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Effects of Soil-Pile Interaction on the Response of Bridge Pier to Barge 

Collision using Energy Distribution Method 

In this paper, the effects of soil-structure interaction (SSI) on the response of a girder bridge pier 

is evaluated by assessing the energy distributions in the barge-pier collision system. The finite 

element models of two example piers of St. George Island Causeway Bridge, which have 

different structural and geometrical characteristics, are developed in LS-DYNA software to 

simulate the barge-pier collision scenarios. By comparing the energy distribution results among 

the barge and pier components, it is obtained that barge bow component has greater value of the 

internal energy contribution than pier components in the barge collision with more stiff pier. 

While, in the barge collision with more flexible pier, the pier components including the pier 

structure, piles, and SSI have more internal energy contributions than the barge component. In 

addition, From the comparison of energy absorbed by the pier structure between the cases with 

and without SSI, it is found that the effect of the substructure and its relevant SSI on the 

response of the more flexible pier affected by the produced large deformations and relative 

displacements of the pier substructure, is more than that of stiff pier which displaces with 

semi-rigid and global deflections. 

Keywords: Barge-pier collision; soil-structure interaction; energy distribution; internal energy 

contribution; LS-DYNA 

1. Introduction

Vessel collision loads must be considered in the design of offshore bridge structures and 

especially those spanning over waterways that are used by commercial vessel traffic because 

these accidents could result in the collapse of structures and death of humans. Two examples 

of such fatal incidents are; striking a cargo ship to the Sunshine Skyway Bridge over Tampa 

Bay, U.S.A, in 1980 that caused the collapse of a portion of the superstructure and the death 



of 35 humans, and more recently in 2007, a vessel collided with the Jiujiang cable-stayed 

bridge in Guangdong, China which led to the collapse of two side spans of the superstructure 

and the loss of nine lives. Following such incidents, many researchers were attracted to study 

on the vessel collision loads and the response mechanisms of bridge pier structures to these 

loads. Since the vessel-bridge collisions are inherently dynamic events, the equivalent static 

methods proposed in some bridge design codes such as AASHTO (AASHTO 2009) could not 

correctly take into account the dynamic parameters during the collisions. Therefore, 

Consolazio et al. (2005, 2006) conducted a series of full-scale experimental tests of barge 

impact on the old St. George Island Bridge to investigate the realistic dynamic responses of 

the striking barge and the struck bridge piers. There are many numbers of numerical studies 

in the literature on the force-deformation of the impacting vessel (Consolazio and Cowan 

2003; Consolazio et al. 2003; Consolazio et al. 2009; Luperi and Pinto 2015; Kantrales et al. 

2015; Getter et al. 2011), and the bridge pier structural response to vessel collision loads 

using with simplified analytical techniques (Consolazio and Cowan 2005; Consolazio and 

Davidson 2008; Yuan et al. 2008, Fan et al. 2011) and numerical high-resolution techniques 

(Yuan and Harik 2010; Sha and Hao 2012). 

Although the offshore bridge piers’ substructure as a resistant boundary condition and 

its interactions with the surrounding soil layers could significantly affect the pier structural 

response to vessel collision loads, only the limited investigations considered the soil-structure 

interaction (SSI) in the vessel-bridge collision simulations. Based on the experimental results 

from the full-scale barge impact tests on the St. George Island Causeway Bridge conducted 

by Consolazio et al. (2005, 2006), McVay et al. (2009) studied on the dynamic soil–structure 



interaction of bridge substructure subject to the barge collision experimentally and 

numerically. It was revealed that the SSI has a major share in the determination of impact 

load magnitude and impacted pier response. The SSI considered in some vessel-bridge 

collision studies by modelling as the equivalent finite soil spring elements based on the 

Winkler’s theory (i.e. Beam on Winkler foundation model) (Fan et al. 2011; Sha & Hao 

2013, 2015; Consolazio & Cowan 2005), and as the soil continuum model including the soil 

behaviour in the near and far fields (Consolazio & Davidson 2008; , Lu & Zhang 2013; Fan 

& Yuan 2014; Zhang et al. 2014). 

In this paper, the effects of the soil-pile interaction (SPI) on the structural responses of 

a girder bridge piers subject to barge collision is evaluated using the assessment of energy 

distributions in the barge-pier system. As a case study, the finite element (FE) models of the 

barge and two piers (named piers 1 and 3) of the St. George Island Causeway Bridge located 

on the south side of the main channel which have different characteristics of structure, 

substructure (foundation), are modelled in LS-DYNA (LSTC, 2015). To achieve the 

validation of finite element models created in LS-DYNA, the numerical results are compared 

with experimental results of two collision scenarios from the full-scale vessel impact tests on 

the piers of St. George Island Causeway Bridge conducted by Consolazio et al. (2005, 2006). 

