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Part  Num ber CP248.758 

Part  Descr ipt ion At las Com posite Bridge Deck

Operator D. Crawford

Date Produced n/ a

Date Tested 3/ 18/ 14

Machine Calibrat ion Date 2/ 27/ 14

Crosshead Speed 0.0500 in/ m in

Tem perature (deg F) 73

Hum idity (% ) 50

ASTM Test ASTM D953

Specim en Or ientat ion Lengthwise

Pin Diam eter

[ in]

Thickness

[ in]

Area

[ in^ 2]

Bearing Load

[ lbf ]

Bearing St ress

[ psi]

1 0.37500 0.25850 0.09694 -5,669 -58,476

2 0.37500 0.25450 0.09544 -6,053.0 -63,427

3 0.37500 0.25450 0.09544 -5,825 -61,038

4 0.37500 0.25700 0.09638 -5,595 -58,050

5 0.37500 0.25750 0.09656 -5,918 -61,289

6 0.37500 0.25850 0.09694 -5,661 -58,401

7 0.37500 0.25500 0.09562 -5,962 -62,350

8 0.37500 0.25550 0.09581 -5,821 -60,759.0

9 0.37500 0.25600 0.09600 -5,455 -56,825

10 0.37500 0.25450 0.09544 -5,328 -55,832

11 0.37500 0.25450 0.09544 -5,391 -56,488

12 0.37500 0.25550 0.09581 -5,595 -58,397

Mean 0.37500 0.25596 0.09598 -5,690 -59,278

Standard deviat ion 0.000 0.002 0.001 231.3 2,437.5

Coefficient  of variat ion 0.00 0.60 0.60 -4.0650 -4.1121
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Creative Pultrusions, I nc. Quality Assurance Laboratory
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Part  Num ber CP248.758

Part  Descr ipt ion At las Com posite Bridge Deck

Operator D. Crawford

Date Produced n/ a

Date Tested 3/ 21/ 14

Machine Calibrat ion Date 2/ 27/ 14

Crosshead Speed 0.0500 in/ m in

Tem perature (deg F) 73

Hum idity (% ) 50

ASTM Test ASTM D953

Specim en Or ientat ion Lengthwise

Pin Diam eter

[ in]

Thickness

[ in]

Area

[ in^ 2]

Bearing Load

[ lbf ]

Bearing St ress

[ psi]

1 0.62500 0.25350 0.15844 -6,375 -40,240

2 0.62500 0.25450 0.15906 -8,520 -53,560

3 0.62500 0.25350 0.15844 -8,404 -53,040

4 0.62500 0.25550 0.15969 -8,261 -51,730

5 0.62500 0.25050 0.15656 -7,746 -49,480

6 0.62500 0.25500 0.15937 -8,102 -50,840

7 0.62500 0.25750 0.16094 -8,207 -51,000

8 0.62500 0.25500 0.15937 -8,980 -56,340

9 0.62500 0.25450 0.15906 -8,815 -55,420

10 0.62500 0.25350 0.15844 -9,352 -59,030

11 0.62500 0.25450 0.15906 -8,793 -55,280

12 0.62500 0.25450 0.15906 -9,062.0 -56,970

Mean 0.62500 0.25433 0.15896 -8,385 -52,740

Standard deviat ion 0.000 0.002 0.001 780.002 4,856.783

Coefficient  of variat ion 0.00 0.64 0.64 -9.30 -9.21
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The New and Improved Pultex® Pultrusion Global Design Manual 

Chapter 3 
3

MATERIAL PROPERTIES 
 

Pultex® Fiber Reinforced Polymer Structural Profiles 
Rectangular Tubes, Channels, Angles, Square Tubes, Round Tubes 

1500 Series - Thermoset Polyester – Olive Green 

1525 Series - Thermoset Polyester Class 1 FR – Slate Gray (Dark Gray) 

1625 Series - Thermoset Vinyl Ester Class 1 FR – Beige  

 

The following data was derived from ASTM coupon and full section testing.  The results are average values 

based on random sampling and testing of production lots.  Composite materials are not homogeneous; and therefore, 

the location of the coupon extraction can cause variances in the coupon test results.  Creative Pultrusions publishes 

an average value of random samples from production lots. 

