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Abstract 

The purpose of this study is to evaluate the dynamic response of fiber-

reinforced polymer (FRP) composite sandwich panels subjected to typical 

barge impact masses and velocities to develop force time histories that can 

be used in controlled experimental testing. Dynamic analyses were 

performed on FRP composite sandwich panels using the finite element 

method software Abaqus/Explicit. The “traction-separation” law in the 

Abaqus software is used to define the cohesive surface interaction 

properties to evaluate the damage between FRP composite laminate layers 

as well as the core separation within the sandwich panels. Numerical 

models were developed to better understand the damage caused by barge 

impacts and the effects of impacts on the dynamic response of composite 

structures. Force, displacement, and velocity time histories were obtained 

with finite element modeling for several mass and velocity cases to develop 

experimental testing procedures for these types of structures. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 

Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 

All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 

be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

As the use of fiber reinforced polymer (FRP) composites as structural ma-

terials evolves, the United States Army Corps of Engineers (USACE) has 

studied the functionality, durability, and structural integrity of these mate-

rials in civil works infrastructure. FRP composites have advantages such as 

high mechanical strength with respect to their density and excellent re-

sistance to environmental degradation compared to traditional construc-

tion materials like steel. Several analytical and experimental tests have 

been conducted by USACE to understand structural behavior due to barge 

impacts. A full-scale field test was conducted at Winfield Lock and Dam, 

where a scaling of an existing impact force time history was recorded 

(Ebeling et al. 2010). Even considering previous efforts and experiments 

made by USACE, there is limited research about the dynamic response of 

FRP composite sandwich panels subjected to typical barge impact masses 

and velocities. Detailed finite element analyses employing damage caused 

by a barge impact and its effect on the dynamic response of composite 

structures are analytical tools implemented to better understand these 

types of structures. 

1.2 Objectives 

This effort intends to improve our understanding of the damage caused by 

barge impacts and impact effects on the dynamic response of FRP compo-

site structures. The main objective is to use finite element modeling (FEM) 

to obtain force, displacement, and velocity time histories that will be used 

for experimental testing procedures for these types of structures. Time his-

tories are developed for several mass and velocity cases representing 

scaled and real-world case scenarios for barges. 

1.3 Approach 

The proposed effort evaluates the dynamic response of FRP composite 

sandwich panels subjected to typical barge impact masses and velocities to 

develop force time histories to be used in controlled experimental testing. 

This effort includes the use of Abaqus/Explicit, which is commercially 

available, nonlinear finite element software. To evaluate the damage be-
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tween FRP composite laminate layers as well core separation in the sand-

wich panels, the “traction-separation” law available in the Abaqus software 

is used to incorporate cohesive interaction properties. 

1.4 Research Significance 

This effort contributes time history estimates obtained with FEM. Imme-

diate transfer of technology will result in the installation of a composite 

vertical lift gate structure at the W. P. Franklin Dam in Florida. This con-

tribution could improve navigation infrastructure by enabling the use of 

composite materials rather than conventional materials such as steel. 

W. P. Franklin is a 103.63 m (340 ft) spillway with eight vertical lift gates 

(See Figure 1).* Gate dimensions are 11.83 m (38.8 ft) × 5.85 m (19.2 ft) (as-

sembled from two pieces) with a weight of approximately 21,772 kg 

(48,000 lb). Gates can see approximately 1.52 m (5 ft) of hydraulic head in 

the closed position on either side of the gate (normal and reverse head) de-

pending on water conditions. 

Figure 1. W. P. Franklin Spillway vertical lift gates, Okeechobee Waterway, Florida. (US Army 

Corps of Engineers, Jacksonville District. n.d. Media. Images. Accessed 2023. 

https://www.saj.usace.army.mil/Media/Images/igphoto/2001724853/. Public domain.) 