At first, the soil-pile interaction of each pier is evaluated to assess the mobilization share of 

SPI relative to the other resistance sources of the impacted pier in the barge-pier collision 

system. Then, the impact energy distributions among the various components in the 

barge-pier system including the barge bow, the pier structure, the pier substructure (pile 

foundation), and the surrounding soil layers, is explored to realize the share of energy 



absorption by each of these components. In addition, the energy distributions in the barge and 

pier components are compared to the results of barge-pier collision systems with and without 

considering of SSI to study the effects of the pier’s substructure and its relevant SSI on the 

pier’s response to barge collision. In this study, the beam on the nonlinear Winkler 

foundation model (BNWF) is utilized to model the SPI. The lateral, axial and tip resistance of 

the surrounding soil of the piles (named P-y, T-z, and Q-z curves, respectively) are plotted by 

using FB-MultiPier (2009) based on the strength characteristics of each soil layer. Then, they 

are inputted to the properties of the soil equivalent nonlinear spring elements in LS-DYNA. 

In the case of the pier without SSI, the pier’s substructure (pile foundation) and soil spring 

elements are deleted from the finite element models and a fixed boundary condition is 

considered at the sea bed level (mud-line) of each pier. Although the effects of SSI were 

investigated on the impact load and displacement responses of the pier in previous works 

(Sha & Hao 2013; McVay et al., 2009; Fan & Yuan, 2014), evaluating the effect of SSI on 

the structural response of the impacted pier using of energy distribution method in the 

barge-pier system is the motivation of this paper.  

2. FE modeling of barge and bridge piers 

This section describes the finite element properties and materials used for the barge and the 

pier models.  

2.1. FE modeling of barge 

A typical Jumbo hopper (JH) barge is selected as a striking vessel with available 

characteristics in the AASHTO provisions (AASHTO, 1991) as shown in Figure 1 and its 



parameters are tabulated in Table 1. [Figure 1 and Table 1 near here] 

Figure 1 shows the bow and non-bow (stern) portions of JH barge developed in 

LS-DYNA. The bow portion contains the impact zone with outer plates and internal trusses 

which are modeled using 4-node shell elements with a relative finer mesh than those solid 

elements used in the stern portion. Because, it is expected to obtain the buckling, 

deformations, and the failures of material in the bow portion better than rear portion. In 

addition, the stern portion of the barge is modeled using 8-node brick elements with coarse 

meshing. In this study, a moderate energy collision scenario is considered in which impact 

variables are: impact velocity of 2m/s; fully loaded barge, and a head-on impact (i.e. the 

impact angle is equal to 0o). The barge weight in the case of the fully loaded barge is adjusted 

in the FE model using the mass density of stern portion as given in Table 2. In order to 

represent the failure behaviour of the barge steel plates and trusses modelled by shell 

elements in the bow portion, a failure model of structural steel A36 is selected by utilizing a 

piecewise linearized material model in LS-DYNA named 

MAT_PIECEWISE_LINEAR_PLASTICITY (MAT_024) which defines a piecewise curve for 

stress versus strain as well as a yield stress and failure strain (LSTC, 2016). In Table 2, the 

material properties of steel model A36 are given. [Table 2 near here] 

 

2.2. FE modeling of piers 

Two piers of St. George Island Bridge, which are different in the characteristics of the 

structure, substructure, and in the classification of soil layers, are selected to simulate the 



barge-pier collision in LS-DYNA. Figure 2(a) shows the elevation view of the St. George 

Island Bridge in which the location of piers 1 and 3 in the south side of the navigation 

channel, the water level, and the sea bed elevations are presented. Also, Figures 2(b) and (c) 

demonstrate the dimensions and the elevation of the impact zone, the water level, sea bed 

(mud-line) level, and the soil layers related to piers 1 and 3, respectively. The water level at 

the location of the Pier-1 is 2.74m above the piles’ cap surface level and the sea bed level is 

at the same level of the piles’ cap surface. Besides, the water and sea bed levels at the 

location of the Pier-3 are 2.44m and 4.88m below the piles’ cap surface level, respectively. 

This means that pile cap+seal of Pier-1 is surrounded by soil, but the pile caps of the Pier-3 

are free and at above the water and sea bed levels. The cross section dimensions of square 

columns of the Pier-1 vary from 2.13×2.00 m at the bottom level to 1.84×1.41 m at the top 

level, and for the Pier-3 from 1.51×1.07 m at the bottom level to 1.10×1.07 m at the top level. 

Therefore, the Pier-1 is relatively stiff and massive pier and has a more structural stiffness 

than Pier-3 which is a more flexible pier. 

In LS-DYNA, the concrete of bridge piers is modeled using 8-node brick elements 

with a linear elastic material named as MAT_ELASTIC (MAT_001). Because, according to 

observations during the experimental tests on these piers, it is not expected to occur the 

severe damages in the concrete material. In the substructure zones, Pier-1 has 40 H-shape 

steel piles which are modeled using beam elements with the same material properties as used 

for barge steel material (see Figure 3(a)). Also, the Pier-3 has 8 precast concrete piles which 

are modeled using 8-node brick elements with the same concrete material properties as used 



for the pier structural members (see Figure 3(b)). The material properties of piers’ concrete 

are given in Table 2. [Figure 2 and Figure 3 near here] 

 

In order to simulate the barge-pier collision scenario in LS-DYNA, a contact 

algorithm named CONTACT_AUTOMATIC_SURFACE_TO_SURFACE is utilized between 

the barge bow and the pier. The sliding and frictional forces during the barge-pier contact are 

taken into account by applying the dynamic and static frictional coefficients to the FE model 

with a value of 0.3. Also, a contact algorithm named CONTACT_AUTOMATIC_SINGLE_ 

SURFACE is defined between the internal plates of barge bow because it may occur the 

deformations during the secondary contacts after the collision. In the FE models of the piers, 

a CONTACT_AUTOMATIC_NODES_TO_SURFACE algorithm is employed to avoid 

penetrations at the interface locations where the structural members have been modeled with 

different mesh sizes. 

