
 

 

ABSTRACT 

 

Title of dissertation: IMPACT LOAD MODEL ANALYSIS ON THE VEHICLE-TO-

PIER COLLISION 

Xu, Chaoran, Doctor of Philosophy, 2019 

Dissertation directed by: Professor Chung C. Fu 
   Department of Civil and Environmental Engineering 

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  

1.1 Background 

As the key member of the bridge substructure, the bridge pier is always 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 during the lifespan of the bridge.  

Harik et al. (1990) collected the data of bridge failures in the United State from 1951 

through 1988. It was found that the vehicle collision had caused serious structural failures 

including partial collapses and total collapses. Only in Kentucky, five (5) full -collapse 

failures and two (2) partial-collapse failures were caused by trucks or cars colliding with 

the structures for 35 bridge failures in total.  And throughout the United States, 42 of the 

79 failures are due to collision. For the collision-induced failures, 36 are due to the direct 

impact involving ships, trucks, and trains, and others are due to the second hazard after 

collision, such as the exploding and blasting. 

Wardhana and Hadipriono (2003) conducted a similar study of over 500 failure 

events of bridges from 1989 to 2000. The study shows 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% (59 of 503) are due to the collision involving 

vehicles, vessels, trains, et al. 

More recently, the technical report MCEER-13-0008 (Lee, et al., 2013) summarized 

the total 1062 bridge failures after 1980 in the United States. The report shows that bridges 

are ranked in second vulnerable to collision (113 failures) after scour (121 failures), as 
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shown in Table 1-1. And the number of failures caused by earthquake, always mentioned 

for the extreme event, is much fewer with the total 16 failures. 

The following recent vehicle-collision events show the significant damage to the 

bridge due to the impact load, which not only led to structural failures but also traffic 

disruptions.  

Table 1-1 Bridge failures from 1980 to 2013 

Causes of Failure 
Failure Types 

Total Collapse Partial Collapse Distress 

Design Error 38%(8) 52%(11) 10%(2) 

Lack of Maintenance 67%(2) 33%(1) 0%(0) 

Deficiency in 

Construction 
32%(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) 

Environmental 

Degradation 
29%(12) 69%(29) 2%(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 over I-90 near 

Worthington rests on its side following the June 2, 2003, incident. The driver and passenger 

suffered minor injuries. The pier shows obvious shear failure at the location of impact and 

at the connection with the bent cap, as shown in Figure 1-1. Bridge and highway 

maintenance crews used concrete box culverts, steel bridge beams and five-inch timbers to 

stabilize the pier and support the bridge deck. And repair work took months to replace the 

damaged pier. 
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Figure 1-1 Bridge pier damage resulting from the truck crash 

On July 7, 2005, a truck-tractor-trailer loaded with an unknown load crashed into a 

bridge pier on IH-35 in Red Oak, Texas. This bridge is located on US-77 and carries traffic 

over IH-35. This vehicle, which was speeding in excess of 60 mph, impacted the 

northernmost 30-inch diameter pier of the center 3-pier bent located in the median of IH-

35. The collision with the pier caused shear failure in the 30-inch diameter pier. The bridge 

did not collapse as a result of impact. 

  

Figure 1-2 Shear failure near the connection of the pier and the cap 

On May 30, 2007, a truck-tractor-trailer loaded with home building products crashed 

into a bridge pier on IH-45 about 3 miles east of Corsicana, Texas. This bridge is located 

on Roane Road and carries traffic over IH-45. This vehicle impacted the northernmost 30-
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inch diameter pier of the center 2-pier bent located in the median of IH-45. The collision 

with the pier caused severe cracking in the 30-inch diameter pier, as shown in Figure 1-3. 

The weight of the vehicle and payload was approximately at 80,000 lb, and the impact 

speed was approximately 60 mph. 

 

Figure 1-3 Transverse crack caused by the impact 

On 15 August 2007 at around 3:00 a.m., a semi-truck, carrying 55-gallon drums of 

sodium hypochlorite, was westbound on I-70 when the driver lost control then 

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 guardrail 

before the impact. The impact force led to large shear force which caused shear failure at 

the connection of the bent cap and the pier that carries Road 26.5, as shown Figure 1-4. 

Colorado DOT cost around $286,000 to repair the undermined bridge. 
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Figure 1-4 Shear failure at top of the pier 

On 22 May 2011 at around 3:00 a.m., a tractor-trailer carrying newspapers and 

magazines was traveling northbound on I-85 near Gaffney, SC, when it struck the pier of 

the SC Highway 150 overpass. The force of the collision destroyed the impacted column 

and half of the bent cap while also damaging the other two columns and resulting in the 

sagging of the superstructure spans. The destruction caused by the collision is shown in 

Figure 1-5. I-85 northbound traffic resumed 52 hours following the accident, after the 

damaged section of the overpass was demolished. The whole overpass was later replaced 

with an entirely new bridge. The replacement work, which cost $3.4 million, was finished 

152 days after the accident occurred. The roadway was reopened on SC Highway 150 on 

21 October 2011.  
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Figure 1-5 Tractor-trailer collision with the SC Highway 150 Bridge over I-85  

On 11 June 2012 at around 4:00 p.m., a tractor-trailer carrying various electronics 

was traveling westbound on I-30 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 portion of the trailer were 

split in half. The impact, shown in Figure 1-6, resulted in a shear failure to the easternmost 

pier, requiring emergency repairs to be conducted to stabilize the overpass. The highway 

was shut down for over 15 hours and the repairs to the bridge took about a week. 

 

Figure 1-6 Tractor-trailer collision with the I-30 Bridge over Dolphin Road  
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On March 9, 2018, a tractor-trailer lost control and ran off the westbound lanes. The 

truck smashed into the pier supporting the Four Holes Swamp Road Bridge. Shear failure 

was observed at the bottom and the top of the pier as well as at the bent cap. All westbound 

lanes of I-26 and the Four Holes Road overpass were closed following the crash. The 

damaged bridge was demolished to ensure the safety of traffic on I-26 before reopening. 

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

 

Figure 1-7 Tractor-trailer collision with the pier on I-26, which was torn down after then 

Except for the crash incidents shown above, there were still other collision events, 

which also yielded serious structural damages. Therefore, it is necessary to take overall 

studies on the failure behaviors of the bridge piers caused by vehicle-induced impact load, 

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 614,387 bridges, of which the number in good condition is only 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 can fulfil  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 papers have been posted, and engaged into 

the field of studying impact design. To summarize the current state of the design and study 

of the impact mechanism between a vehicle and a bridge pier, following literatures 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 including the impact design into the code, and also makes adjustment to the 

impact load to fit the increasing truck weight and speed.  

For AASHTO LRFD 4th edition (2007), the article 3.6.5.2 specifies that, without the 

protection in article 3.6.5.1, 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 redirecting 80-kip tractor trailers and from analysis of 

other truck collisions. 

For the latest LRFD code (8th edition, 2017), 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 act in the direction of zero to 15 degrees 

with the edge of the pavement in a horizontal plane. This revision is based on the latest 

crash tests of rigid columns impacted by 80-kip tractor trailers at 50 mph (Buth et al., 2011). 
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Field observation indicates shear 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: 

ὖ ψȢρυὠЍὈὡὝ                                                %ÑȢρȤρ 

Where ὖ is the equivalent static vessel impact force; ὈὡὝ is the deadweight 

tonnage of vessel; ὠ is 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 of impact 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 to give a more convincing result.  

In code ASCE7-10, although no impact load for pier is specified, an equivalent static 

horizontal on barrier system with 6000 lbf is listed in Chapter 4.5.3. However, this value 

is much lower than the specification of the AASHTO LRFD specification. 

The Annex B of European code Part 1-1 gives the impact of a vehicle on a barrier 

within 1.5m range as:  

Ὂ πȢυάὺȾ‏ ‏     Eq. 1-2 

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

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

of the barrier. For weight of vehicles not exceeding 2500kg, when applying this equation, 
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following values could be used to determine the force F: m=1500kg, v=4.5m/s, 100=‏mm. 

For rigid collision, the ‏ could take the value of zero. F then takes value 152kN (34.2 kips) 

which is also much smaller than the specification in the AASHTO. 

The part 1-7 of the European code gives an equivalent 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 pier. This value is closer to the AASHTO value but still 

underestimated. Annex C suggested an alternative method to evaluate the impact load by 

the equation:  

Ὂ ὺЍὯά     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 

impact according to Ferrerôs study (2010). 

Therefore, there is demand to give the study involving the truck weight, velocity and 

properties of pier in detail to generalize an equation of collision load including these 

parameters.  

1.2.2 Experiment study  

National Highway Traffic Safety Administration (NHTSA) 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.  Although these tests 

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 provides the way to accurately 

simulate the process of impact during collision.  

Kishi et al. (2002) designed a falling-weight impact tests to establish a rational 

impact-resistant design procedure of shear failure-type reinforced concrete (RC) beams. 

Twenty-seven simply supported rectangular RC beams without shear rebar were used. All 

RC beams were of 150mm width and 250mm depth in cross section, with variables 

including rebar and shear-span ratios. The free-dropping steel hammer weighed 300kg with 

a spherical striking face. During the test, only a few vertical flexural cracks developed at 

the low impact velocity, V=1m/s. A severe diagonal 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 cracks. Empirical equation for required static shear 

capacity was developed 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) had free dropping tests on eight reinforced concrete 

beams and static tests on four reinforced concrete beams with different stirrup spaces and 

drop masses. All specimens, regardless of their shear capacity, developed severe diagonal 

shear cracks, as shown in Figure 1-8, even if the member is flexure-critical 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 highly dynamic nature of the 

responses lead to the resistance of impact forces from the inertia of the specimens at the 

initial stages of response specimens, before the forces reached the supports. 
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Figure 1-8 Diagonal shear cracks during the impact test 

Fujikake et al. (2009) conducted a very detailed experiment about a rigid hammer 

freely dropping onto a concrete beam. Twelve specimens of RC beams with different 

amount of longitudinal reinforcement were investigated to study the impact response 

corresponding to the different impact velocities. The striking head of the drop hammer had 

a hemispherical tip with a 90-mm radius and a mass of 400 kg.  The dropping height ranged 

from 0.15 to 1.20 m to realize different impact velocity. An analytic model of a two-degree-

of-freedom mass-spring-damper system was developed to evaluate the response of 

reinforced concrete beam, and was compared with the experimental result, as illustrated in 

Figure 1-9. A perfectly plastic collision was assumed between the hammer and the beam 

(Suzuki et al. 1996). The contact spring was assumed based on Hertzôs contact theory. And 

the damping coefficients c1 is assumed to be 0, while c2 is assumed as: 

ὧ Ὧ    Eq. 1-4 
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Figure 1-9 Two-degree-of-freedom mass-spring-damper system model 

Based on the result, with the comparatively higher amounts of longitudinal 

reinforcement, the RC beam exhibited not only the overall flexural failure, 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 mid-span deflection when the RC beams exhibited only an overall flexural 

failure. 