 

 

* For a full list of the spelled-out forms of the units of measure and the unit conversions 

used in this document, please refer to US Government Publishing Office Style Manual, 31st 

ed. (Washington, DC: US Government Publishing Office, 2016), 248–52, 345–47, 

https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf. 

https://www.saj.usace.army.mil/Media/Images/igphoto/2001724853/
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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1.5 Overview 

Chapter 2 presents the geometry, properties, and typical layouts of FRP 

wicket gates and orthotropic properties that are assigned in the FEM of 

these type of structures. Chapter 3 presents the cohesive interaction prop-

erties used to predict FRP interface delamination. Chapter 4 includes a 

brief review of previous barge impact experiments. It also presents typical 

barge velocities, approach angles, and impact loads. Chapter 5 presents 

the geometry, properties, and typical layups of the FRP composite sand-

wich panels to be used for FEM and experiments. Details of the numerical 

models developed in this investigation are presented in Chapter 6. Conclu-

sions and recommendations for further studies are presented in Chapter 7. 
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2 Fiber-Reinforced Polymers (FRP) Wicket 

Gate Modeling 

2.1 Introduction 

This chapter presents the geometry, properties, and typical layouts of FRP 

wicket gates that were experimentally tested. The focus of this chapter is to 

show how orthotropic properties are used to simulate composite material 

behavior and how these are assigned in FEM by using engineering con-

stants. Several experiments were conducted at West Virginia University by 

Vijay et al. (2016), and the obtained results were used to validate finite ele-

ment (FE) models performed at the Construction Engineering Research 

Laboratory (CERL). 

2.2 Samples Geometry 

The FRP wicket gates length, width, and thickness dimensions were 

5.03 m (198 in.), 1.17 m (46 in.), and 0.227 m (9 in.), respectively. There 

were 14 webs across the 1.17 m wide section of the wicket gate, with top 

and bottom flange thicknesses of 13.28 mm (0.523 in.) each, and web 

thicknesses of 10.16 mm (0.4 in.) each. Typical primary and secondary 

web dimensions obtained from Vijay et al. (2016) are 10.16 mm (0.4 in.) at 

89 mm (3.5 in.) C-C and 3.1 mm (0.12 in.) at 105 mm (4.13 in.) C-C, re-

spectively. Figure 2 shows the FRP wicket gate FEM. 

Figure 2. Fiber-reinforced polymers (FRP) wicket gate finite element modeling (FEM). 

 

2.3 Sample Material Properties 

Wicket gate face skins and webs consisted of highly directional E-glass fab-

rics with fibers running primarily in the 0° direction along the length of 

the gate for resisting bending loads and triaxial fabrics with fibers in the 

±45°and 90° directions for resisting in-plane shear and transverse forces, 

respectively. The fiber and fabric layup of the top and bottom face sheets 
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were symmetric to the midsurface. Foam was used to fill the hollow core 

cavities between webs. Wicket gate face skin and core material properties 

were obtained from experiments conducted at West Virginia University by 

Vijay et al. (2016) and are summarized in Table 1. 

Table 1. FRP wicket gate properties. 

Part 

E1 MPa 

(ksi) 

E2 MPa 

(ksi) 

E3 MPa 

(ksi) ν12 ν13 ν23 

G12 MPa 

(ksi) 

G13 MPa 

(ksi) 

G23 MPa 

(ksi) 

FRP Skin 
28,269 

(4,100) 

15,168 

(2,200) 

15,168 

(2,200) 
0.38 0.38 0.38 

3,282 

(476) 

3,282 

(476) 

3,282 

(476) 

Primary 

Web 

28,269 

(4,100) 

16,547 

(2,400) 

16,547 

(2,400) 
0.38 0.38 0.38 

3,082 

(447) 

3,082 

(447) 

3,082 

(447) 

Secondary 

Web 

23,442 

(3,400) 

17,926 

(2,600) 

17,926 

(2,600) 
0.38 0.38 0.38 

3,778 

(548) 

3,778 

(548) 

3,778 

(548) 

2.4 FRP Wicket Gate Experiments 

An FRP wicket gate was proof loaded in three-point bending over a span of 

4.57 m (15 ft) with a load of 89 kN (20,000 lb) applied against a beam of 

228 mm (9 in.) width. The vertical deflection measured at the center of the 

span for the maximum load of 89 kN was 14.81 mm (0.583 in.). Refer to 

Vijay et al. (2016) for the experimental set up of the proof loading test. 