 

2.3. FE modeling of soil-pile interaction 

2.3.1. Principle theory of soil-pile interaction in the near and far fields 

El Naggar & Novak (1996) developed a computational model of dynamic P-y curves 

for the lateral response of the pile’s head to a harmonic load. In their model, the lateral 

resistance of the soil was modeled through the nonlinear springs in the near field, and through 

the linear springs and dashpots in the far field. According to literature reported in Brown et 

al. (2001), the hysteretic behaviour of the soil in the near field is represented by the nonlinear 

P-y curves in series with frequency dependent dampers, while, the radiation damping in the 



near field is represented by the linear soil springs in parallel with viscous dampers (see Figure 

4). In the far field, the stiffness and radiation damping characteristics of the soil are modeled 

through a separate linear spring and dashpot (Brown et al., 2001). [Figure 4 near here] 

The stiffness and damping parameters used within these fields are presented as 

follows. In the near field, the stiffness of the nonlinear spring (kNL) is given assuming the 

listed conditions: plane strain conditions (i.e. in a three-dimensional soil element, strain in 

one of the horizontal directions is supposed to equal zero), homogeneous isotropic 

viscoelastic and massless medium in the near field; the pile is rigid and circular; there is no 

separation at the soil-pile interface and displacements are small. 
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where r0 is the pile radius, r1 is the outer radius of the near zone, and ν  is the 

Poisson’s ratio of the soil layer. The ratio r1/r0 depends on the extent of nonlinearity, which 

depends on the level of loading and on the pile’s size. Gm is the modified shear modulus of 

the soil and is approximated, according to the strain level, by a hyperbolic law as follows:  

 1
max 1

G Gm
η
η

 −
=  + 

    (2)  

where Gmax is the maximum shear modulus (small strain modulus) of the soil 

according to the laboratory or field tests; the parameter η = P/Pu is the ratio of the horizontal 

soil reaction in the soil spring, P, to the ultimate resistance of the soil element, Pu. The 

ultimate resistance of the soil element is calculated using standard relations given by API 

(2000). 



The stiffness of the linear spring (kL), and the damping coefficient of the dashpot (cL) 

which are used to model the soil stiffness and radiation damping in the far field are given in 

Equations (3a) and (3b) according to Novak et al. (1978) as follows: 

 max 1( )L uk G S ν=   (3a) 

 max 1
2 0

2
( 0.5,  )L u

G r
c S a

Vs
ν= =    (3b) 

where a0=ωr1/Vs is the dimensionless frequency; ω is the frequency of loading, Vs is 

the shear wave velocity of the soil layer, Su1 and Su2 are the general variations in terms of 

Poisson’s ratio ν and material damping D [Su1, Su2(a0, ν, D)] with the determined values in 

Novak et al. (1978). 

From the given stiffness and damping for both near and far zones, the total soil 

stiffness kpy and damping cpy represented by the P-y curve suggested by Nogami et al. (1992) 

based on the physical tests are given in Equations (4a) and (4b): 

 1 1 1

py L NLk k k
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where kL and cL are the soil stiffness and damping in the far field, respectively; kNL and cNL are 

the combined near field soil stiffness and damping, respectively. 

In this study, the interface between the near and far fields is limited to the surrounding 

soil of each pile within the pile group. Therefore, the total equivalent stiffness (kpy) is utilized 



in the unified zone to model the soil nonlinearity in the near and far fields. Consequently, this 

total equivalent stiffness is modeled by soil resistance curve and nonlinear soil spring 

elements in the equivalent unified zone. In this paper, the developed finite element model of 

SSI is different from those concepts of near and far fields expressed by Wolf (1985) in the 

unbounded soil domain. Indeed, the soil behavior in both near and far fields in the equivalent 

unified zone around each pile considered in the present study is included in the irregular near 

field of soil-structure interaction expressed by Wolf (1985). 