Buth et al. (2011) conducted a full-scale crash test of truck running into a bridge pier 

shaft with 36 in. in diameter and 14 ft. in height, as shown in Figure 1-10. The trucks were 

van-type semi-tractor-trailers ballasted with bags of sand on pallets with the weight around 

80,000lb. Impact speed was nominally 50mph. The test result has been filtered with 0.05-

sec average values of responses, and the 0.05-sec average 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, revision of the AASHTO LRFD code was made, by 

changing the equivalent static force of 400 kips to 600 kips for vehicle collision force. 

Meanwhile, the location of impact was moved upward from 4ft. to 5ft. above ground.  
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Figure 1-10 Full-scale tractor-trailer-to-pier crash test 

Deng et al. (2012) carried out an experiment to study the dynamic behavior of 

concrete-filled circular Steel tubes under high-Strain Rate Impact Loading. Nine simply 

supported circular steel concrete-filled tubes (CFTs), two circular steel posttensioned 

concrete-filled tubes (PTCFTs), and one circular steel fiberïreinforced concrete-filled tube 

(FRCFT) had been tested in an instrumented drop-weight impact facility. Four damage 

modes were observed 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 

commonly 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 a scaled equivalent truck frame based on the F800 

Ford single unit truck. The scaled equivalent frame was comprised of two steel blocks 

mounted on a steel frame. The first block represented the engine, clutch, and 

transmission, while the second represented the cargo. The supporting frame was made up 

of steel channel members with similar properties to the chassis of the truck. The frame 
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was designed to strike at mid span of three RC columns vertically. The three specimens 

of RC column had a diameter of 333mm. There were total 16 longitudinal reinforcements 

with diameter 8mm, and stirrups with diameter of 6.5mm were spaced at 333mm. The 

impact speeds ranged from 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 analysis of a full -scale 

collision between the F800 truck and the pier. The study shows that the equivalent truck 

frame could provide a similar impact result as the full -scale truck. 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. 

 

Figure 1-11 Impact Tests of Model RC Columns by an equivalent truck frame 

Demartino (2017) conducted an experimental investigation on the behavior of shear-

deficient reinforced circular RC columns of 330 mm diameter and 1700mm height under 

lateral-impact loading. A total of 10 specimens (five for each type with different hoop 

spacing) were tested under a lateral rigid-hammer impact at different impact velocities 

(2.25, 3 and 4.5 m/s) and boundary conditions (cantilever and fixed-simply-supported). 

Two phases during impact were observed. In the first phase, a large peak value 
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characterized as a large impulse is observed. This sudden increase occurred to obtain 

deceleration of the test truck and local acceleration of the RC column, to make them acquire 

a common velocity and move together. The impact force was 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 of stiffness of the column. In all tests, the post-

impact condition revealed a brittle shear-type 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 transverse reinforcement ratio. Some flexural cracks were found 

behind the impact point  

1.2.3 Numerical study 

El-Tawil (2004) studied the dynamic performance of a single pier with either 

rectangular or circular section subjected to the impact from Chevrolet C2500 and F800 

Ford single unit truck. The dimension of the rectangular section was 4.75 ft. x 4.5ft, while 

the circular section had a diameter of 3.5ft. Two lines of beam elements were applied to 

the simulation of the superstructure. Compression-only soil spring was used to realize the 

soil-pile interaction. All materials of pier were assumed linear elastic. The study involves 

a sensitive study about the coefficient of friction (COF) between two contact faces. It was 

found that increasing COF to 0.6 would lead to 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 force. It was found the equivalent static impact force of C2500 

pickup truck lied bellow the AASHTO code with 400kips. But the impact load of F800 

single unit truck had far exceeded the design force. A 50-ms average was used to obtain 

the equivalent static force for design demand. 
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Consolazio and Cowan (2005) built a 3D model of double-column pier with the bent, 

the foot and piles. A simplified model, containing SDOF barge system coupled with MDOF 

pier system, was suggested, and its result was compared with the finite element solution. 

An exponentially decaying historical averaging process is used to compute damped 

increments of barge impact force. The 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 structural demand 

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 simulation of collision between C2500 pickup truck and H-shape 

column. The simulation results showed that the static load equivalent to an impact was 

strongly dependent on the speed of the impacting vehicle. Changes in the mass of the 

vehicle did not significantly affect the equivalent static loads obtained. And it was found 

that the indication given in Annex C of EUROCODE 1 was close to the results obtained in 

this study and are on the safe side, whereas the loads proposed in part 1.1 Annex B and 

Part 1.7 were both less than obtained values in this study. 

Buth (2010) simulated the collision events of a single unit truck weighing 65,000lb 

and a tractor trailer weighing 80,000lb crashing into a rigid circular pier. It was found with 

larger pier diameter, the impact force will be reduced, although 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 from simulating the impact test of Fujikake et al. (2009). 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 a square pier. The truck was set to strike the pier with an angle of 20°. 

The impact velocity and the pier size were 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 velocity, the pier cracked 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, as shown in Figure 1-12. A crack also 

developed in the cap near the connection of the second pier for a high impact velocity. It 

was also found that the impact force is largely independent of the pier size and mainly 

depends on impact (approach) velocity and weight of the truck. For higher speed, the 

impact between cargo and pier yielded larger impact force, while 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 the performance of pier under impact 

load. With full composite jacket under 70mph impact velocity, only minor damages were 

casted onto the pier.  

 

Figure 1-12 Behavior of bridge piers during vehicular impacts 
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Mohammed (2012) investigated the behavior of a single 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 strengths, impact velocities, 

and section aspect ratio, were analyzed. Damage scale factor was employed as the index of 

current failure state and given as a function of effective plastic strain. A regression analysis 

was performed based on 20 cases to give the function between the damage scale factor and 

effective plastic strain. Deployable 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 F800 single unit truck crash into a 

circular pier with 900mm diameter. The pier is modeled 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 velocity. The displacement of the pier, shear 

force and moment at each section, and the dynamic impact force were investigated for each 

load case. It was shown that as the stiffness of the piers increased, there was an increase in 

peak dynamic impact forces, a decrease in lateral displacements, and an increased 

resistance to shear and moment stress. Increasing pier diameter, using a multi-pier bent, or 

decreasing hoop spacing all led to increased stiffness of the bridge piers. Vehicle impact 

velocity has a significant effect on the amount of kinetic energy that must be absorbed by 

the pier and colliding vehicle. The 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. 



20 

 

Abdelkarim et al. (2016) studied the performance of hollow-core FRPïconcreteï

steel bridge columns subjected to vehicle collision. The effects of 14 parameters of 34 

columns were investigated: Concrete material model, concrete compressive strength, 

Material strain rate, Column height-to-diameter ratio, Column diameter, The FRP 

confinement ratio, Diameter-to-thickness ratio of the inner steel tube, Column void ratio, 

Embedded length-to-diameter ratio, Steel tube in-filled foam, Column top boundary 

condition, Axial load level, Vehicle velocity, and Vehicle mass on the behavior of HC-

FCS columns. The main resistance of the HC-FCS columns came from the inner steel 

tube.  The elastic properties can be used, for simplicity, to design the HC-FCS columns 

under vehicle collision. The peak dynamic force of the HC-FCS column was lower than 

that of the RC column. An equation φπЍὑὉ was used for estimating the equivalent static 

force, where ὑὉ is the kinetic energy of the vehicle. 

Chen (2016) ran finite-element simulations to investigate the structural demands 

generated by a F800 colliding with a bridge pier. A F800 single unit truck was selected for 

collision simulation with a circular and a square. Cases with the different impact speed and 

weight were studied. The 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 geometry and properties of the pier itself all 

play a significant role. Besides, the study employed a reduced coupled mass-spring-damper 

(CMSD) system, as shown in Figure 1-13, to analytically solve the impact force. The force- 

displacement diagrams of the equivalent springs were obtained by fitting the force-

displacement relationship of the assumed spring with the impact force-displacement 

diagram. 
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Figure 1-13 Simplified analytic model for the impact coupling 

Do et al. (2018) had a numerical simulation of the F800 single unit truck crashing 

into a square-shape pier. The pier was modeled with the superstructure, a concrete box 

girder, as well as the concrete footing. 14 cases were compared involving the parameters: 

engine mass, vehicle mass, velocity. 6 extra cases were used to investigate the influence of 

different simplification of superstructure. The simplified models of superstructure included 

uniformly-distributed-load model, lumped mass model, and beam model. With the increase 

of vehicle speed, the failure models changed from local damage, to flexural cracking, then 

to shear cracking. Shear crack firstly appeared near the connection of the cap, and then 

appeared near the foot with the increase of the kinetic energy of engine. Finally, punching 

shear would 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 models can well predict the impact force, whereas the beam model and the 

lumped mass model can get good results of displacement that is close to the 3D full-scale 

model.  

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

a pier with different the dimension 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 associated 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 km/h following the recommendation of the AASHTO LRFD bridge design specification.  

Based on the numerical simulation results, a simplified pulse demand model for bridge pier 

design against heavy truck impact. The main variables of the model were pier dimensions, 

impact speed, and truck weight. The simplified model can well simulate the impact load 

induced by tractor-semitrailer truck.  

1.3 Summary  

From the previous experimental studies, the impact load is more likely to yield shear 

failure which caused by the large 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 

tests are 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 rigid-body 

contact is hard to reflect the true relation. Because it is infeasible to run an experiment with 

many cases with full-scaled piers and real trucks, the numerical analysis is more preferred 

in studying the full-scale impact between the truck and the pier. Due to the limitation of 

the experimental study, researchers turn to computational simulation for the impact-load 

study. 
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The contact problem raises very requirement to ensure the accuracy of the simulation, 

which requires very small-time step and fine mesh.  In the recent 10 years, with the 

explosive development of the performance of computer and the wide application of explicit 

dynamic, finite element analysis becomes a very useful tool to carry on the study of vehicle 

collision issues, which involving large amounts of nonlinear calculation. National Highway 

Traffic Safety Administration along with the National Crash Analysis Center has devoted 

large efforts to develop vehicle model based on large quantities of material and rigid impact 

tests, which guarantees the precision of vehicle model containing thousands of parts with 

different properties, in the collision tests. Many researches have conducted the FEM 

analysis based on these vehicle models. Most of these studies show strong shear failures 

during the impact analysis, especially for a vehicle with large kinetic energy. It was also 

found that the vehicular impact load had different sensitivities towards different property 

of vehicles and piers. But the concerned properties of each study were circumscribed. For 

instance, the simulation of collision between heavy-weight truck and pier is still 

insufficient, where most of simulations are for light-weight (pickup truck) and median-

weight (single unit) vehicle. Therefore, more comprehensive study is needed.  

Furthermore, both the experimental and computational studies illustrated that the 

impact loads specified in codes had a limitation in reveal the relationship between the 

parameters of the vehicle and the pier. Some of worthy analytic methods based on 

numerical simulation are proposed to better reflect the real condition of the impact load, 

but same as the FEM, these methods only comprise of few parameters.  
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Chapter 2 Theoretical foundation 

2.1 Dynamic System  

For a single-degree-of-freedom (SDOF) system as shown in Figure 2-1, the equation 

of motion can be described by the well-known equation of motion: 

άὺὸ ὧὺὸ Ὧὺὸ ὴὸ    Eq. 2-1 

Where m is the mass; c is the damping coefficient; k is the stiffness of spring; p is 

the external force acting on the force; v is the displacement of the mass point. 

m

k
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Figure 2-1 SDOF system  

For multi-degree-of-freedom system, the Eq. 2-1 could be written as  

╜╥ὸ ╒╥ὸ ╚╥ὸ ╟ὸ   Eq. 2-2 

Where ╜ is the mass matrix; ╒ is the damping coefficient matrix; ╚ is the stiffness 

matrix; ╟ is the external force vector; ╥ is the displacement vector. 