2.5 FRP Wicket Gate Finite Element (FE) Models 

The FRP wicket gate three-point bending test was modeled by using the 

static finite element method in Abaqus/Standard. Three different parts 

were created and later assembled together: (1) face sheet, (2) primary 

webs, and (3) secondary webs. These parts were created by using 3D-de-

formable shell elements (S4R) with the orthotropic properties assigned in 

the model using engineering constants. For simplicity, the material prop-

erties of the foam cores were neglected. Similar to the experiment, a span 

of 4.57 m (15 ft) with a load of 89 kN (20,000 lb) was applied for a 228 

mm (9 in.) width. A convergence study was performed to determine the 

mesh seed size, resulting in a 25.4 mm (1 in.) seed size. Load and 

displacement boundary conditions as well as mesh seed size are shown in 

Figure 3. 
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Figure 3. FRP wicket gate: (a) finite element (FE) boundary conditions and (b) mesh seed size. 

 

2.6 FRP Wicket Gate Results 

FRP wicket gate experiment and FE model results are compared in Figure 

4. Load-deflection curves from FE models are in very good agreement with 

the experiment. The FE model vertical deflection measured at the center of 

the span for the maximum load of 89 kN (20 kips) was 14.58 mm (0.574 

in.) with about a 1.5% difference when compared to the experimental dis-

placement. It can be concluded that the FE models with orthotropic prop-

erties obtained by using engineering constants in Abaqus could result in 

close approximations. These types of properties will be used in later chap-

ters of this report. 

Figure 4. Load vs. deflection (experiment by Vijay et al. 2016 vs. Construction Engineering 

Research Laboratory’s [CERL] finite element modeling [FEM] in Abaqus). 
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3 FRP Cohesive Interaction Properties 

3.1 Introduction 

This chapter presents how cohesive interaction properties can be used to 

simulate FRP interface delamination in FE models. To predict FRP inter-

face delamination, cohesive interaction properties were assigned in FE 

models by using the traction–separation law available in Abaqus (2017). 

FE models of this study were created when experiments to obtain cohesive 

interaction properties were not conducted yet for the FRP composite sand-

wich panels available at CERL. Because of this reason, experiments and FE 

models obtained from literature were replicated in house at CERL to study 

the cohesive interaction properties and how these can be implemented in 

FE models. In the absence of experimental data for the samples available 

at CERL, the cohesive interaction properties discussed in this chapter are 

used in Chapters 5 and 6. 

3.2 Cohesive Interaction Properties 

Interaction properties between layers are assigned using the traction–sep-

aration law (Abaqus 2017). To use the traction-separation law, it is re-

quired to define the stiffness terms (Kn, Ks, and Kt), the damage initiation 

contact stresses (tn0, ts0, and tt0), and either the final separation values (δnf, 

δsf, and δtf) or the fracture energy values (GCn, GCs, and GCt). The proper-

ties correspond to each failure mode: normal, shearing, and tearing. These 

properties were taken from experiments done by Ritter et al. (2009) and 

are summarized in Table 2. 

Table 2. Cohesive interaction properties adapted from Ritter et al. (2009). 

Mpa/mm 

Knn 150,000 

Kss 150,000 

Ktt 150,000 

MPa 

tn 68.6 

ts 10.3 

tt 68.6 

MPa-mm 

GCn 0.075 

GCs 0.62 

GCt 0.547 
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3.3 Double Lap Shear Testing (DLS) 

This section presents in more detail the experiments and FEM to predict 

the interface delamination of FRP composites. A double lap shear (DLS) 

testing finite element  analysis (FEA) performed by Yang et al. (2011) was 

validated with experimental data from Ritter et al. 2009. In this research, 

two epoxy temperatures (23°C and 60°C) were considered to study the ef-

fect of temperature on the joint and interface failure modes. The DLS spec-

imen configuration is in accordance with ASTM D3528, Type A (ASTM 

International 2016). Researchers from this study found that the failure 

mode when using epoxy at 23°C was in the interface of the FRP composite, 

whereas at 60°C, failure was cohesive within the epoxy. Similar failures 

were obtained in the experiments and FE models. Refer to Ritter et al. 

(2009) and Yang et al. (2011), respectively. Results from the DLS test were 

used to later predict the behavior of more complex structures. 