2.3.2. Numerical FE models of soil-pile interaction in LS-DYNA 

The FE models of soil for the piers 1 and 3 are developed based on borehole logs and 

dynamic soil properties obtained from the geotechnical investigations conducted by McVay 

et al. (2009) during the experimental barge impact tests on the St. George Island Bridge. In 

FB-MultiPier, soil-pile interactions in each of the piers 1 and 3 are modelled using the 

methods proposed by Reese et al. (1974) and McVay et al. (1989) for the soil lateral and 

axial resistances of the cohesionless soil, respectively, and using the proposed method by 

Matlock (1970) for cohesive soil. In LS-DYNA, the pile-soil interaction is modeled using the 

nonlinear type of elastic-plastic springs named MAT_SPRING_GENERAL_NONLINEAR. A 

group of springs which contains two sets of lateral soil springs in the x-direction and 

y-direction and one set of axial soil springs in the z-direction is attached to each pile node 

with the distances of 1.22 m and 0.61 m in the piers 1 and 3 as shown in Figure 3(a) and 3(b), 

respectively. According to the soil test investigations conducted by McVay et al. (2005), the 

resistance characteristics of the pile group foundations surrounding soil layers of the piers 1 



and 3 are given in Table 3 and 4, respectively. The piles’ cap of the Pier-1 is surrounded by 

soil and each of the piles’ cap and concrete seal are divided into 5 sections using the brick 

elements on both front and back faces along with the 5 rows of H-shape piles and the piles' 

cap-soil interaction is modelled using a set of nonlinear springs (see Figure 3(a)). [Table 3 

and Table 4 near here] 

In this paper, the soil damping is modeled using the equivalent viscous dampers and 

using Smith empirical equation with damping coefficients computed based on the model 

developed by Novak et al. (1978) and agreed with a plan strain model of radiation damping 

developed by Gazetas and Dobry (1984) as follows: 

  .  . s udR j R v=   (5) 

where Rd is the damping resistance force, js is the damping factor (equal to 0.1s/m for sandy 

soil and 0.6s/m for clay), Ru is the static resistance of the soil. The viscous damping factor, c, 

is obtained through the product of Smith damping factor and Ru, the soil axial resistance can 

be replaced by Pu of a pile lateral resistance (ultimate lateral for single pile) as follows: 

 .  s uc j R=    (6) 

To simulate of soil resistance behavior using with nonlinear springs in LS-DYNA, the 

load-transfer displacement characteristic curves obtained from FB-MultiPier are inputted to 

the properties of soil spring elements in LS-DYNA. Figure 5 shows an example of the input 

curve including of loading and unloading curves at depth -6.1 m of the substructure of the 

Pier-1. [Figure 5 near here] 

 



As shown in Figure 5, the unloading curve represents the formation of a gap model in 

the soil cyclic resistance behavior. During the barge-pier collision, the cyclic behavior of the 

soil resistance in the substructure is modeled using a gap formulation. Figures 6(a) to (d) 

show the procedure of the formation of the soil gaps and their performance during the 

dynamic loading and unloading cycles of the soil-pile interactions induced by the collision 

load. Once the pile is deflected with a plastic behavior in the positive direction (+y) during 

the first loading step (step-1), the soil undergoes the permanent deformation at constant load. 

Step-2 shows the unloading of soil, which has the same slope as the initial slope of loading in 

the elastic behavior. Then, the pile moves along the generated permanent deformation without 

any soil resistance in the step-3 which represents the formation of a gap in the +y direction. 

The same procedure is repeated until the formation of a gap in the negative direction when 

the pile is loaded in reverse from steps 4 to 6. In order to load the soil once again in the +y 

direction in step-8, the pile should move along the generated total gap (i.e. the sum of gap 

distances in the +y and –y directions) in steps 6 and 7. After loading in step-8, the pile is 

unloaded and move along the added gap in steps 9 and 10, respectively, to reach in loading 

step in –y direction. These cyclic processes of gap formation are repeated until the completely 

dissipation of the collision energy. [Figure 6 near here] 

 

3. Validation of FE models 

To validate the FE models of barge and piers, two barge collision scenarios with the 

are simulated in LS-DYNA with the same collision characteristics as those full-scale 

experimental impact tests on the isolated piers 1 and 3 named P1T7 and P3T3, respectively, 



conducted by Consolazio et al. (2006). Then, the impact force, pier displacement responses, 

and the soil resistance curves from FE simulations are compared with those results from the 

experimental impact tests. The characteristics of two experimental scenarios P1T7 and P3T3 

for the Pier-1 and Pier-3 are given in Table 5. [Table 5 near here] 

The comparison of the impact force, pier displacement responses, and the soil 

resistance curves from FE simulations and experimental results are shown in Figures 7(a) to 

(d), respectively. It is found that FE results are in good agreement with experimental results. 

Although some discrepancies are observed because of some unavoidable errors in the FE 

simulations such as considering the preliminary material models for concrete and neglecting 

the hydrodynamic effects. Also, by comparing the SSI results between the FE and 

experimental results, it is obtained that the results are almost close to each other, but there is a 

little difference in the unloading curves. Because, in this study, it is assumed that the slope of 

unloading curve is equal to the initial slope of the loading curve as elastic. In addition, it was 

found that the FE model with mesh sizes between 20mm to 120mm from finer meshes in the 

impact zones to very coarse meshes in the other zones, respectively, give a good 

compatibility compared with the experimental results. Results from the LS-DYNA 

simulations converged for 1455 and 3550 elements of Pier-1 and Pier-3, respectively. [Figure 

7 near here] 

 

4. Evaluating the soil-pile interaction during barge-pier collision 

In this section, the mobilization of soil lateral resistance during the barge impact to 

each of piers 1 and 3 are evaluated to realize the resistance contribution of pier’s substructure 



and its relevant SSI against the barge impact load. Consequently, in the next section, the 

distributions of energy among the barge and the pier components in the barge-pier system 

will be assessed to study the effects of pier substructure and its relevant SSI on the piers 

structural responses. Since a barge impact load is laterally applied on the impacted pier, the 

soil lateral resistance has a more significant role than other directions in the resistance of the 

pier against the barge impact load. Therefore, in this paper, only the soil lateral resistance 

(P-y) is evaluated for soil-pile interactions. 