The issue of a vehicle colliding with a pier is actually a very complicated coupling 

system with millions degree of freedom. This system can be divided into two major 

subsystems: 1) vehicle system; 2) pier system.  

The vehicle system itself is a very complicated coupling system, which contains 

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

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

And the components of vehicle that have contacted with the pier were coupled with pier 
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with the contact stiffness and contact damping. Although to accurately and completely 

describe the motion of the equation of such a complex system is almost impossible, a 

diagram of a simplified coupling system can be shown in Figure 2-2.  

As shown in Figure 2-2, Ὧ  and ὧ  means the stiffness and damping between the jth 

and the kth degree of freedom. Degrees of freedom numbered, with 1, 2, 3, etc., were 

coupled with degrees of freedom of pier, named ὴ, ὴ , ὴ, etc., through contact. And the 

impact force can be expressed as:  

ὖ Ὧ ῳ Ὧ ῳ Ὧ ῳ Ễ   Eq. 2-3 

Where ῳ  is the relative displacement between degree of freedom 1 and ὴ
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Figure 2-2 Simplified vehicle-to-pier coupling system 

2.2 Contact Theory  

The common way to solve the contact problem is to get the contact stiffness in order 

to couple to contact node as shown in part 2.1. The contact theory will be introduced in this 

section as the theoretical background for FEM based contact simulation. 
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2.2.1 Hertzian contact theory 

Hertzian contact theory was 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 contact force, 

which proved the effectiveness in predicting the impact force between rigid-to-deformable 

collisions. For a rigid sphere in contact with an elastic half-space as shown in Figure 2-3 

(Popov, 2010), The contact radius could be calculated by: 

ὥ ЍὙὨ     Eq. 2-4 

 

Figure 2-3 Deformation of surface during Hertzian contact 

Following the assumption, there is: 

ό Ὠ      Eq. 2-5 

ὴ ὴ ρ
Ⱦ

    Eq. 2-6 

where ό is the vertical displacement, and p is the distributed pressure at the location of 

radius r. For the maximum pressure, there is:  

ὴ Ὁᶻ
Ⱦ

    Eq. 2-7 

So the impact force can be obtained through: 
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Ὂ ὴ“ὥ     Eq. 2-8 

Ὂ ὉᶻὙȾὨȾ    Eq. 2-9 

where for two curved surfaces, there is: 

ᶻ     Eq. 2-10 

     Eq. 2-11 

Despite of a famous and commonly used method to estimate the contact stiffness and 

force, there are several assumptions that limit the application of the Hertzian theory when 

taking the application in the crash simulation:  

1. The strains of two contact parts should be located within the elastic limit. 

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

contact is much smaller than the characteristic dimensions of the contacting 

bodies). 

3. Each body can be considered an elastic half-space. 

4. The surfaces are frictionless. 

For crash analysis, the large impact load will force both the vehicle and pier into 

plastic state, and friction exists between two impact surfaces. Furthermore, it is hard to 

determine whether the contact surface of vehicle can be treated as half-space. 

2.2.2 Penalty method 

Another well-known method often applied in finite element analysis of contact 

problem is the penalty approach, which is also adopted by LS-DYNA (Peter Wriggers, 

2002). Starting with the point-mass-spring system at a specific time t (Figure 2-4), 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 contact surface, a spring 
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with the penalty stiffness kc, also known as the penalty parameter, reacted onto the point 

mass to constrain its penetration. 

m

h

u
c
(u

)

k

kc

 

Figure 2-4 Penalty spring and its mechanism 

Figure 2-4 shows a point-mass supported by a spring and a penalty spring due to the 

penalty term. With virtual work, there is: 

Ὧό‏όάὫ‏όὯὧό‏ό π   Eq. 2-12 

from which, there is the solution  

ό άὫ ὯὬȾὯ Ὧ     Eq. 2-13 

The value of the penetration depending on the penalty parameter can be obtained as: 

ὧό Ὤ ό      Eq. 2-14 

Hence, the two limiting cases can be distinguished in the penalty method: 

ὯᴼЊᵼό ὬO π, which means that one approaches the correct solution for 

very large penalty parameters, and hence only very small penetration occurs.  

Ὧᴼπ represents 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  

Ὑ Ὧὧό ὯὬ άὫ   Eq. 2-15 

2.2.3 Contact in LS-DYNA 

From section 2.2.2, how to determine the Ὧ is important in the contact simulation. 

In LS-DYNA, when a slave node is penetrating a master segment, the penalty stiffness will 

be added to this slave node, as shown in Figure 2-5. Two methods are provided in LS-

DYNA for the calculation of the penalty stiffness. 

kci

Master face

Slave face

 

Figure 2-5 Contact springs reacted on the slave nodes 

1) Standard penalty formulation 

For solid element 

Ὧ     Eq. 2-16 

For shell element 

Ὧ
  

    Eq. 2-17 

Where K is the bulk modulus of contacted element, Area is the face constrains the 

slave node. For homogenous isotropic materials,  
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ὑ      Eq. 2-18 

where E is the Youngôs modulus; ὺ is the Poissonôs ratio. K can be taken as either the value 

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 determine the accurate contact stiffness. 

2) Soft Constraint penalty Formulation 

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

formulation is given as: 

Ὧ ὸ ὛὕὊὛὅὒϽ
Ў
     Eq. 2-19 

where ά is the nodal mass, and Ўὸ is the time step. The contact stiffness is to be taken as 

the maximum stiffness from equation kcs and kc: 

Ὧ ÍÁØ Ὧ ȟὯ     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. 

Although the 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 time-stepping methods for 

integration of differential equation. Researchers have suggested several methods, which 

can be categorized into implicit method and explicit method. The LS-DYNA takes 

Nemark-ɓ for the implicit analysis and Central difference method for the explicit analysis. 
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2.3.1 Implicit method  

For the implicit structural dynamics problem, from Eq. 2-2, there is 

╜ό ╓ό ╚◄ό ὖ    Eq. 2-21 

Eq. 2-21 is solved by the unconditionally stable, one-step, Nemark-ɓ time integration 

scheme in the following: 

ό ό Ўὸρ ‎ό ‎Ўὸό    Eq. 2-22 

ό
Ў Ў

‍ό    Eq. 2-23 

The increments can be written as: 

Ўό ό ό      Ўό ό ό    Ўό ό ό  Eq. 2-24 

Ўὖ ὖ ὖ     Eq. 2-25 

Eq. 2-22 and Eq. 2-23 can be rewritten as  

Ўό Ўὸό ‎ЎὸЎό     Eq. 2-26 

Ўό ЎὸЎό
Ў
ό ‍ЎὸЎό    Eq. 2-27 

Eq. 2-27 can be solved for  

Ўό
Ў

Ў Ў
ό     Eq. 2-28 

By substituting Eq.2.28 into Eq.2.26, there is: 

Ўό
Ў
Ўό ό Ўὸρ ό    Eq. 2-29 

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

╜Ўό ╓Ўό ╚◄Ўό Ўὖ    Eq. 2-30 

so that: 

╚◄
ᶻЎό Ўὖᶻ     Eq. 2-31 

where  
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╚◄
ᶻ ╚◄ Ў

╓
Ў
╜    Eq. 2-32 

Ўὖ
ᶻ
Ўὖ

Ў
ά ὧό ά Ўὸ ρ╓ό   Eq. 2-33 

1) For linear system 

The incremental displacement is computed from: 

Ўό ╚◄
ᶻ Ўὖ

ᶻ
    Eq. 2-34 

Once Ўό  is known, Ўό  and Ўό  can be computed based on Eq. 2-28 and Eq. 2-29, 

respectively, and ό  ό  ό  can be calculated from Eq. 2-24. 

Then the acceleration can also be obtained from the equation of motion at time i+1 

ό ╜ᶻ ὖ ╓ό ╚◄ό    Eq. 2-35 

 Where Ўὸ is the time step ; ‍ and ‎ are the free parameters of integration. For a 

special case, ‍ ρȾτ and ‎ ρȾς make the method become the 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, following steps are required for the (n+1)th time step. 

The initialization of first iteration takes: 

ό ό       Eq. 2-36 

The initial true resisting force corresponding to the current tangent stiffness takes: 

Ὢί Ὢί      Eq. 2-37 

The residual force can be calculated as: 

ЎὙ ЎὙ ЎὪί     Eq. 2-38 

And its initial value is 
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ЎὙ Ўὖ
ᶻ
     Eq. 2-39 

The stiffness always takes the tangent stiffness of the stat point ╚◄
ᶻ  

Then for the ith iteration: 

╚◄
ᶻ Ўό ЎὙ     Eq. 2-40 

The increment of displacement of the ith iteration Ўό  can be solved, and then is 

substituted into: 

ό ό Ўό     Eq. 2-41 

The increment of resisting force could be computed from: 

ЎὪί Ὢί Ὢί ╚◄
ᶻ ╚◄  Ўό  Eq. 2-42 

Then the residual force can be calculated as: 

ЎὙ ЎὙ ЎὪί     Eq. 2-43 

The above steps will be repeated to meet the requirement of convergence at the jth 

iteration: 

Ў

Ў
‭     Eq. 2-44 

where ‭ is the toleration of convergence. 

Then Ўό  will be substituted back into Eq.2-26 and 2-27, for Ўό  and Ўό . And 

then ό  ό  ό  can also be obtained. 
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Figure 2-6 Nonlinear iterations 

2.3.2 Explicit  dynamic 

Explicit dynamic analysis is conducted based on central difference method. We can 

design the algorithm of the explicit finite element method with the framework shown in 

the following process:  

At the nth time step,  

ό
Ў

        ό
Ў

   Eq. 2-45 

So the equation of motion can be changed to: 

╜
Ў

╓
Ў

╚◄ό ὖ    Eq. 2-46 

Transferring the known quantities to the right side, there is: 

╚◄
ᶻό ὖᶻ     Eq. 2-47 

╚◄
ᶻ ╜

Ў

╓

Ў
     Eq. 2-48 

  

ЎὙ  

Ўό  
Ўό  Ўό  

Ўὖ  

Ὢί  

ЎὙ  ЎὙ  

Ὢί  

Ὢί  
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ὖ
ᶻ
ὖ

╜

Ў

╓

Ў
ό ╚◄

╜

Ў
ό   Eq. 2-49 

ό ╚◄
ᶻ ὖ

ᶻ
    Eq. 2-50 

To avoid the instability of the solution which may cause blowing up of the result, it 

requires that: 

Ўὸ      Eq. 2-51 

where ‫  is the maximum circular frequency from the modal analysis. Besides, much 

smaller time step Ўὸ should be taken even though the equation is satisfied to obtain accurate 

result. 

