - - - - - [11089| - | - -
T25 | ] ] ] ] ] ] ] ] 335 - ]
T26 | ] ] ] ] ] ] ] ] 670 - ]
T27 | ) ) ) ) ] ] ] ] |0 :
T28 | ] ] ] ] ] ] ] ] S -
T30 | - - - - - - - - - - - 1524
Ta1 | - - - - - - - - - - |- 3048
Not é&i: means that the value in this blank is t
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54.1 Impact Load
Compared with C2500 and F800, ttractortrailer truck has much higher gross
weight, which induces larger value of peak dynamic load and equivalent static load with

same parameters.

For the impact force with respect to the vehicle spegdiOkm/h (24.9 Mph),
60km/h (37.3Mph), 80km/h @7Mph), 100km/h62.1Mph),and 120km/h (74.6 Mph
As shownin Figure5-57 and Figureb-58, the impact force induced Isactortrailer truck
yields amuch higher value athe same vehicle speed, compared with the impact force
induced byF800 andC2500. The peak impact force ranges frof11x10°kN to
1.76XL0*kN, while the equivalet static force ranges from 1.4D3kN to 3.52<L0%kN. A
higher vehicle speed will lead to higher dynamic and equivalent static impact fdrees.
is no secondary impact, becatise kinetic energy is dissipated before the cargo reach the
pier when the speed not exceeding 80km/h. When over 80km/hjghispeedvalue will
lead to the shear failure of the pier before the secondary inGpaopared to the AASHTO
design value of 2BKkN (600kips) equivalent static foraae truck at 80km/h will result in
the impact load close to the design value. With higher vehicle speed, the equivalent static
impact load is much higher. With lower vehicle speed, the equivalent static impadct load i

smaller than the design value.

It is shown in Figure5-61 and Figure5-62 that peak dynamic force drops as the
concrete strength of the pier increases. However, the equivalent static impact force shows

insensitivity with the variation of the concreteestgth.
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For the variation of diameter, larger pier diameter will yieigherpeak dynamic
impact load as shown in Figube63 and Figures-64. The equivalent static impact force

shows insensitivity to the variation of pier diameter.

With higher impact lod#on from the top of the pier fooiy, the peak dynamic value
of the impact force obtains smaller results. The equivalent static impact force is not

sensitive to this change, as shown in Figuf9 and Figureb-70.

When the truck igully loaded with22.2on cargo mass, the peak dynamic laad
much larger compared with tltase with no cargo masshd equivalent static force also
changes littlevith the variation of the cargo mass shownn Figure5-75 and Figures-

76.

The increase in the axial forcetap of the piewill induce higher impact loadr'he
equivalent static force also is not sensitive to the change of the axial force, which is

depicted in Figur®&-79 and Figure>-80.

It tells in Figures-59, 5-60, 5-65, 5-66, 5-67, 5-68, 5-71, 5-72, 5-73, 5-74, 5-77, 5-
78, 5-81, and5-82, both peak dynamic force and equivalent static force of the impact load
show insensitivity to the following parameters: stiffness of thelsoigjth of the pieryield
strength of the steel reinforcement, the stiffndsspoing at top of the pier, lumped mass

at top of the pier, and the spacing of the hoop.
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Figure5-57 Time histories of impact forces with different vehicle speed
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Figure5-58 Peak dynamic forces and equivalent forces with different vehicle speed
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Figure5-60 Peak dynamic forces and equivalent forces with different soil stiffness
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Figure5-61 Time histories of impact forces with different concrete strength
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Figure5-62 Peak dynamic forces and equivalent forces with different concrete strength
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Figure5-64 Peak dynamic forces and equivalent forces with different pier diameter
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Figure5-65 Time histories of impact forces with different pier length
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Figure5-66 Peak dynamic forces and equivalent forces with different pier length
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Figure5-67 Time histories of impact forces with different steel rebar strength
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Figure5-68 Peak dynamic forces and equivalent forces with different steel rebar strength
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Figure5-70 Peak dynamic forces and equivalent forces with different impact height
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Figure5-71 Time histories of impact forces with different rotational spring stiffness
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Figure5-72 Peak dynamic forces and equivalent forces with different rotational spring stiffness
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Figure5-74 Peak dynamic forces and equivalent forces with different translational spring

stiffness
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Figure5-76 Peak dynamic forces and equivalent forces with different cargo mass
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Figure5-78 Peak dynamic forces and equivalent forces with different top mass
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Figure5-79 Time histories of impact foes with different axial stress
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Figure5-80 Peak dynamic forces and equivalent forces with different axial stress
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Figure5-81 Time histories of impact foes with different tie spacing
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Figure5-82 Peak dynamic forces and equivalent forces with different tie spacing

5.4.2 Failure mechanism

The failure mechanism is analyzed by the effective plastic strain. &echpiith the

load cass with the same parameteif C2500and F800 the load case dfactortrailer
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truck may induce total failure for the pieras shown in Figure -B3. Four failures
mechanisracould be observed:

1. Localfailure at the impact height;

2. Sheaffailure at the impact height within the 4fange;

3. Bendingfailure at the foot of the pier;

4. Bending failure at the middle of the pier on the opposite face of the impact location.

Figure 583 (a) showsat the impact speed 80km/h, therel\w# bending failure at
the impact height. For the impact speed at 40km/h as shown in Fig@(&)pthere will be
only local damage. However, when the speed increases up to 100km/h, the pier will
collapse due to the shear failure, as shown in Figt88 (). Figures 583 (a) and (e)
shows the higher grade of concrete can reduceldesttiing and sheéailures at the impact
height Figures 583 (f) and (g) infer that larger section of the pier gaavent the shear
failure. Furthermore, Figure-83(f) shows the small section pier with diameter 0.762m
(2.5ft) could not resist the impact by medwwright truck ai80km/h, which induces the
shearfailure and leads to the collapse of the pieigures 583 (a) and (h) show thaaller
pier will cause the sheaaifure for large impact load by heavy truck more easBy
comparingFigures 583 (a) and (i), it shows thatincasingthe strength of the steel
reinforcement coulgrevent the shear failurgvhen the impact happened near theifapt
of the pier, the bendg failure zone will be replaced by shear failure zone as shown in
Figures 583 (j) and (k), while higher impact location will distribute the bending failure
zone within longer length. When restraints are added at the top of the pier as shown in
Figures 5-83 (a), (I) and (m), the bending failure zone will be redistributed. With the

bending restraint in Figure-83 (1), there will be bending failure near the location of the
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restraint. Figure 83 (m) shows theviderdistribution of the bending failure zoaémiddle

of the pier.Furthermore, the restraints at top of the pier will aggravate shear failure at the
impact locationFigures 583 (n) showsfor an empty tractetruck, its induced damage is
smaller When there is larger mass from superstructure ldnapéhe top of the pier, near

the top of the pier, there will also be bending failure z8asides,He failure at the impact
height and the foot could be reduced, as shown in Fig8R(8). By comparing Figuse

5-83 (p) and (q),t refers that increasthe prestressed top axial force, the bending failure
would be reduag Figure 583 (r) showsincreasing the hoop spacing to 162.4 mm (6in)

from 76.2mm (3in) will lead to the shear failure and collapse of the pier at the impact speed

of 80km/h
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(d) T6 (e) T9 (f) T10

(g) T11 (h) T12 () T14
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