4.1. Soil-pile interaction results during the barge-Pier-1 collision 

In order to evaluate the share of soil-pile interaction resistance in the barge-pier 

collision system, the resistance forces of soil layers are compared versus the barge impact 

force and the pier inertial force as a key resistant source against the impact load. Figure 8(a) 

shows the cyclic behavior of total soil resistance at various depths of the substructure of 

Pier-1 in comparison with the impact force and the pier inertial resistance during the collision. 

From LS-DYNA simulation results, the total soil resistance force at each depth is calculated 

from the sum of extracting force results related to the soil springs attached to each pile node 

in that depth. For instance, in the Pier-1 which has 40 piles, if the pile had 3 nodes within the 

layer with the depth height of hi, and the had an extracted output soil lateral resistance of P(t) 

kN/m in that layer, then, the total soil lateral resistance at the level of each node would have a 

value of [40×P(t)× hi]/3. Also, the total inertial force of the pier is calculated using Newton’s 

laws of motion according to Equation (7) as follows: 

. ( )IF M a t=                                (7) 



where FI is the total inertial force of pier, M and ( )a t  are the total mass and 

acceleration of the pier, respectively, which are calculated from the sum of masses and 

accelerations of the pier structural members. 

Figure 8(a) shows the comparison between the cyclic behavior of total soil lateral 

resistances at the substructure various depths -6.1m, -9.75m, and -12.19m of the Pier-1 and 

the impact force and the pier inertial resistance during the collision. These total soil 

resistances at each depth are calculated according to the aforementioned procedures from the 

soil spring lateral forces (P-y) extracted at depths -6.1m, -9.75m, and -12.19m as shown in 

Figures 8(b) to (d), respectively. It is observed that little bit time after the barge impact on the 

Pier-1, the inertial force is mobilized with a positive value sooner than soil resistances. 

Afterwards, when it reaches a negative value between 0.2s to 0.85s, it means that the pier 

inertial force is mobilized in the same direction as that direction of the applied impact load. 

During this period of time, the soil lateral resistance is mobilized as a major resistance source 

of the pier against the sum of barge impact and the added inertial forces. Since the pile 

cap+seal of Pier-1 has been surrounded by the soil, it is seen that resistance provided at this 

depth (i.e. depth of -6.1m) is more than those in the depths below. In Figure 8(b), once the 

lateral resistance of soil is fully mobilized at 20mm with a corresponding ultimate lateral 

resistance 35.4kN (Pu=35.4kN), it is yielded up to the plastic state during the loading process. 

Figure 8(c) and (d) show the mobilization of soil spring in the depths -9.75m and -12.19m 

which had the peak values approximately Pu=17.58kN and Pu=15.16kN with displacements 

about 15.94mm and 11mm in the positive direction (+y), respectively. 



As shown in Figure 8(a), during the unloading of barge impact load on the Pier-1, the 

SSI forces at various depths is unloaded after time 0.7sec with a reduction in the value of soil 

resistance force. This unloading process occurs for the total soil resistance at depths -6.1m, 

-9.75m, and -12.19m by unloading curve in the positive side (+y) in which Pu reaches zero in 

12.86mm (see Figure 8(b) to (d)). After unloading the spring, Pu passes in zero value which is 

represented as “a gap” around the pile until to reach a negative value. When the contact 

between the barge and pier is finished and impact force reaches zero at the time about 1.1s, 

the soil lateral resistance act in reverse direction between the times about 1.1s to 1.8sec. 

While, the inertial force of the pier has a positive value during the major part of this period. It 

means that acts as a main resistance source against the barge impact load during this period of 

time. Then, when the soil forces reach zero from the negative values, the first cycle of soil 

resistance behavior is formed. This process is repeated until the dissipation of whole impact 

energy. [Figure 8 near here] 

 

4.2. Soil-pile interaction results during the barge-Pier-3 collision 

As shown in Figure 9(a), the inertial force of the Pier-3 has more structural vibration than 

Pier-1 related to the pier deformations and deflections affected by barge collision load. Also, 

the mobilization time of the pier inertia occurs sooner than soil resistance (also see Figure 

9(b)). Unlike the substructure of Pier-1, since the pile caps of Pier-3 are not surrounded by 

soil, and also this pier is more flexible than Pier-1, it is expected that soil springs in the 

substructure of the Pier-3 would be mobilized more in plastic limits (particularly in the upper 

depths). Figures 9(c) to (e) show the mobilization of soil lateral resistance with the 



displacement values of 45.34mm, 30.3mm, and 18.0mm. at depths -2.44m, -7.93m and 

-12.19m, respectively. As shown in Figures 9(c) and (e), because of large deformations of 