The central difference method can be easily adopted for the solution of the nonlinear 

system by simply substituting the ╚◄ with Ὢί, so that the only difference is  

ὖᶻ ὖ
╜

Ў

╓

Ў
ό Ὢί

╜

Ў
ό  Eq. 2-52 

By comparing the two methods, it shows that in 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 includes the treatment of contact and material nonlinearities. But 

it should be noted that the requirement for maximum time step should be fulfilled, whereas 

the implicit method is unconditionally stable. 

2.4 Hourglass Mode 

For solid and shell elements in LS-DYNA during crash analysis, volume or area 

integration is carried out with Gaussian quadrature. g is the function defined over the 

volume: 
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Ὣ᷿Ὠὺḁ Ὣȿ╙ȿὨ‒Ὠ–Ὠ‚    Eq. 2-53 

which is approximated by 

В В В Ὣ‚ȟ–ȟ‒ ȿ╙ȿύύύ    Eq. 2-54 

where ύȟ ύȟύ  are the weighing factors; ╙ is the determinant of the Jacobian matrix. 

Usually one-point integration is chosen to cut down the calculation expense for the contact 

simulation. Besides, 8-point integration has another disadvantage in addition to cost. Fully 

integrated elements used in the solution of plasticity problems where Poissonôs ratio 

approaches 0.5 lock up in the constant volume bending modes, which is known as the 

relative volume change: 

‐ ‐ ‐ „ „ „ ρ ς’ȾὉ  Eq. 2-55 

where Poissonôs ratio ’ is close to 0.5, the equation is equal to 0. 

However, for one-point integration, there will be zero energy modes, which are also 

called hourglass modes. The four kinds of hourglass modes for one-point integrated solid 

element are shown in Figure 2-7.  

 

Figure 2-7 Hourglass modes for 8-node solid element 

For one-point quadrature: 

ὲ ρ 

ύ ύ ύ ς 
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‚ – ‒ π 

The shape function for the 8-node hexahedron is  

‰ ρ ‚‚ ρ –– ρ ‒‒    Eq. 2-56 

An anti-symmetry property of the strain matrix will yield with: 

          Eq. 2-57 

so that there is  

В ɜ π    Eq. 2-58 

 while the product of the shape vector with the nodal velocities 

Ὤ В ὼ ɜ     Eq. 2-59 

Æ ὥὬ ɜ      Eq. 2-60 

ὥ ὗ ”ὺ Ⱦ     Eq. 2-61 

where ὺ is the element volume; ” is the density; c is the material sound speed; and ὗ  is 

a desirable constant to determine the magnitude of the resist force. In LS-DYNA, ὗ  is 

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

Therefore ὗ  should be given a suitable value to prevent the hourglass model, but not 

yield an inaccurate result. 

 

Figure 2-8 Resisting forces to prevent hourglass deformation 
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Chapter 3 Rigid-to-flexible-body impact 

To get the accurate result of collision simulation between pier and vehicle, it is 

important to make sure the physical characteristics such as geometry, material properties, 

boundary conditions, and some extra parameters, such as the Hourglass coefficient, are set 

to the correct values, which 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 

systems, the vehicle and the pier, are separated into two parts for validation purpose. This 

chapter will validate the pier model by the independent repeat verification of the 

experimental result of Fujikake et al. (2009) through the finite elemental simulation in LS-

DYNA.  

3.1 Original Experiment Setup 

This original experiment tested a hammer dropping on a reinforced concrete beam 

with different heights. The dimension of the RC specimens as shown in Figure 3-1 are 

259mm in depth, 150mm in width, and 1700 mm in length. The properties of the test RC 

beam specimens are listed in Table 3.1. The specimen S1616 included two top and two 

bottom longitudinal bars with diameter 16mm. The specimen S1322 included two top bars 

with diameter 13mm, and two bottom bars with diameter 22mm. The specimen D2222 

included two top and two bottom bars with diameter 22mm. The yield strengths of D13, 

D16, and D22 were 397MPa, 426MPa, and 418 MPa, respectively. The transverse ties were 

spaced at 75mm along the beam with diameter 10mm. The aggregates had the maximum 

size of 10mm. All tests were performed within a period of four days after 70days of casting. 

The concrete compressive strength at the time of testing was 42MPa. 
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Figure 3-1 Dimension of RC beam specimens 

 

Figure 3-2 Configurations of the impact test 

As shown in Figure 3-2, the drop hammer was dropped freely onto the top surface 

of the RC beam at mid-span from four different heights: 0.15m, 0.3m, 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 hammer had a hemispherical head with a radius of 90mm. The total mass 

of the hammer was 400kg. The RC beam was supported by two specially designed devices, 

which allowed the beam to freely rotate, but unable to move transversely.  
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Table 3-1 Properties of the test RC beam specimens 

 Bending resistance  Shear resistance   

 RM=4 Mu/L RS=2 Vu  

Designation  (kN) (kN) RS/RM 

S1616 91.1 232.0 2.55 

S1322 162.2 245.4 1.51 

S2222 162.6 245.4 1.51 

3.2 Finite Element Modeling for the Independent Repeat Verification 

To verification the original experimental result, the finite element software LS-

DYNA is used in this study, due 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, respectively.  

3.2.1 Geometry 

The finite element model of the beam is presented in Figure 3-3. The beam is broken 

into 46 parts: the concrete core and the concrete cover at mid span, at 1/4 span, and at 

support. The concrete is modeled with 8-node, constant stress, single-point integration 

solid hexahedron elements. The dimension of element in the longitudinal direction is 25mm. 

At each cross section, there are 32 elements for the concrete core, and 64 elements for the 

concrete cover. 

 

Figure 3-3 Finite element model of reinforcement concrete beam with drop hammer 
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The steel reinforcement is modeled with the beam element with two-node, Hughes-

Liu with cross section integration, 2×2 Gaussian quadrature. The nodes of beam elements 

are merged with the nodes of concrete solid element, which allow the steel elements and 

concrete elements bonded together with no sliding.  

The drop hammer is modeled with 8-node, constant stress, single-point integration 

solid elements. The drop hammer is simplified into a sphere with a 90mm radius.  

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 elements and 16513 nodes. 

Figure 3.3 shows the mesh of the model. 

3.2.2 Material  

3.2.2.1 Concrete  

The concrete of beam is modeled using material model 159. This material model is 

developed by Federal Highway Administration to predict the dynamic performanceðboth 

elastic deformation and failureðof concrete used in roadside safety structures when 

involved in a collision with a motor vehicle. (Murray, 2007).  

Concrete is a composite material that consists primarily of aggregate and mortar. Its 

response is complex, ranging from brittle in the tensile and low confining pressure regimes 

to ductile at high confining pressure. The critical behaviors of concrete are shown below. 

The elastic behavior of e concrete is isotropic before cracking, which means the 

concrete is assumed to be well mixed, vibrated, and not stratified. Youngôs modulus of 

concrete varies with concrete strength: 
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% %
Ⱦ

     Eq. 3-1 

where % is the Youngôs modulus and ρψςχυ-0Á (which is the value of Youngôs 

modulus when Ὢὧ ρπὓὖὥ ) 

This equation is from Comité Euro-Internacional du Béton (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 

where ὺ is the Poissonôs ratio. 

Alternatively, the ACI code 318 suggests the elastic modulus: 

% τχππὪὧ -0Á    Eq. 3-4 

This formula gives Youngôs modulus that are within 9% of difference of those given 

by Eq. 3-1 based on report FHWA-HRT-05-062 (Murray 2007) 

Concrete exhibits softening in the tensile and low to moderate compressive regimes. 

The damage formulation models both strains softening and modulus reduction. The 

damage formulation is based on the work of Simo and Ju (1987): 

ʎ ρ Äʎ     Eq. 3-5 

where d is a scalar damage parameter that transforms the stress tensor without damage, 

denoted ʎ , into the stress tensor with damage, denoted ʎ . Thus, ρ Ä is a reduction 

factor whose value depends on the accumulation of damages. Damage to the concrete 

elements is tracked through ductile and brittle damage parameters. Ductile damage occurs 

when stress is applied to the element in compression. Brittle damage occurs when stress is 
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applied to the element in tension. The strain-stress relationship is shown in Figure 3-4. The 

concrete model has a mass density of 2,274 kg/m3, an unconfined compressive strength of 

42 MPa, and a maximum aggregate size of 10 mm. The element is set to erode after the 

maximum principle strain exceeds 0.1. 

Concrete exhibits an increase in strength with increasing strain rate. A viscoelastic 

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) curve, as shown in Figure 3-5 based on numerous 

calculations via a trial and error. This curve provides good fit to both the tension and 

compression data from Bischoff (1995) and Ross (1992). 

 

Figure 3-4 Strain-stress relationship of the concrete 
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Figure 3-5 DIF related to the strain rate for the concrete 

3.2.2.2 Steel reinforcement 

The steel reinforcement material has applied material model 24, an elasto-plastic 

material model accounting for a stress-strain curve and strain rate dependency. Then, 

density of all reinforcement bars is 7850 kg/m3. 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, D13, D16 and D22 are 295MPa, 397MPa, 426MPa and 418 MPa, 

respectively. The Poissonôs ratio is assumed to be 0.3. The bilinear model for the steel 

reinforcement is shown in Figure 3-6.  
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Figure 3-6 Strain-stress relationships of steel reinforcement bars 

Malvar and Crawford (1998) 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 stress, ‌ ‌  is expressed as follows: 

‌ πȢπχτπȢπτπ    Eq. 3-7 

For ultimate stress, ‌ ‌  is expressed as follows: 

‌ πȢπρωπȢππω    Eq. 3-8 

where Ὢ is the yield strength in MPa. These equations are valid for the steel material with yield 

stress between 290 MPa and 710 MPa, and for strain rates between 10-4 and 225 s-1. The four 

curves of DIF corresponding to the strain rate are plotted in Figure 3-7. 
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Figure 3-7 Dynamic increase factor for steel bars corresponding to the strain rate 

3) Drop Hammer  

The drop is assumed as a rigid steel ball, which modeled as material model 20. The 

elastic modulus of steel, 200GPa, and Poissonôs ratio, 0.3, are assigned to the rigid elements, 

which are necessary for correct modeling the contact spring. The sphere representing the 

drop hammer has a radius of 90mm. 

3.2.3 Modeling control  

3.2.3.1 Boundary conditions  

The nodes at the bottom of the beam, and 150mm away from the two ends, are 

restrained in the horizontal and vertical directions, which allow free rotation. 

3.2.3.2 Initial Conditions and Loads 

An initial velocity is applied to the drop hammer to account for the dropping height. 

The impact velocity is calculated based on theorem of kinetic energy: 
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ὺ ςὫὬ     Eq. 3-9 

where g is the acceleration of gravity (9.806 m/s2); h is the free dropping height (m); v is 

the impact velocity (m/s). The corresponding impact velocities are 1.72, 2.43, 3.43, 4.85 

and 6.86 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/s3. A static implicit analysis is to be run before the explicit analysis to prescribe 

the initial deformation and stress for the beam to eliminate the dynamic response due to 

the gravity. 