The DLS test FEM was replicated at CERL to verify the capabilities of the 

traction-separation law when predicting interface delamination. Epoxy 

properties were studied and compared with the results obtained from the 

literature for the experiments E13, E14, and E15 by Ritter et al. (2009) and 

the FEM from Yang et al. (2011), respectively. Three cases were evaluated 

for the input of the epoxy properties at 60°C and are shown in Figure 5. 

The same cohesive interaction properties were used for the three cases, 

while the way the epoxy properties were input was changed. The first case 

considers the epoxy effective stress-strain curve obtained from the experi-

ments. The second and third cases consider the input of the epoxy proper-

ties by defining a slope using two points up to 10.37 MPa (1.50 ksi) and 

12 MPa (1.74 ksi), respectively. 

Figure 6 shows the load-deflection results of the FEM replicated at CERL 

versus the experiments and FE models taken from Ritter (2009) and Yang 

(2011), respectively. Similarly, another case was created for the input of 

the epoxy properties at 23°C. Load-deflection and failure modes results 

obtained at CERL were in good agreement with the experiments and FE 

models from literature. These types of properties and modeling ap-

proaches will be used in later chapters. 
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Figure 5. Epoxy properties cases taken from Ritter et al. (2009) and Yang et al. (2011). 

 

Figure 6. FE models replicated at CERL versus experiments and FE models taken from Ritter 

et al. (2009) and Yang et al. (2011), respectively. 
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4 Barge Impacts 

4.1 Introduction 

Since there is no data available in the literature from experiments or FE 

models related to barge impacts on composite materials, this chapter in-

cludes a literature review that summarizes typical barge impact force time 

histories previously studied by USACE. This report considers typical barge 

velocities and approach angles according to Engineer Technical Letter 

(ETL) 1110-2-563 (USACE 2004) and typical barge impact loads obtained 

from EM 1110-2-2703 (USACE 1994). Information from this chapter will 

be used as a starting point for the dynamic FEA on FRP composite sand-

wich panels discussed in Chapter 6. 

4.2 Full-Scale Field Test 

According to Table A.1 in (Ebeling et al. 2010), a glancing-blow impact 

event of a barge train affecting an approach wall is an event of less than 

four seconds. The contact time between the impact corner of the barge 

train and the approach wall can be as short as a second or as long as sev-

eral seconds. Researchers such as Patev, Barker, and Koestler (2003b) and 

Ebeling et al. (2010) found that the duration of contact during impact by 

the 2-by-2 barge train with the stiff-to-rigid wall at Old Lock and Dam 2 to 

have a mean impact time of 3.05 seconds with a standard deviation of 0.34 

seconds (coefficient of variation [COV] of 0.11). Scaling of an existing im-

pact force time history recorded at the full-scale field tests conducted at 

Winfield Lock and Dam by Ebeling et al. (2010) is shown in Figure 7. 
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Figure 7. Scaling of an existing pulse force time history recorded at the full-scale impact 

experiment conducted at Winfield Lock and Dam by Ebeling et al. (2010). (Public domain.) 

 

4.3 Typical Velocities and Approach Angles 

Information from Table B-3 of ETL 1110-2-563 is provided to illustrate the 

impact angles as well the range of non-site-specific forward velocities (VX) 

and lateral velocities (VY) of a barge train for usual, unusual, and extreme 

barge impact events (USACE 2004). The Table B-3 information from ETL 

1110-2-563 is presented in Table 3 (USACE 2004). Dynamic FEA on FRP 

composite sandwich panels discussed in Chapter 6 will consider “usual” 

forward velocity conditions to determine barge impact force time histories. 

Table 3. Non-site-specific barge impact angles and velocities (USACE 2004). 

Load 

Condition 

Approach Angle (ƟX) 

(degree) 

Forward Velocity (VX) 

(fps) 

Lateral Velocity (VY) 

(fps) 

Usual 5–10 0.5–2.0 0.01–0.1 

Unusual 10–20 3.0–4.0 0.4–0.5 

Extreme 20–35 4.0–6.0 >1.0 

Barge train and velocity vector transformation from local barge train to 

global (wall) axis taken from ERDC/ITL TR-04-2 is shown in Figure 8. 
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Figure 8. Barge train and velocity vector transformation from local to global axis (Reproduced 

from Arroyo-Caraballo and Ebeling 2004. Public domain.) 