Pier-3, sizable gaps have been developed at depths -2.44m and -12.19m in the sandy and silty 

fine sand layers, respectively, with full to the partial plastic mobilization of soil lateral 

resistance. While, no gapping has been observed at depth -7.93m in a clay layer of soil with 

no major plastic mobilization (see Figure 9(d)). In Figure 9(b), it is shown that soil resistance 

at -2.44m has the most contribution among the other depths. Also, the formation of gaps 

between the times 0.41s to 1.05s, 1.14s to 1.38s, and 1.46s to 2.0s are seen during and after 

the barge collision. [Figure 9 near here]

 

5. Evaluating the energy distribution of the barge-pier system 

In this section, the energy distributions among the various components of the barge and the 

piers’ members are evaluated to explore the effects of piers’ substructure and its relevant SSI 

on the pier response to barge impact load.  

The total energy of a barge-pier impact scenario consists of: the kinetic energy; the 

internal energy absorbed by each of the barge and pier components through generated 

deformations in the barge bow and pier; the rest of the barge kinetic energy after the 

collision; damping energy about the pier structure and substructure; and the hourglass energy 

consumed in the meshing model. In Figure 10, the kinetic, internal, and the total energy of a 

general system of barge-piers 1 and 3, are plotted. It is found that the total energy absorbed in 

the barge-Pier-3 system which is the sum of internal energies of the barge and pier 

components (including the structure and substructure members) is little greater than that in 



the barge-Pier-1 system. In order to realize clearly the energy distributions in the collision 

systems, the share of internal energy of various components is evaluated. [Figure 10 near 

here] 

In Figures 11(a) and (b), it can be seen that the share of internal energy absorbed by 

the barge bow in the barge-Pier-1 system is significantly greater than that in the barge-Pier-3 

system. This is because that the structural stiffness of the Pier-1 is relatively more than 

Pier-3. Therefore, the impact energy and severity of a barge collision with Pier-1 is more than 

that in a collision with Pier-3. As shown in Figure 11(a), the contribution of internal energy 

absorbed by the piles’ cap+seal surrounding soil lateral resistance (P-y) of the Pier-1 is about 

13%, the piles’ surrounding soil is about 4%, the barge bow is 75%, and the pier structure is 

6% of total internal energy in the general system of barge-Pier-1. In addition, the internal 

energies absorbed by the sum of the axial soil springs of the pier-1 have very low values 

about 1%. Besides, Figure 11(b) presents the energy share of various components in the 

barge-Pier-3 system. It is obtained that the share of internal energy absorbed by the barge 

bow is about 34%, the pier structure is 10%, the piles of the pier is 18%, and the piles’ 

surrounding soil is 38% of total internal energy in the general system of barge-Pier-3. From 

these results, it is revealed that the internal energy absorbed by the Pier-3 (i.e. the sum of 

internal energies of the pier structure and SSI) is more than that absorbed by the Pier-1. 

Because, the Pier-3 which is a more flexible pier than Pier-1, undergoes more structural 

deformations and deflections during and after the barge collision. Also, from the SSI results, 

it was obtained that the energy dissipation during the cyclic behaviours and the lateral 

displacements in the substructure of Pier-3 is more than Pier-1. The three deformation stages 



of the piers 1 and 3 at the times of peak impact force, maximum displacement at impact zone, 

and after rebounding of barge using with displacement contours from the simulation results in 

LS-DYNA are shown in Figures 12(a) to (f). The large deformations in the structure and 

substructure of the Pier-3 are seen in Figures 12 (d) to (f) in which major curvy deformations 

are produced locally at the impact level of the pier. Also, it is seen that the major portion of 

the impact energy is dissipated by large deformations and deflections (relative displacements) 

of the piles and SSI of this pier. While, in Figures 12(a) to (c), it is seen that the stiff Pier-1 

displaces almost rigidly with global mutations of the whole pier in which relative 

displacements (deflections) of the pier structure to the substructure is notably lesser than 

those of Pier-3. [Figure 11 and Figure 12 near here] 

 

To explore the effects of the pier substructure and its relevant SSI on the pier’s 

response in a barge-pier system, the FE models of piers are simulated without SSI subject to 

barge collision in LS-DYNA. To do this, the pier substructure (piles) and soil spring elements 

are deleted from the finite element models and the piers are fixed at the sea bed levels 

(mud-line) which were indicated in Figures 2(a) and (b) for the piers 1 and 3, respectively. 