3.2.3.3 Contact 

The automatic surface-to-surface contact is defined between the rigid drop hammer, 

and the beam. The rigid sphere is defined as the master part, and the beam is defined as the 

slave part. Friction in LS-DYNA is based on a Coulomb formulation: 

Ὢ ‘ȿὪȿ    Eq. 3-10 

where Ὢ is the frictional force; ‘ is the coefficient of friction; and Ὢ is the component of 

contact force normal to the contact surface. The coefficient of friction ‘  is defined based 

on the following equation: 

‘ ‘ ‘ ‘ Ὡ ȿȿ   Eq. 3-11 

Where ‘ is the dynamic coefficient of friction; ‘ is the static coefficient of friction; 

ὧ is the exponential decay factor; ὺ is the velocity. The static coefficient of friction and 

dynamic coefficient of friction are defined as 0.5 and 0.3, respectively. The exponential 

decay coefficient is 0.001 for velocity with unit in mm/s (1.0 for m/s). And the coefficient 

of friction at specific velocity is plotted in Figure 3-8. 
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Figure 3-8 Exponential decay of Coefficient of friction 

3.2.3.4 Solution control  

A termination time of 0.035 seconds is selected, of which the time history can 

capture the impact and response from the drop hammer experiment. The initial time step is 

set to 10-6s, which is enough to ensure the stability and accuracy of analysis, based on 

sensitive study of time steps from 10-5 to 10-7. 

Hourglass energy control is opened, which is based on the theory shown in section 

2.4. To ensure the hourglass model is effectively restrained, 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 formulations generate hourglass forces 

proportional to the components of nodal velocity and displacement, respectively. Type 5, 

Flanagan-Belytschko 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 to the chosen of an appropriate hourglass coefficient will affect the obtained impact 
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force, a sensitive study has been performed to determine the hourglass coefficient. The 

S1322 bean with a drop height of 1.20 m is used to conduct this study. 

The hourglass coefficient Qh values ranged from the default value of 0.1 to 0.001 are 

studied. The impact forces of the different hourglass coefficients are shown in Figure 3-9. 

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 3-10 and 3-11, respectively. From the two figures, it shows that larger 

hourglass coefficient will result in smaller hourglass energy, which means the hourglass 

model is better restrained. The ratios of hourglass to total energy for the hourglass 

coefficients equal to 0.1 and 0.001 are 3.1% and 15.6%, respectively. The ratio of the 

hourglass energy to the total energy is plotted in Figure 3-12. Figure 3-12 illustrates that, 

when hourglass coefficient reaches 0.003, the ratio of hourglass energy will be reduced to 

around 3% from the 15.6% corresponding 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. 

 

Figure 3-9 Impact force corresponding to different hourglass constant 
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Figure 3-10 Hourglass energy corresponding to Qh=0.1 

 

Figure 3-11 Hourglass energy corresponding to Qh=0.001 

 

Figure 3-12 Ratio of hourglass energy to total energy 
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3.3 Simulation Result and Comparison 

The experimental results reported by Fujikake et al. (2009) are compared with the 

mid-span deflection and impact forces from the analyses. The S1616, S1322, and S2222 

beam experimental and analytical results are presented from Figures 3-13 to 3-15, 

respectively. The average differences for the peak values of impact load and mid-span 

displacement between the analytical and experimental results are 8.6% 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 height, both the 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 the maximum dynamic response yielded during the 

initial contact. For the second peak response, the value of the analytic curve is larger. For 

the displacement, although the peak values match each other well, the results of FEM 

analyses obviously die down faster than the experimental result. Almost for all the cases, 

the displacement of FEM analyses is slightly lower than the experimental result.  

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

The effective plastic strain is expressed as:  

‚ ᷿ ‚‚
Ⱦ

Ὠὸ    Eq. 3-12 

‚ ‚  ‚     Eq. 3-13 

where ‚ , ‚ , ‚  are the strain rate tensor, elastic strain tensor and plastic strain tensor, 

respectively.  
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The crack patterns are in good agreement with the experimental results. The crack 

profiles of the analytical and experimental results are displayed from Figures 3-16 to 3-18. 

The red area of contours shows the diagonal development of the cracks. For high-speed 

impact (drop height at 1.2m and 2.4m), the erosion at top of the beam occurs due to local 

compression yielding from contact force. The failure model shows a combination of shear 

failure and bending failure. For low impact velocity, the bending failure is more obvious, 

while for high-speed impact, the shear failure dominates.  

3.4 Summary  

Based on the comparison between the FEM results and experimental results, it can 

be concluded that the finite element model, with material models 24 and 159, can be 

applied to the simulation of the reinforcement concrete pier under the dynamic impact load 

from the vehicle. The automatic surface to surface contact algorithm can accurately capture 

the coupling characteristics between two impact objects. Flanagan-Belytschko stiffness 

hourglass control minimizes the hourglass deformation of under-integrated solid. 

Table 3-2 Percentage error between the FEM result and experimental result 

 S1616 S1322 S2222 

Dropping 

height (m) 

FI 

(kN) 

D 

(mm) 

FI 

(kN) 

D 

(mm) 

FI 

(kN) 

D 

(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: FI=Impact force; D=displacement 
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a) Drop height at 0.15m 

  
b) Drop height at 0.30m 

   
c) Drop height at 0.60m 

  
d) Drop height at 1.20m 

Figure 3-13 Impact force and mid-span deflection for S1616 beam 
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a) Drop height at 0.30m 

  
b)  Drop height at 0.60m 

  
c) Drop height at 1.20m 

  
d)  Drop height at 2.40m 

Figure 3-14 Impact force and mid-span deflection for S1322 beam 
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a) Drop height at 0.30m 

   
b) Drop height at 0.60m 

  
c)  Drop height at 0.60m 

   
d) Drop height at 0.60m 

Figure 3-15 Impact force and mid-span deflection for S2222 beam 
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(a) Drop height at 0.15m 

 
(b) Drop height at 0.3m 

 
(c) Drop height at 0.6m 

 
(d) Drop height at 1.2m 

Figure 3-16 Plastic strain for specimen S1616 
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(a) Drop height at 0.3m 

 
(b) Drop height at 0.6m 

 
(c) Drop height at 1.2m 

 
(d) Drop height at 2.4m 

Figure 3-17 Plastic strain for specimen S1322 
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(a) Drop height at 0.3m 

 
(b) Drop height at 0.6m 

 
(c) Drop height at 1.2m 

 
(d) Drop height at 2.4 m 

Figure 3-18 Plastic strain for specimen S2222 
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Chapter 4 Vehicle-to-pier collision  

To verify the impact feature able to be realized by finite element analysis between a 

vehicle and a bridge pier, the finite elemental simulation on the vehicle-to-pier collision is 

conducted and compared with existing researches. 

4.1 Vehicle Models  

For the coupling system consisting of a vehicle and a pier, the vehicle is much more 

intricate than the pier. That how the built model can reflect the characteristics of vehicle 

with thousands of members is a complicated technique and time-consuming work. National 

crash analysis center (NCAC), belonging to Federal Highway Administration, and the 

National Highway Traffic Safety Administration have devoted large effort into developing 

varieties of vehicle model, based on large quantities of vehicle-to-rigid-wall crash test. 

These vehicle models are widely used in crash simulation, involving car-to-car, car-to-

barrier, car-to-pier collision, etc. Three trucks are selected in this study for vehicle-to-pier 

collision: the Chevrolet C2500 pickup truck, the F800 Ford single unit truck, and the tractor 

with 45ft semitrailer, as shown in Figure 4-1. The three types of truck are proposed here to 

represent the light-weight, medium-weight, and heavy-weight 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 velocity. The number of elements and the total masses 

(including ballast) of three trucks are listed in Table 4-1. The kinetic energies for three 

trucks corresponding to different velocities are plotted in Figure 4-2. 

Table 4-1 Properties of truck model 

Truck type Number of Elements Mass (Mg) 

C2500 10518 1.976 

F800 35193 8.167 

Tractor-trailer 373662 36.172 
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(a) Chevrolet C2500 pickup truck 

 
(b) Ford F800 single unit truck 

 
(c) Tractor, day cabin, with 45-ft semitrailer  

Figure 4-1 Finite element model of trucks 

 

Figure 4-2 Kinetic energy versus impact velocity for the vehicle models 
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4.2 Vehicle Collision Validation  

In order to validate the finite element model for three trucks with vehicle-to-pier 

collision simulation following 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 the FDOT report (Project number BC355-6) by 

El-Tawil and Sherif (2004). Tractor trailer model is validated following the experiment in 

FHWA report 9-4973-2 by Buth et al. (2011). 

4.2.1 Chevrolet C2500 Pickup Truck and Ford F800 Single Unit Truck 

4.2.1.1 Modelling of the pier 

The pier geometry follows the dimensions of ñPier IIôò in the report BC355-6, as 

shown in Figure 4-3. Pier II is a reinforced concrete pier. It has a circular cross-section of 

1075 mm (3ô 6ò) diameter and a height of 9925 mm (29ô 95/16ò). The pier is modeled with 

a reinforced concrete pile cap with dimension 3300 mm x 2300 mm x1075 mm (10ô x 7ô x 

3ô 6ò) in diameter and embedded 830 mm (2ô 6ò) into the ground, supported on six 450 

mm (18ò) diameter prestressed concrete piles of 10000 mm length. 14#11 bars (35 mm 

diameter) and #5 (16 mm) diameter round hoop spaced at 5ò (127 mm) are embedded in 

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: 

ὃ ψπρσσȢπ άά ρςτ Ὥὲ 

Ὅ ςȢχωψρπ άά φȢχςςρπ Ὥὲ 

Ὅ ψȢστπρπ άά ςȢππτρπ Ὥὲ 
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Figure 4-3 Details of the pier 

Where z is the horizontal axis 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 pinned at their fat ends. Each span of a girder is modeled by 20 elastic beam 

elements. The beam is constrained with the node at top of the pier in translational degree 

of freedom. 

The soil-pile interaction is modeled with elastic spring. The stiffness of springs was 

calculated using the approaches recommended by Greimann and wolde-Tinsae (1998) as 

shown in Table 4-2. The soil behind the pier is loose sand with the unit weight of 18kN/m3. 

The concrete and steel are all assumed to be elastic material following El-Tawilôs 

study. The strain rate of steel follows the assumption in Chapter 3. The finite element model 

of the pier is shown in Figure 4-4. 
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Table 4-2 Parameters for soil springs 

 Case 

Parameter Clay Sand 

Lateral springs   

Pu 9 cu B 3ɔBkpx 

kh 67 cu nhx 

Vertical springs   

fmax(H-piles), klf The least of 0.02N[2(d+2bf)] 

 2(d+bf)cu  

 2(d+2bf)ca  

 2(dcu+bf ca)  

fmax(others), klf The lesser of 0.04NIg 

 IgCa  

 IgCu  

kv 10fmax/Zc 10fmax/zc 

Point spring   

qmax (ksf) 9cu 8Ncorr 

kq 10qmax/Zc 10qmax/zc 

Note: B=pile width; bf=flange width (ft); ca=adhesntion between soil and pile=Ŭcu; 

cu=undrained cohesion of the clay soil=97.0N+114(psf); d=section depth (ft); J=200 for 

loose sand, 600 for medium sand, 1500 for dense sand; Ig=gross perimeter of the pile (ft); 

kp=tan2(45°+ ◖/2); N=average standard penetration blow; Ncorr=N if NÒ15, or Ncorr 

=15+0.5(N-15) if N>15 (N=15 in this study); nh=constant of subgrade reaction=Jɔ/1.35; x= 

depth from the soil surface; zc=relative displacement required to develop fmax or qmax, and 

zc=0.4ò for sand, 0.2ò for clay; Ŭ=shear strength reduction factor; ɔ=effective unit soil 

weight; ◖=angle of internal friction. 