 

4.4 Typical Impact Loads 

According to EM 1110-2-2703, typical barge impact loads for horizontally 

framed miter gates are classified as symmetric and unsymmetric 

(USACE 1994). Barge impact loads where the point of load is applied 

above pool at the miter is a symmetric impact, and anywhere to within 

35 ft, the standard barge width, of either lock wall is unsymmetric. Sym-

metric and unsymmetric impact loads range between 1,112 kN (250,000 

lb) and 1,779 kN (400,000 lb), respectively. Similar load ranges were 

recorded at the full-scale field tests conducted at Winfield Lock and Dam 

by Ebeling et al. (2010). 
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5 FRP Composite Sandwich Panels 

5.1 Introduction 

This chapter presents geometry, material properties, and typical layouts of 

the FRP composite sandwich panels to be used for the dynamic FEA in 

Chapter 6. Material properties and geometries as well as angle orienta-

tions are discussed for each layer of the laminate. Properties obtained 

from the product data sheets and assumptions made regarding data not 

available in the literature are also included. 

5.2 Sample Geometry 

The FRP composite sandwich panels length, width, and thickness dimen-

sions are 1,828.8 mm (72 in.), 330.2 mm (13 in.), and 152.4 mm (6 in.), re-

spectively. Typical samples dimensions are shown in Figure 9. A typical 

layup of Section A-A is shown in Table 4. 

Figure 9. Sample geometry: (a) length and width, (b) Section (A-A) thickness, 

and (c) Section (B-B) thickness. 
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Table 4. FRP composite sandwich panels, typical layup. 

Face Skin Layup Thickness 

Units in. mm 

E-LT 5500 0 degree 0.054 1.372 

E-TTX 4000 0 degree 0.039 0.991 

E-LT 5500 90 degree 0.054 1.372 

E-TTX 4000 90 degree 0.039 0.991 

E-TTX 4000 90 degree 0.039 0.991 

E-LT 5500 90 degree 0.054 1.372 

E-TTX 4000 0 degree 0.039 0.991 

E-LT 5500 0 degree 0.054 1.372 

Bidirectional FRP Core 

E-LT 5500 0 degree 0.054 1.372 

E-TTX 4000 0 degree 0.039 0.991 

E-LT 5500 90 degree 0.054 1.372 

E-TTX 4000 90 degree 0.039 0.991 

E-TTX 4000 90 degree 0.039 0.991 

E-LT 5500 90 degree 0.054 1.372 

E-TTX 4000 0 degree 0.039 0.991 

E-LT 5500 0 degree 0.054 1.372 

5.3 Sample Material Properties 

Several materials and angle orientations were used for the FRP composite 

sandwich panels. The materials used for the face skin are E-LT 5500, and 

E-TTX 4000. Face skin and core material properties along fiber direc-

tions (1) and (2) were obtained from the product data sheets and are sum-

marized in Table 5. In absence of properties along fiber direction 3, 

properties were assumed equal to properties along fiber direction 2. Pois-

son’s ratios were not available in the product data sheet and were as-

sumed equal to those obtained by experiments at West Virginia 

University by Vijay et al. (2016). 
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Table 5. Face skin and core material properties. 