As shown in Figure 13, the share of internal energy absorbed by the barge bow in the 

impact to the piers 1 and 3 without SSI are more than those with SSI because of increasing 

the stiffness of piers in the cases without SSI due to fixed base boundary condition. Also, it is 

observed that the internal energy of the barge bow in a collision with piers 1 and 3 without 

SSI decreases suddenly at the time of 0.2s after the collision. This is because that the 

barge-pier contact is interrupted and the impact force reaches zero (barge rebounding) as 



shown in Figure 14. However, the occurrence time of this rebounding is about 1.1s in the 

cases with SSI. [Figure 13 and Figure 14 near here] 

 

Figures 15(a) and (b) show the comparison of the internal energy absorbed by the 

structures of the piers 1 and 3 between the cases with and without SSI, respectively.  

From the Figure 15(a), It is obtained that the energy absorbed by the structure of the 

Pier-1 is not significantly changed by removing the SSI effects from the FE model of the 

barge-pier system. While, Figure 15(b) shows major differences between the energy results of 

the Pier-3 structure in the cases with and without SSI. Therefore, it is found that the 

substructure and its relevant SSI of the Pier-3 have more significant effects on the pier’s 

responses than that of Pier-1. Consequently, the SSI in the piles’ surrounding soil of the 

Pier-3 (affected by large deformations of the piles) is one of the main sources of the energy 

absorbed in the barge-Pier-3 system (also see Figure 11(b)). Also, a periodic behavior is 

observed in the response of the structure of Pier-3 with SSI in accordance with those 

vibration behaviors observed in the inertial force of Pier-3 (also see Figure 9(a)). The main 

causes of the different effects of the pier substructure on the response of the piers 1 and 3 can 

be listed as follows: (i) differences between the structure (including stiffness and inertia 

parameters), substructure (including the piles, SSI, and soil layers), and geometry (piers’ 

dimensions) characteristics of the piers 1 and 3; (ii) differences between the water and sea 

bed elevations; (iii) differences between the location of barge impact on the piers. [Figure 15 

near here]

 



6. Conclusions 

In this paper, the effect of pier’s substructure and its relevant SSI on the response of 

piers 1 and 3 located in the main channel of the St. George Island Bridge to the barge 

collision was explored using the assessment of energy distribution in barge-pier systems. At 

first, the mobilization of the piles surroundings soil resistance at various depths were 

explored to realize the share of soil resistance force in the barge-pier collision systems. From 

the soil-pile interaction results, it was found that although the soil resistances are mobilized to 

plastic limits along with cyclic behaviours and formation of soil gaps at the upper soil layers 

of both substructure of piers 1 and 3 where are near to the impact load level, the sizable gaps 

are produced at lower depths of the piles surrounding soils of the more flexible Pier-3 

affected by large deformations and deflections. In addition, by comparing the energy 

distributions among the various components of the barge-piers 1 and 3 systems, it was 

obtained that the SSI and the structure of the Pier-3 have more contributions of system 

general internal energy than those of Pier-1. These internal energy contributions for the 

barge-Pier-1 system are; 13% for the piles’ cap+seal surrounding soil lateral resistance (P-y), 

4% for the piles’ surrounding soil, 75% for the barge bow, and 6% for the pier structure. For 

the components of the barge-Pier-3 system, these contributions are; 34% for the barge bow, 

10% for the pier structure, 18% for the piles of the pier, and 38% for the piles’ surrounding 

soil.  

With comparing the energy absorbed by the pier’s structure related to the structural 

deformations in the cases with and without SSI, it is concluded that the effects of the Pier-3 

substructure and its relevant SSI on the pier’s response are more than those of Pier-1. This is 



because: (i) the stiffness and inertia of Pier-1 is more than Pier-3; (ii) unlike Pier-3, the pile 

cap+seal of Pier-1 is surrounded by soil, while the sea bed level (mud-line) in the location of 

Pier-3 is 2.44m below the bottom of piles’ cap; (iii) the share of transferring barge impact 

load toward the pier substructure in the Pier-3 is more than Pier-1 because the distance 

between the barge impact location and the pier substructure in the Pier-3 is lesser than that in 

the Pier-1. 
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Table captions 

Table 1. Barge dimensions used in the present model. 

Table 2. Material properties used for FE models of barge and piers in LS-DYNA 

Table 3. The soil layer characterstics of Pier-1. 

Table 4. The soil layer characterstics of Pier-3. 

Table 5. Characteristics of experimental barge impact tests. 

 

Figure captions 

Figure 1. Dimension parameters and element definition of Jumbo hopper barge. 

Figure 2. Diagrams of the case study bridge piers; (a) elevation view of the location of bridge 

piers, (b) dimensions and elevations in the Pier-1, (c) dimensions and elevations in the Pier-3. 

(unit in meter)

Figure 3. FE models of the piers subject to the barge collision in LS-DYNA; (a) Pier-1, (b) 

Pier-3. 

Figure 4. Soil model in the near and far fields. 

Figure 5. Input P-y curve at depth -6.1 m of the Pier-1. 

Figure 6. Procedures of the soil gap formation; (a) steps for gap model in the first cycle of 

pile loading and unloading; (b) reloading of the pile to initiate the second cycle; (c) formation 



of added gap in the second cycle; (d) corresponding deformation shapes of pile for the gap 

formation stapes.   