 

Figure 4-4 Finite element model of the pier 
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4.2.1.2 Analysis control 

Vehicle impact simulations are conducted at four velocities: 55, 90, 110, and 135 

km/h. The initial translational velocities are applied to the vehicles in the global x- direction 

(perpendicular to the plane of the bridge). Gravity is applied to the system as static implicit 

preload to eliminate the vibration due to gravity. 

Automatic surface-to-surface contact is applied to the vehicle-to-pier collision. The 

master part, the truck, transfers its energy to the slave 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 peak impact force, which is mainly yielded by the contact between the engine and the 

pier. Hourglass is set to 0.01 based on the study in Chapter 3. The initial time step is set to 

10-7 s. A time interval of 0.1ms is used for collection of data of resultant contact forces.  

4.2.1.3 Result  

1) Chevrolet C2500 pickup truck 

The process of impact is shown in Figure 4-5, which depicts the analysis in this study 

reflects the similar progression of impact when the vehicle striking at the bridge pier.  The 

resultant contact force at different impact velocities are plotted in Figure 4-6. The peak 

resultant impact forces at impact velocity, 55km/h, 90km/h, 110km/h, and 135 km/h, are 

3633.7kN, 7658.9kN, 9778.6kN, and 11593.21kN, respectively. The peak resultant force 

all happen when the engine striking at the pier. 

The comparison of the peak impact forces with the study of El-Tawil et al. (2004), Gomez 

(2014), Abdelkarim and El Gawady (2017) is made. It shows that the peak impact force is 
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close to the result obtained in the previous study. The vehicle model simulations are 

believed to match well with published reference and will be used for further study in the 

following chapters. 

 

a) Time at 0.000 seconds 

 

b) Time at 0.021 seconds 

 

c) Time at 0.111 seconds 

Figure 4-5 Progression of impact of C2500 pickup truck at 110 km/h comparing simulation 

results (left) with El-Tawilôs (2004) results (right) 
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Figure 4-6 Resultant impact force for the C2500 pickup truck at various impact velocities 

 

Figure 4-7 Comparison between the simulation results and the results published by El-Tawil et al. 

(2005), Gomez (2014) and Adelkarim (2017) 

2) Ford F800 single unit truck 

The process of impact is shown in Figure 4-8, which depicts the analysis in this study 

reflects the similar progression of impact when the vehicle striking at the bridge pier.  The 

resultant contact forces at different impact velocities are plotted in Figure 4-9. The peak 

resultant impact forces at impact velocities, 55km/h, 90km/h, 110km/h, and 135 km/h, are 
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1858.8 kN, 8414.2kN, 11981.2kN, and 16958.3kN, respectively. The peak resultant forces 

all happened when the engine striking at the pier. 

The comparison of the peak impact forces with the study of El-Tawil et al. (2004), 

Mohammed (2011) and Gomez (2014) was made. It shows that the peak impact force is 

close to the result obtained in the previous study. The vehicle model simulations are 

believed to match well with published reference and will be used for further study in 

following chapters. 

 
a) Time at 0.000 seconds 

 
b) Time at 0.021 seconds 

 
c) Time at 0.111 seconds 

Figure 4-8 Progression of impact of F800 single unit truck at 110 km/h comparing simulation 

results (left) with El-Tawilôs (2004) results (right) 
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Figure 4-9 Resultant impact force for the F800 single unit truck at various impact velocities 

 

Figure 4-10 Comparison between the simulation results and the results published by El- Tawil et 

al. (2005), Mohammed (2011), Gomez (2014) 
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a full -scale tractor-trailer truck striking a specially designed pier. The photos for this 

experiment are shown in Figure 4-11. The experimental pier and the suggested simplified 

model are shown in Figure 4-12 

Based on the suggested model for analysis in the report, a finite element model 

including the tractor-trailer truck, and the pier, is built in the LS-DYNA, as shown in Figure 

4-13. The pier is concrete-filled circular steel pier has a height of 14ft, with diameter 36in. 

The thickness of the steel tube is 1in. The filled concrete has strength 5000psi (34.5MPa). 

The spring stiffness at the height 1ft, and at the height 13ft, are 165kip/in (28.98kN/mm) 

and 1137kip/in (199.1kN/mm). The 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 in Chapter 3. 

  

Figure 4-11 Full-scale impact test of tractor-trailer truck colliding a pier (Buth, et al., 2011) 

 

Figure 4-12 The experimental pier and the suggested simplified model for analysis. 
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Figure 4-13 the finite element model for the crash scenario 

4.2.2.2 Results  

1) Resultant impact force 

The report suggested 50-ms average value of the dynamic force to get the equivalent 

static impact force. It shows that the 50-ms average value of resultant impact force matches 

well with the suggested 600kip impact force in this report, which is also adopted by the 

AASHTO LRFD bridge design specification, as shown in Figure 4-14. 

The behavior of the impact force over the duration of the impact is comparable to 

the impact force time-history recorded during the experiment. The hourglass energy was 

observed to account for less than 10% of the total energy in the system; verifying the 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. Shear failure 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 striking into the pier. The plastic strain formed a 45-degree angle zone at the height 



71 

 

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. 

 

Figure 4-14 Filtered data for tractor-trailer impact 

 

Figure 4-15 observed failure mechanism form impact force on bridge pier 

4.3 Summary 

This chapter ran simulations based on finite element model and experimental data in previous 

studies. The impact load maintains good consistency with the finite element analyses results of 

previous numerical studies by El-Tawil et al. (2005), Mohammed (2011), Buth (2011), Gomez 

(2014) and Adelkarim (2017). Compared with previous research data, the dynamic response 

matches well mutually with a same set of parameters in a similar impact event. Besides, the filtered 

0

2000

4000

6000

8000

10000

12000

0 0.02 0.04 0.06 0.08

R
e
su

lta
n

t 
im

p
a

ct
 f

o
rc

e
 (

kN
)

Time (s)

Simulation results

50ms average

Design standard

Sspa 

45° 

D 

Impact 

Force  

Shear failure 

plane 

Stirrup 



72 

 

data, which takes the average value of 50ms, keeps in agreement with the experimental result and 

the design code. The failure modes of the finite element analysis are consistent with the failure 

mode observed in the field study. Therefore, the vehicle model along with the material model used 

in Chapter 3 can be used for further studying the mechanism of the vehicle-to-pier impact. 
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Chapter 5 Parametric study of impact load 

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 the parametric 

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 in Table 5-1 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 superstructure is to be 

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. The pier and footing model are based on 

the Maryland structural detail manual 02-04, which allows the minimum pier diameter as 

0.762m (2ô-6ò). The column diameter ranges from 0.762m (2ô-6ò) to 1.0668m (3ô-6ò). 

Table 5-2 shows the detail of the pier. The detail of the foundation is shown in Figure 5-2. 

The soil spring is spaced at every 457.2mm (1ô-6ò). Values of soil spring stiffness are 

calculated based on Table 4-2 with the undrained cohesion of the clay soil 24.61kPa 

(514psf), 49.17kPa (1027psf), and 98.35kPa (2054psf) respectively, which is shown in 

table 5-3. 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 of failure 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 with different sets of parameters for light-weight truck C2500, medium-

weight truck f800, and heavy-weight tractor-trailer truck are respectively listed in Table 5-

4, Table 5-5 and Table 5-6. 

Ms

Impact force

Top lateral spring
Top rotational spring

Vertical force

  

Figure 5-1 the Finite element model to be studied 
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 (
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0
")

3048mm (10'-0")

9 Pipe piles

Length: 5486.4mm (18'-0')

Section: 304.8mm x 9.525mm (12"x0.375")

76.2mm(3") clear cover

 

Figure 5-2 Square pile foundation details 

Table 5-1 Parameters to be included in the studies 

Part Parameters  Symbol  

Pier 

Length of the pier L 

Strength of the longitudinal bar Fys 

Spacing of the hoop S 

Strength of the concrete Fyc 

Diameter of the pier D 

Superstructure 

Mass of the superstructure Ms 

Stiffness of the top lateral spring Kh 

Stiffness of the top rotational spring Kr 

Axial Force P 

Foundation Undrained cohesion of the clay soil Cu 

Vehicle 

Impact velocity V 

Mass of the cargo Mc 

Height from the ground to the foot LI 

Table 5-2 Design criteria for typical reinforced concrete pier 

Pier Diameter 
Longitudinal 

Rebar 
Hoop Rebar Number 

0.762m (2ô-6ò) 

#10 #4 

16 

0.9144m (3ô-0ò) 20 

1.0668m (3ô-6ò) 24 
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Table 5-3 Soil spring properties 

Cu 
Lateral spring 

N/mm 

Vertical spring 

N/mm 

Point spring 

N/mm 

24.61kPa (514psf) 0.744 x103 1.659 x104 2.523x104 

49.17kPa (1027psf) 1.487 x103 3.319 x104 5.050x104 

98.35kPa (2054psf) 2.974 x103 6.637 x104 1.009x105 

 

5.2 C2500 Pickup Truck  

Table 5-4 Load cases for C2500 pickup truck 

Case 

V 

km/h 

Cu 

kPa 

Fyc 

Mpa 

D 

mm 

L 

mm 

Fys 

Mpa 

LI 

mm 

Kr 

N·mm/rad  

Kh 

N/mm 

Mc 

Ton 

Ms 

Ton 

P 

Mpa 

S 

mm 

C1 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 - 24.61 - - - - - - - - - - - 

C7 - 49.17 - - - - - - - - - - - 

C8 - - 41.37 - - - - - - - - - - 

C9 - - 55.16 - - - - - - - - - - 

C10 - - - 762 - - - - - - - - - 

C11 - - - 1066.8 - - - - - - - - - 

C12 - - - - 6705.6 - - - - - - - - 

C13 - - - - 7924.8 - - - - - - - - 

C14 - - - - 9144 - - - - - - - - 

C15 - - - - - 275.8 - - - - - - - 

C16 - - - - - 551.6 - - - - - - - 
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C17 - - - - - - 304.8 - - - - - - 

C18 - - - - - - 2133.6 - - - - - - 

C19 - - - - - - - 2 x104 - - - - - 

C20 - - - - - - - 2 x108 - - - - - 

C21 - - - - - - - 2 x1012 - - - - - 

C22 - - - - - - - - 1 x 103 - - - - 

C23 - - - - - - - - 1 x 105 - - - - 

C24 - - - - - - - - - 0.43 - - - 

C25 - - - - - - - - - 0.86 - - - 

C26 - - - - - - - - - 1.29 - - - 

C27 - - - - - - - - - - 335 - - 

C28 - - - - - - - - - - 670 - - 

C29 - - - - - - - - - - - 0 - 

C30 - - - - - - - - - - - 10 - 

C31 - - - - - - - - - - - 15 - 

C32 - - - - - - - - - - - - 76.2 

C33 - - - - - - - - - - - - 152.4 

C34 - - - - - - - - - - - - 228.6 

Note: ñ-ñ means that the value in this blank is the same as the value of base case C1 

5.2.1 Impact Load 

As shown Figure 5-3 and Figure 5-4, for the impact force with respect to the vehicle 

speeds at 60km/h (37.3Mph), 80km/h (49.7Mph), 100km/h (62.1Mph), 120km/h (74.6 

Mph), 140km/h (87.0 Mph), the higher vehicle speeds will yield much higher dynamic and 

equivalent static impact forces. Compared to the AASHTO design value of 2669kN 

(600kips) equivalent static force, the finite elemental result shows much smaller result. It 
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means a much conservative estimation of the impact force based on the latest code for light 

weight vehicle, like pickup truck, sedan and SUV, etc. 