E-LT 5500 E-TTX 4000 Bidirectional FRP Core 

Units tonne/mm3 kip/in.3 — tonne/mm3 kip/in.3 — tonne/mm3 kip/in.3 

Density ρ 1.90E-09 6.86E-05 ρ 1.90E-09 6.86E-05 ρ 2.02E-09 7.30E-05 

Units MPa ksi — MPa ksi — MPa ksi 

Young’s Modulus along 

fiber dir 1 
E11 45,320 6,573 E11 15,610 2,264 E11 29,649 4,300 

Young’s Modulus along 

fiber dir 2 
E22 16,830 2,441 E22 24,690 3,581 E22 15,721 2,280 

Young’s Modulus along 

fiber dir 3 
E33 16,830 2,441 E33 24,690 3,581 E33 15,721 2,280 

Poisson’s ratio 

ν12 0.26 0.26 ν12 0.38 0.38 ν12 0.38 0.38 

ν13 0.26 0.26 ν13 0.38 0.38 ν13 0.38 0.38 

ν23 0.35 0.35 ν23 0.38 0.38 ν23 0.38 0.38 

Units MPa ksi — MPa ksi — MPa ksi 

Shear Modulus in plane 

1-2 
G12 4,530 657 G12 8,920 1,294 G12 3,406 494 

Shear Modulus in plane 

1-3 
G13 4,530 657 G13 8,920 1,294 G13 3,406 494 

Shear Modulus in plane 

2-3 
G23 4,530 657 G23 8,920 1,294 G23 3,406 494 
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6 Dynamic Finite Element Analysis (FEA) on 

FRP Composites Sandwich Panels 

6.1 Introduction 

Details of the numerical models developed in this investigation are pre-

sented in this chapter. To be able to simulate dynamic analyses, the com-

mercially available nonlinear finite element software Abaqus/Explicit was 

used for this study. The traction-separation law available in Abaqus, and 

previously discussed in Chapter 3, was used to incorporate cohesive inter-

action properties to evaluate the damage between FRP composite laminate 

layers as well as the core separation in the sandwich panels. Force, dis-

placement, and velocity time histories for several masses and velocities 

representing real-world scenarios were obtained to develop experimental 

testing procedures for these types of structures. 

6.2 Material Properties 

Material properties discussed in Chapter 5 were input into the Abaqus/Ex-

plict FE model by using the following engineering constants: 

• Young’s modulus along fiber direction 1, 2, and 3 

• Poisson’s ratios in plane 1-2, 1-3, and 2-3 

• shear modulus in plane 1-2, 1-3, and 2-3 

In addition, interaction properties as discussed in Chapter 3 were assigned 

to the model to simulate core damage and interface delamination. 

6.3 Boundary Conditions 

This section presents the boundary condition (BC) cases considered for the 

study (See Figure 10). The length and width of the sample were oriented in 

x and y axes, respectively. Case 1 simulated a simply supported beam, 

whereas Case 2 simulated the composite sandwich panel resting on a flat 

surface. These BCs were selected to represent real-world conditions, where 

Cases 1 and 2 represented a vertical lift gate in the closed condition and 

miter gates in open condition resting on a concrete wall, respectively. Case 

1 is represented as a pin-roller BC with a span length of 1,676 mm (66 in.) 

between the rollers. Case 2 restrained vertical movement at the bottom 
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face skin and two nodes were selected, as shown in Figure 10, to restrain 

movement in the other directions for modeling stability purposes. 

Figure 10. Boundary conditions (BCs): (a) simply supported and (b) composite resting on a flat 

surface. 

 

6.4 Plate and Impactor (Rigid Body) 

To produce the impact on the composite sandwich panel FE models, two 

rigid bodies were created for each BC case. The first proof of concept anal-

yses were performed by using a simplified 76.2 mm × 330.2 mm (3 in. × 13 

in.) plate impactor. Later analyses incorporated a scaled impactor with a 

diameter of 170.18 mm (6.7 in.) in order to simulate the leading corner of a 

barge at forces within the limits of the load frame that was used for valida-

tion testing. Results and comparisons are shown for both rigid bodies in 

later sections of this chapter. The rigid bodies are shown in Figure 11. 

Figure 11. Rigid bodies created to produce the impact on 

FRP composite sandwich FE models. 
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Dimensional analysis was conducted to appropriately scale barge dimen-

sions and mass to this diameter of impactor. Yang et al. (2013) studied the 

scaling effects in the low-velocity impact response of sandwich structures 

by using a similar approach to the Buckingham Pi theorem. These re-

searchers summarized in a table the scaling factor “n” used to scale dimen-

sions, mass, forces, displacement, among others as shown in Table 6. 

Table 6. Impact parameters and scale factor “n” taken from Yang et al. (2013). 