Figure 7. Comparing the results from LS-DYNA simulations and experimental tests; (a) 

impact force time histories of P1T7 and P3T3; (b) displacement time histories of P1T7 and 

P3T3; (c) soil P-y curve at depth -6.1m of P1T7; (d) soil P-y curve at depth -9.14m of P1T7. 

Figure 8. The mobilization of the resistance sources of Pier-1 during the collision; (a) 

comparing the resistance sources, (b) soil P-y at -6.1m; (c) soil P-y at -9.75m; (d) soil P-y at 

-12.19m. 

Figure 9. The mobilization of the resistance sources of Pier-3 during the collision; (a) 

comparing the inertial force and impact force, (b) comparing the time histories of soil lateral 

resistance at various depths, (c) soil P-y at -2.44m; (d) soil P-y at -7.93m; (e) soil P-y at 

-12.19m. 

Figure 10. Comparing the time histories of general energies between the barge-pier systems 

of Pier-1 and Pier-3. 

Figure 11. Distribution of internal energy among the various components of the barge-pier 

systems of; (a) Pier-1, (b) Pier-3. 

Figure 12. Three deformation stages of the piers 1 and 3 at the times of; (a) t=0.05s for 

Pier-1, (b) t=0.36s for Pier-1, (c) t=1.15s for Pier-1, (d) t=0.04s for Pier-3, (e) t=0.24s for 

Pier-3, (f) t=1.2s for Pier-3. 

Figure 13. Comparing the internal energy of barge bow between the cases with and without 

SSI. 

Figure 14. Comparing the impact force time histories in barge-pier systems between the cases 

with and without SSI. 

Figure 15. Comparing the internal energy absorbed by the pier structure between the cases 

with and without SSI; (a) Pier-1, (b) Pier-3. 



Tables: 

Table 2. Barge dimensions used in the present model. 

Parameter Symbols Value (m) 
Length LB 59.44 
Width BM 10.67 
Bow rake length RL 6.10 
Depth of bow DB 3.96 
Depth of vessel DV 3.65 
Head log height HL 0.61-0.91 
 

 

Table 2. Material properties used for FE models of barge and piers in LS-DYNA 

Model Input parameter Magnitude 
Barge steel in bow portion 
and steel piles of Pier-1 

Mass density 7.86×103 kg/m3 
Young’s modulus 211 GPa 

Poisson’s ratio 0.33 
Yield stress 248 MPa 

Failure strain 0.2 

Barge stern portion Mass density  880 kg/m3 

Pier concrete Mass density 2400 kg/m3 
Young’s modulus 27.8 GPa 

Poisson’s ratio 0.15 
 

 

Table 3. The soil layer characteristics of Pier-1. 

Soil type Depth (m) Unit 
weight 
(kg/m3) 

Friction 
angle 
(Degrees)       

Subgrade 
(kN/m3)             

Undrain  
strength 
(kN/m2)      

Strain at 
50%    
      

Shear 
module 
(kN/m2)  

Poisson's 
ratio 

Vertical 
shear fail 
(kN/m2) 

Loose silt and 
shell 

2.74-6.1            1553.94 27 1.17×104 4.98 0.02 4.36×103 0.3 13.4 

Slightly silty 
sand 

6.1-6.4         1703.41
  

27 9.5×103 – – 7.41×103 0.3 9.03 

Organic fine 
sand 

6.4-6.71        1671.37  – – 27.5 0.02 9.99×102 0.37 7.75 

Silty sand 6.71-7.62          1756.91 27 1.38×104 - - 1.41×104 0.3 9.03 

Silty clay to 7.62-9.14          1553.94 – – 15.9 0.02 6.63×102 0.2 13.4 



clayey silt 
Silty sand 9.14-10.67  1746.18 28 2.09×104 – – 3.26×104 0.3 21.9 

Clay 10.67-12.19 1593.99 – – 17.8 0.07 6.55×102 0.35 26.0 

Fine sand 12.19-19.2     2007.79 33 6.08×104 – – 1.61×105 0.37 20.3 

 
 

Table 4. The soil layer characteristics of Pier-3. 

Soil type Depth (m)          Unit 
weight 
(kg/m3) 

Friction 
angle 
(Degrees)       

Subgrade 
(kN/m3)             

Undrain  
strength 
(kN/m2)      

Strain at 
50%     
     

Shear  
module 
(kN/m2) 

Poisson's 
ratio 

Vertical 
shear fail 
(kN/m2) 

Fine sand 2.44-4.72 1762.20 27 9.5×103 – – 2.59×103 0.2 57.5 
Clay 4.72-8.05 1602 – – 71.8 0.02 9.58×102 0.25 23.4 

Silty fine 
sand 

8.05-11.83 1906.4 28 1.82×104 – – 4.65×103 0.3 19.2 

Silty fine 
sand 

11.83-16.76         1986.5 31 2.12×104 – – 2.07×104 0.35 108 

Fine sand 16.76-22.25            1986.5 40 3.99×104 – – 5.52×104 0.4 110 

 

 

Table 5. Characteristics of experimental barge impact tests. 

Test ID Impact speed (m/s) Impact weight (tons) 
P1T7 1.76 604 
P3T3 0.95 344 
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