As shown in Figure 5-7 and Figure 5-8, peak dynamic force drops obviously, 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 Figure 5-9 and Figure 5-10. The equivalent static impact force 

shows insensitivity to the variation of pier diameter. 

With higher impact location from the top 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 Figure 5-15 and Figure 5-16. 

There is an obvious increase for the dynamic impact load when the axial force at top 

of the pier increases. The equivalent static force also is not sensitive to the change of the 

axial force, which is depicted in Figure 5-25 and Figure 5-26. 

According to Figures 5-5, 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, 5-28, both of the peak dynamic force and equivalent static force of 

the impact load show insensitivity to the following parameters: the stiffness of the soil, the 

length of the pier, the yield strength of the steel reinforcement, the impact height of the 

pier, the stiffness of spring at top of the pier, lumped mass at top of the pier, the loaded 

cargo mass, and the spacing of the hoop.  

It refers that the dynamic characteristics, such as the modal shape and the frequency 

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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Figure 5-3 Time histories of impact forces with different vehicle speed 

 

Figure 5-4 Peak dynamic forces and equivalent forces with different vehicle speed 
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Figure 5-5 Time histories of impact forces with different soil stiffness 

 

Figure 5-6 Peak dynamic forces and equivalent forces with different soil stiffness 
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Figure 5-7 Time histories of impact forces with different concrete strength 

 

Figure 5-8 Peak dynamic forces and equivalent forces with different concrete strength 

0.00E+00

1.00E+03

2.00E+03

3.00E+03

4.00E+03

5.00E+03

6.00E+03

0 0.02 0.04 0.06 0.08 0.1 0.12

R
e
su

lta
n

t 
Im

p
a

ct
 F

o
rc

e
 (

kN
)

Time (s)

Fyc=27.58M
Pa (4000psi)
Fyc=41.37M
Pa (6000psi)
Fyc=55.16M
Pa (8000psi)

5.26E+03

3.87E+03

3.20E+03

8.48E+02 8.32E+02 8.33E+02

2.67E+03 2.67E+03 2.67E+03

0.00E+00

1.00E+03

2.00E+03

3.00E+03

4.00E+03

5.00E+03

6.00E+03

20 25 30 35 40 45 50 55 60

Im
p

a
ct

 F
o

rc
e
 (

kN
)

Concrete Strength (MPa)

Peak Dynamic

Equivalent Static

AASHTO Design Value



82 

 

 

Figure 5-9 Time histories of impact forces with different pier diameter 

 

Figure 5-10 Peak dynamic forces and equivalent forces with different pier diameter 
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Figure 5-11 Time histories of impact forces with different pier length 

 

Figure 5-12 Peak dynamic forces and equivalent forces with different pier length 
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Figure 5-13 Time histories of impact forces with different steel rebar strength 

 

Figure 5-14 Peak dynamic forces and equivalent forces with different steel rebar strength 
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Figure 5-15 Time histories of impact forces with different impact height  

 

Figure 5-16 Peak dynamic forces and equivalent forces with different impact height 
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Figure 5-17 Time histories of impact forces with different rotational spring stiffness  

 

Figure 5-18 Peak dynamic forces and equivalent forces with different rotational spring stiffness 
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Figure 5-19 Time histories of impact forces with different translational spring stiffness  

 

Figure 5-20 Peak dynamic forces and equivalent forces with different translational spring 

stiffness 
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Figure 5-21 Time histories of impact forces with different cargo mass 

 

Figure 5-22 Peak dynamic forces and equivalent forces with different cargo mass 
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Figure 5-23 Time histories of impact forces with different top mass 

 

Figure 5-24 Peak dynamic forces and equivalent forces with different top mass 
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Figure 5-25 Time histories of impact forces with different axial stress 

 

Figure 5-26 Peak dynamic forces and equivalent forces with different axial stress 
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Figure 5-27 Time histories of impact forces with different tie spacing 

 

Figure 5-28 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 5-29 (a) (b) and (c), it is found that with increase of impact velocity of the truck, 

the number of elements in plastic state also increases. Three 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 45°zone as shown in Figure 4.16.  

3. Bending failure happens near 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 (e) show the higher grade of concrete can reduce both local and 

bending failures. Figures 5-29 (f) and (g) infer that larger section of the pier can also reduce 

the failure. Figures 5-29 (a) and (h) show that the bending failure will be minimized for 

high pier, but that there will be plastic zone at the location near the top of the pier. When 

the impact happened near the footing of the pier, the bending failure zone will be replaced 

by shear failure zone as shown in Figures 5-29 (j) and (k). When restraints are added at the 

top of the pier as shown in Figure 5-29 (a), (l) and (m), the bending failure is reduced. 

When there is large lumped mass at the top of the pier, there will also be a bending failure 

zone, near the top of the pier, which is shown in Figure 5-29 (o). By comparing Figures 5-

29 (p) and (q), it refers that increasing the prestressed top axial force, the bending failure 

would be reduced. Figures 5-29 (n) and (r) show the larger cargo mass and the smaller 

hoop spacing donôt changes much about the failure mechanism for the impact induced by 

C2500. 
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(a) C1     (b) C2     (c) C5 

 
(d) C6     (e) C9     (f) C10 

 
(g) C11    (h) C15    (i) C16 
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(j) C17     (k) C18    (l) C21 

 
(m) C23    (n) C26    (o) C28 

  
(p) C29    (q) C30    (r)C32 

Figure 5-29 Effective plastic strain for the impact induced by C2500 light-weight truck  
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5.3 F800 Single Unit Truck  

Table 5-5 Load cases for F800 single unit truck 

Case V 

km/h 

Cu 

kPa 

Fyc 

Mpa 

D 

mm 

L 

mm 

Fys 

Mpa 

LI 

mm 

Kr 

N·mm/rad  

Kh 

N/mm 

Mc 

Ton 

Ms 

Ton 

P 

Mpa 

S 

mm 

F1 
100 98.35 27.58 914.4 5486.4 413.7 1219.2 0 0 2.913 0 5 304.8 

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 
- - - - - - 304.8 - - - - - - 

F17 
- - - - - - 2133.6 - - - - - - 

F18 
- - - - - - - 2 x104 - - - - - 

F19 
- - - - - - - 2 x108 - - - - - 

F20 
- - - - - - - 2 x1012 - - - - - 

F21 
- - - - - - - - 1 x103 - - - - 

F22 
- - - - - - - - 1 x105 - - - - 

F23 
- - - - - - - - - 0 - - - 

F24 
- - - - - - - - - 1.456 - - - 

F25 
- - - - - - - - - - 335 - - 

F26 
- - - - - - - - - - 670 - - 

F27 
- - - - - - - - - - - 0 - 

F28 
- - - - - - - - - - - 10 - 
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F29 
- - - - - - - - - - - 15 - 

F30 
- - - - - - - - - - - - 76.2 

F31 
- - - - - - - - - - - - 152.4 

F32 
- - - - - - - - - - - - 228.6 

Note: ñ-ñ means that the value in this blank is the same as the value of base case F1 

5.3.1 Impact Load 

 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 Mph). As shown in 

Figure 5-30 and Figure 5-31, the impact force induced by F800 yields a higher value, 

compared with the impact force induced by C2500 at the same vehicle speed. The peak 

impact force ranges from 2.16×103kN to 1.13×104kN, while the equivalent static force 

ranges from 1.34×103kN to 2.22×103kN. A higher vehicle speed will lead to higher 

dynamic and equivalent static impact forces. Moreover, when the vehicle speed exceeds 

120km/h, the cargo mass will induce a secondary impact. However, its impact force is 

smaller than the head-on initial impact. The initial impact is most critical according to the 

finite elemental analysis result. Compared to the AASHTO design value of 2669kN 

(600kips) equivalent static force, the finite elemental result shows much smaller result, 

which means a conservative estimation of the impact force based on the latest code for 

medium-weight vehicle.  

It is shown in Figure 5-34 and Figure 5-35, 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 concrete strength. 
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For the variation of diameter, larger pier diameter will yield higher peak dynamic 

impact load as shown in Figure 5-36 and Figure 5-37. The equivalent static impact force 

shows insensitivity to the variation of pier diameter. 

With the increase of the pier height, the peak dynamic impact force decreases, while 

the equivalent static load does not change much, as shown in Figure 5-38 and Figure 5-39. 

With higher impact location from the top of the pier footing, 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 Figure 5-42 and Figure 5-43. 

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 Figure 5-48 and Figure 5-49. 

Compared with results of C2500, the increase in the axial force at top of the pier for 

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 Figure 5-52 and 

Figure 5-53. 

It tells in Figures 5-32, 5-33, 5-40, 5-41, 5-44, 5-45, 5-46, 5-47, 5-50, 5-51, 5-54, 

and 5-55, 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 steel 

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 modal shape and the frequency of the pier, have 
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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. 

 

Figure 5-30 Time histories of impact forces with different vehicle speed 

 

Figure 5-31 Peak dynamic forces and equivalent forces with different vehicle speed 
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Figure 5-32 Time histories of impact forces with different soil stiffness 

 

Figure 5-33 Peak dynamic forces and equivalent forces with different soil stiffness 
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Figure 5-34 Time histories of impact forces with different concrete strength 

 

Figure 5-35 Peak dynamic forces and equivalent forces with different concrete strength 
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Figure 5-36 Time histories of impact forces with different pier diameter 

 

Figure 5-37 Peak dynamic forces and equivalent forces with different pier diameter 
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Figure 5-38 Time histories of impact forces with different pier length 

 

Figure 5-39 Peak dynamic forces and equivalent forces with different pier length 
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Figure 5-40 Time histories of impact forces with different steel rebar strength 

 

Figure 5-41 Peak dynamic forces and equivalent forces with different steel rebar strength 
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Figure 5-42 Time histories of impact forces with different impact height  

 

Figure 5-43 Peak dynamic forces and equivalent forces with different impact height 
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Figure 5-44 Time histories of impact forces with different rotational spring stiffness  

 

Figure 5-45 Peak dynamic forces and equivalent forces with different rotational spring stiffness 
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Figure 5-46 Time histories of impact forces with different translational spring stiffness  

 

Figure 5-47 Peak dynamic forces and equivalent forces with different translational spring 

stiffness 
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Figure 5-48 Time histories of impact forces with different cargo mass   

 

Figure 5-49 Peak dynamic forces and equivalent forces with different cargo mass 
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Figure 5-50 Time histories of impact forces with different top mass 

 

Figure 5-51 Peak dynamic forces and equivalent forces with different top mass 
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Figure 5-52 Time histories of impact forces with different axial stress 

 

Figure 5-53 Peak dynamic forces and equivalent forces with different axial stress 
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Figure 5-54 Time histories of impact forces with different tie spacing 

 

Figure 5-55 Peak dynamic forces and equivalent forces with different tie spacing 
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1. Local failure at the impact height;  

2. Shear failure at the impact height within the 45° range;  

3. Bending failure at the foot of the pier;  

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

Figure 5-56 (a) shows the spalling of the cover at the impact location compared with 

5-29 (a). Figure 5-56 (b) shows with small impact speed at 60km/h, it only yields minor 

damage. For the speed at 140km/h, the pier near the foot crushes at two bending side, which 

shows obvious plastic hinge of bending failure. By comparing Figures 5-56 (a) and (d), it 

is found that with smaller soil stiffness, the plastic deformation could be reduced. Figures 

5-56 (a) and (e) show the higher grade of concrete can reduce both local and bending failure 

near the foot. Figures 5-56 (f) and (g) infer that larger section of the pier can also reduce 

the failure. Furthermore, Figure 5-56(f) shows the small section pier with diameter 0.762m 

(2.5ft) could not resist the impact by medium-weight truck at 100km/h, which induces the 

total failure near the footing of the pier with the combination of bending and shearing. 