Parameter Scaling factor 

Panel thickness n 

Diameter of impactor n 

Support ring size n 

Edge length n 

Impact mass n3 

Impact energy n3 

Impact contact duration n 

Maximum impact force n2 

Target displacement n 

Damage area n2 

A similar approach was used to create the scaled impactor with a diameter 

of 170.18 mm (6.7 in.) for this research. To determine the full-scale diame-

ter of the corner of a barge, we assumed dimensions of 59.4 m × 10.67 m 

(195 ft × 35 ft) and found a corner diameter of 0.63 m (2.07 ft), as shown 

in Figure 12. Since this impactor diameter is larger than the composite 

sandwich sample to be tested, the impactor diameter was multiplied by the 

“n” factor. This factor was calculated by dividing the composite sandwich 

sample thickness of 152.4 mm (6 in.) by a typical gate thickness of 558.8 

mm (22 in.), such as that of the W. P. Franklin gate. The “n” factor was 

0.2727. This same factor will be used in the following sections to calculate 

the scaled mass to be used in FE models. 
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Figure 12. Impactor dimensions obtained by assuming impact at a 195 ft × 35 ft barge corner. 

 

6.5 Mass and Initial Velocity 

Mass and initial velocity cases are discussed in this section. Several mass 

and initial velocity cases were applied by creating a reference point and at-

taching it to the rigid body. Each mass and velocity case was evaluated for 

both BC cases, as shown in Figure 13. 

Figure 13. Mass and initial velocity to be studied for each BC case. 

 

Typical barge mass was obtained from the 1998 full-scale, low-velocity, 

controlled barge impact experiments conducted at the decommissioned 

Gallipolis Lock at Robert C. Byrd Lock and Dam. The total weight per 

barge was approximately 1,940 tonnes (3,880,000 lb). In addition, a tow 
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weight of 550 tonnes (1,100,000 lb) was considered. To include hydrody-

namic added mass, a factor of 1.05, as described in equation 2-3 and 2-4 of 

ETL 110-2-338 (1993), was multiplied by the mass of both barge and tow, 

respectively. The total mass for one barge, the tow, and the hydrodynamic 

added mass was 2,369,923 kg (162,391 slug). The obtained mass was input 

in the FE model as 2,369.923 tonnes, and later scaled to 48.06 tonnes 

(3,293.16 slug) by multiplying the full mass by the “n3” factor shown in Ta-

ble 6. Results will be presented for both mass cases as well for velocity 

cases ranging in the “usual” interval from Table 3. 

6.6 Results 

This section presents the numerical models results for each BC case. Sev-

eral time histories were obtained for the mass and velocity cases discussed 

in the previous section. In addition, von Mises stress comparison for the 

impacts when using the plate and impactor rigid bodies is presented in 

this section. 

Time history results for the impact produced by the plate rigid body are 

summarized in Figures 14 and 15, for the simply supported (Case 1) and 

resting on flat surface (Case 2) BCs, respectively. A force time history com-

parison between BCs is shown in Figure 16. 

Figure 14. Force time history for scaled mass (SM) and barge mass (BM)—Case 1 BC. 
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Figure 15. Force time history for SM and BM—Case 2 BC. 

 

Figure 16. Force time history for SM—Case 1 BC versus Case 2 BC. 

 

These results provide the following information: 

• When using the same initial velocity, the force time history slope will 

be the same, and the peak load will increase or decrease depending on 

the mass of the rigid body. If the mass increases, then the peak load 

will also increase (See Figure 14 and Figure 15). 

• When using the same mass, peak load will be approximately scaled 

proportionally with the velocity. If the velocity increases by a factor of 

4, the peak load will similarly be 4 times higher (See Figure 14). 

• When comparing both cases of BC, the simply supported Case 1 re-

quires more time for force to return to zero, whereas the composite 

resting on a flat surface (Case 2) takes less time but produces higher re-

action forces (See Figure 16). 
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A comparison of time history results for the impact produced by the two 

rigid bodies, the plate and impactor respectively, is summarized in Figures 

17 and 18. No major differences in force time history can be seen when 

comparing the impact produced by the plate versus the impact produced 

by the impactor for Case 1 BC. The force time history produced by the im-

pactor tends to show lower reaction force while taking more time to reach 

the peak and decrease back to zero as shown in Figure 17. 

Figure 17. Force time history for plate versus impactor rigid bodies—Case 1 BC. 

 

However, several differences in force time history can be seen when com-

paring the impact produced by the plate versus the impact produced by the 

impactor for the Case 2 BC, as shown in Figure 18a. When using the im-

pactor, the displacement on the top surface of the FRP composite sand-

wich panel is greater than when using the plate (see Figure 18b). Similar 

behavior is shown for both velocity cases when using the scaled mass 

(SM). Even greater displacement and deformation can be seen when using 

the mass equivalent to one barge. 
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Figure 18. Plate versus impactor: (a) force time history and (b) displacement time history—

Case 2 BC. 

 

A von Mises stress megapascal (MPa) comparison of the impacts when us-

ing the plate and impactor (left and right, respectively) is shown in Figure 

19. The von Mises stress diagrams represent an impact using a scaled mass 

and initial velocity of 0.5 ft/sec (SM-V0.5) at the time of 0.03 sec. In addi-

tion, a top-view comparison is shown (bottom of the image). From this 

comparison, we find that when using the plate, the impact is distributed 

across the primary and secondary webs uniformly, whereas when using 

the impactor, the impact is more concentrated. The impactor therefore 

produces higher stresses and displacements on the top face skin. This be-
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havior is more pronounced in Case 2 BC than in Case 1 BC due to the bot-

tom of the composite panel resting on a flat surface not being able to expe-

rience global vertical displacement, which produces more deformation on 

the top face skin. 

Figure 19. Von Mises stress comparison plate versus impactor for scaled mass and initial 

velocity of 0.5 ft/sec (SM-V0.5)—Case 2 BC. 

 

Force time histories obtained with FE models using the impactor are 

shown for each BC case in Figure 20. Case 2 BC time histories obtained 

with an FE model show the worst-case scenario and will be used to experi-

mentally produce several impacts on the FRP composite sandwich sam-

ples. Note that as opposed to the plate, where the peak load scales linearly 

with the velocity, the peak load scaling with the impactor seems not neces-

sarily linear. 
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Figure 20. Force time histories to be used on experimental testing: (a) Case 1 BC and (b) Case 

2 BC—impactor. 
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7 Conclusions and Recommendations 

A summary of conclusions and recommendations drawn from the experi-

mental results and our observations follows:  

• FE models with orthotropic properties can achieve very good predic-

tions when using engineering constants available in Abaqus software. 

• The traction-separation law available in Abaqus seems to be suitable 

when predicting interface delamination of FRP composite sandwich 

structures. 

• When using the same initial velocity, the force time history slope will 

be the same and the peak load will increase or decrease depending on 

the mass of the rigid body. If the mass increases, then the peak load 

will also increase. 

• When using the same mass, the peak load will be approximately scaled 

as much as the velocity. If the velocity increases by a factor of 4, the 

peak load will similarly be 4 times higher. 

• When comparing rigid body BC cases (simulating the closed condition 

of a vertical lift gate versus an open miter gate resting on flat surface), 

the closed condition case of a vertical lift gate is subjected to a lower 

force and takes more time for the force to return to zero, whereas the 

rigid body resting on a flat surface, such as a miter gate in recess, takes 

less time to recover but produces higher reaction forces. 

• When using an impactor rather than a plate, the FRP composite sand-

wich panel top displacement is higher. Plate impact is distributed 

across the primary and secondary webs uniformly, whereas when using 

the impactor, the impact is more concentrated, producing higher 

stresses and displacements on the top face skin. 

• Time histories obtained with the FE model for the BC case of a FRP 

composite sandwich panel resting on flat surface present the worst-

case scenario. Hence, this case will be used to experimentally produce 

several impacts on the FRP composite sandwich samples. 

• Force time histories obtained in this research will be used as a starting 

point for the experiments and will be adapted depending on CERL’s 

million pounds frame capabilities. 
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Abbreviations 

BC Boundary condition 

BM Barge mass 

CERL Construction Engineering Research Laboratory 

COV Coefficient of variation 

DLS Double lap shear 

ETL Engineer Technical Letter 

FE Finite element 

FEA Finite element analysis 

FEM Finite element modeling 

FRP Fiber-reinforced polymers 

S4R A 4-node doubly curved thin or thick shell, reduced 

integration, hourglass control, finite membrane 

strains. 

SM Scaled mass 

USACE United States Army Corps of Engineers 
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