Figures 5-56 (a) and (h) show that taller pier will extend the bending failure zone at the 

opposite of the impact location of the pier.  Figures 5-56 (j) shows that increasing the 

strength of the steel reinforcement could prevent the spalling at the impact height shown 

in Figure 5-56(a). When the impact happened near the footing of the pier, the bending 

failure zone will be replaced by shear failure zone as shown in Figures 5-56 (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 5-56 (a), (l) and (m), 

the bending failure zone will be redistributed. With the bending restraint in Figure 5-56 (l), 

there will be bending failure near the location of the restraint. Figure 5-56 (m) shows the 



112 

 

wider distribution of the bending failure zone at middle of the pier. Figures 5-56 (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 pier, there will also be a bending failure zone near 

the top of the pier, and the failure at the impact height and the foot could be reduced, as 

shown in Figure 5-56 (o). By comparing the Figures 5-56 (p) and (q), it refers that increase 

the prestressed top axial force, the bending failure would be reduced. Figures 5-56 (r) 

shows the smaller hoop spacing could minimize the shear failure at the impact height. 

 
(a) F1    (b) F2    (c) F5 
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(d) F6     (e) F9     (f) F10 

  
(g) F11    (h) F13    (i) F15 

 
(j) F16     (k) F17     (l) F20 
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(m) F22     (n) F23    (o) F26 

  
(p) F27     (q) F28    (r) F30 

Figure 5-56 Effective plastic strain for the impact induced by F800 medium-weight truck 

5.4 Tractor -trailer  Truck  

Table 5-6 Load cases for tractor-trailer truck 

Case V 

km/h 

Cu 

kPa 

Fyc 

Mpa 

D 

mm 

L 

mm 

Fys 

Mpa 

LI 

mm 

Kr 

N·mm/rad  

Kh 

N/mm 

Mc 

Ton 

Ms 

Ton 

P 

Mpa 

S 

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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T1 
40 - - - - - - - - - - - - 

T3 
60 - - - - - - - - - - - - 

T4 
100 - - - - - - - - - - - - 

T5 
120 - - - - - - - - - - - - 

T6 
- 24.61 - - - - - - - - - - - 

T7 
- 49.17 - - - - - - - - - - - 

T8 
- - 41.37 - - - - - - - - - - 

T9 
- - 55.16 - - - - - - - - - - 

T10 
- - - 762 - - - - - - - - - 

T11 
- - - 1066.8 - - - - - - - - - 

T12 
- - - - 7315.2 - - - - - - - - 

T13 
- - - - 9144 - - - - - - - - 

T14 
- - - - - 275.8 - - - - - - - 

T15 
- - - - - 551.6 - - - - - - - 

T16 
- - - - - - 304.8 - - - - - - 

T17 
- - - - - - 2133.6 - - - - - - 

T18 
- - - - - - - 2 x106 - - - - - 

T19 
- - - - - - - 2 x1012 - - - - - 

T20 
- - - - - - - - 1 x103 - - - - 

T21 
- - - - - - - - 1 x105 - - - - 

T22 
- - - - - - - - - 0 - - - 

T23 
- - - - - - - - - 11.089 - - - 

T25 
- - - - - - - - - - 335 - - 

T26 
- - - - - - - - - - 670 - - 

T27 
- - - - - - - - - - - 0 - 

T28 
- - - - - - - - - - - 10 - 

T30 
- - - - - - - - - - - - 152.4 

T31 
- - - - - - - - - - - - 304.8 

Note: ñ-ñ means that the value in this blank is the same as the value of base case F1 
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5.4.1 Impact Load 

Compared with C2500 and F800, the tractor-trailer 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 speeds at 40km/h (24.9 Mph), 

60km/h (37.3Mph), 80km/h (49.7Mph), 100km/h (62.1Mph), and 120km/h (74.6 Mph). 

As shown in Figure 5-57 and Figure 5-58, the impact force induced by tractor-trailer truck 

yields a much higher value at the same vehicle speed, compared with the impact force 

induced by F800 and C2500. The peak impact force ranges from 3.11×103kN to 

1.76×104kN, while the equivalent static force ranges from 1.92×103kN to 3.52×103kN. A 

higher vehicle speed will lead to higher dynamic and equivalent static impact forces. There 

is no secondary impact, because the kinetic energy is dissipated before the cargo reach the 

pier when the speed not exceeding 80km/h. When over 80km/h, this high-speed value will 

lead to the shear failure of the pier before the secondary impact. Compared to the AASHTO 

design value of 2669kN (600kips) equivalent static force, the 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 impact load is 

smaller than the design value. 

It is shown in Figure 5-61 and Figure 5-62 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 concrete strength. 
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For the variation of diameter, larger pier diameter will yield higher peak dynamic 

impact load as shown in Figure 5-63 and Figure 5-64. The equivalent static impact force 

shows insensitivity to the variation of pier diameter. 

With higher impact location from the top of the pier footing, 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 Figure 5-69 and Figure 5-70. 

When the truck is fully loaded with 22.2ton cargo mass, the peak dynamic load is 

much larger compared with the case with no cargo mass. The equivalent static force also 

changes little with the variation of the cargo mass, as shown in Figure 5-75 and Figure 5-

76. 

The increase in the axial force at top of the pier will induce higher impact load. The 

equivalent static force also is not sensitive to the change of the axial force, which is 

depicted in Figure 5-79 and Figure 5-80. 

It tells in Figures 5-59, 5-60, 5-65, 5-66, 5-67, 5-68, 5-71, 5-72, 5-73, 5-74, 5-77, 5-

78, 5-81, and 5-82, both peak dynamic force and equivalent static force of the impact load 

show insensitivity to the following parameters: stiffness of the soil, length of the pier, yield 

strength of the steel reinforcement, the stiffness of spring at top of the pier, lumped mass 

at top of the pier, and the spacing of the hoop.  



118 

 

 

Figure 5-57 Time histories of impact forces with different vehicle speed 

 

Figure 5-58 Peak dynamic forces and equivalent forces with different vehicle speed 
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Figure 5-59 Time histories of impact forces with different soil stiffness 

 

Figure 5-60 Peak dynamic forces and equivalent forces with different soil stiffness 
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Figure 5-61 Time histories of impact forces with different concrete strength 

 

Figure 5-62 Peak dynamic forces and equivalent forces with different concrete strength 
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Figure 5-63 Time histories of impact forces with different pier diameter 

 

Figure 5-64 Peak dynamic forces and equivalent forces with different pier diameter 
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Figure 5-65 Time histories of impact forces with different pier length 

 

Figure 5-66 Peak dynamic forces and equivalent forces with different pier length 
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Figure 5-67 Time histories of impact forces with different steel rebar strength 

 

Figure 5-68 Peak dynamic forces and equivalent forces with different steel rebar strength 
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Figure 5-69 Time histories of impact forces with different impact height  

 

Figure 5-70 Peak dynamic forces and equivalent forces with different impact height 
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Figure 5-71 Time histories of impact forces with different rotational spring stiffness  

 

Figure 5-72 Peak dynamic forces and equivalent forces with different rotational spring stiffness 
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Figure 5-73 Time histories of impact forces with different translational spring stiffness  

 

Figure 5-74 Peak dynamic forces and equivalent forces with different translational spring 

stiffness 
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Figure 5-75 Time histories of impact forces with different cargo mass   

 

Figure 5-76 Peak dynamic forces and equivalent forces with different cargo mass 
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Figure 5-77 Time histories of impact forces with different top mass 

 

Figure 5-78 Peak dynamic forces and equivalent forces with different top mass 
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Figure 5-79 Time histories of impact forces with different axial stress 

 

Figure 5-80 Peak dynamic forces and equivalent forces with different axial stress 
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Figure 5-81 Time histories of impact forces with different tie spacing 

 

Figure 5-82 Peak dynamic forces and equivalent forces with different tie spacing 
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truck may induce total failure for the pier as shown in Figure 5-83. Four failures 

mechanisms could be observed:  

1. Local failure at the impact height;  

2. Shear failure at the impact height within the 45° range;  

3. Bending failure at the foot of the pier;  

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

Figure 5-83 (a) shows at the impact speed 80km/h, there will be bending failure at 

the impact height. For the impact speed at 40km/h as shown in Figure 5-83(b) there 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 Figure 5-83 (c). Figures 5-83 (a) and (e) 

shows the higher grade of concrete can reduce both bending and shear failures at the impact 

height. Figures 5-83 (f) and (g) infer that larger section of the pier can prevent the shear 

failure. Furthermore, Figure 5-83(f) shows the small section pier with diameter 0.762m 

(2.5ft) could not resist the impact by medium-weight truck at 80km/h, which induces the 

shear failure and leads to the collapse of the pier. Figures 5-83 (a) and (h) show that taller 

pier will cause the shear failure for large impact load by heavy truck more easily.  By 

comparing Figures 5-83 (a) and (i), it shows that incasing the strength of the steel 

reinforcement could prevent the shear failure. When the impact happened near the footing 

of the pier, the bending failure zone will be replaced by shear failure zone as shown in 

Figures 5-83 (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), (l) and (m), the bending failure zone will be redistributed. With the 

bending restraint in Figure 5-83 (l), there will be bending failure near the location of the 
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restraint. Figure 5-83 (m) shows the wider distribution of the bending failure zone at middle 

of the pier. Furthermore, the restraints at top of the pier will aggravate shear failure at the 

impact location. Figures 5-83 (n) shows for an empty tractor-truck, its induced damage is 

smaller. When there is larger mass from superstructure lumped at the top of the pier, near 

the top of the pier, there will also be bending failure zone. Besides, the failure at the impact 

height and the foot could be reduced, as shown in Figure 5-83 (o). By comparing Figures 

5-83 (p) and (q), it refers that increase the prestressed top axial force, the bending failure 

would be reduced. Figure 5-83 (r) shows increasing 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. 

 
(a) T1     (b) T2     (c) T4 
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(d) T6     (e) T9     (f) T10 

  
(g) T11     (h) T12    (i) T14 


























































































































































































































