 

Property 
(coupon values) 

 

ASTM Test 

 

Units 

 

1500/1525 Series 

 

1625 Series 

Mechanical     

Tensile Strength (LW) D638 psi 33,000 37,500 

Tensile Strength (CW) D638 psi 7,500 8,000 

Tensile Modulus (LW) D638 106 psi 2.5 3.0 

Tensile Modulus (CW) D638 106 psi 0.8 1.0 

Compressive Strength (LW) D695 psi 33,000 37,500 

Compressive Strength (CW) D695 psi 16,500 20,000 

Compressive Modulus (LW) D695 106 psi 3.0 3.0 

Compressive Modulus (CW) D695 106 psi 1.0 1.2 

Flexural Strength (LW) D790 psi 33,000 37,500 

Flexural Strength (CW) D790 psi 11,000 12,500 

Flexural Modulus (LW) D790 106 psi 1.6 2.0 

Flexural Modulus (CW) D790 106 psi 0.8 1.0 

Modulus of Elasticity Full Section2 106 psi 2.8-3.2 2.8-3.2 

     (Channels) Full Section2 106 psi 2.8 2.8 

     (Square and Rectangular Tubes) Full Section2 106 psi 3.2 3.2 

Shear Modulus Full Section2 106 psi 0.42 0.42 

Interlaminar Shear (LW)3 D2344 psi 4,500 4,500 

Shear Strength By Punch (PF) D732 psi 5,500 6,000 

Notched Izod Impact (LW) D256 ft-lbs/in 28 30 

Notched Izod Impact (CW) D256 ft-lbs/in 4 5 

Maximum Bearing Strength (LW) D953 psi 30,000 30,000 

Maximum Bearing Strength (CW) D953 psi 18,000 18,000 

Poisson’s Ratio (LW) D3039 in/in 0.35 0.35 

Poisson’s Ratio (CW) D3039 in/in 0.15 0.15 

In-plane Shear (LW) Modified D23444 psi 7,000   7,000  

LW = lengthwise   CW = crosswise   PF = perpendicular to laminate face 
  

 

  

 

Additional properties located on page 4 

Includes all angles except 4” x 1/4”, 4” x 3/8”, 6” x 3/8” and 6” x 1/2”, which are SuperStructurals. 

 Please consult the Pultex
®
 Fiber Reinforced Polymer SuperStructural Profiles Angles Material Properties 
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The New and Improved Pultex® Pultrusion Global Design Manual 

Chapter 3 
4 

MATERIAL PROPERTIES 
 

Pultex® Fiber Reinforced Polymer Structural Profiles 
Rectangular Tubes, Channels, Angles, Square Tubes, Round Tubes 

 
 

Property 
(coupon values) 

 

ASTM Test 

 

Units 

 

1500/1525 Series 

 

1625 Series 

Physical     

Barcol Hardness1
 D2583  45 45 

Water Absorption D570 % Max 0.6 0.6 

Density  D792 lbs/in3 0.060-0.070 0.060-0.070 

Specific Gravity D792  1.66-1.93 1.66-1.93 

Coefficient of Thermal Expansion (LW) D696 10-6in/in/°F 4.4 4.4 

Thermal Conductivity (PF) C177 BTU-in/ft2/hr/°F 4 4 

     

Electrical     

Arc Resistance (LW) D495 seconds 120 120 

Dielectric Strength (LW) D149 KV/in 40 40 

Dielectric Strength (PF) D149 volts/mil 200 200 

Dielectric Constant (PF) D150 @60Hz 5.2 5.2 
1 Pultex� uses a synthetic surface veil that reduces the Barcol Hardness, but does not reflect lack of cure. 
2 Full section testing based on a 3-point bend with simply supported end conditions (Reference The New and  Improved  

  Pultex® Pultrusion Global Design Manual, Appendix B, for details). 
3 Tested on a 3:1, span to depth ratio. 
4Follow ASTM D2344, but rotate coupon 90° (cut section of coupon length faces up). 
5 In-plane Shear (CW) values for square tubes and rectangular tubes = 2,500 psi; angles = 3,800 psi 
 

 
 ASTM Test Value Value 

Property  1525 1625 

Flammability Classification  UL94 (VO) (VO) 

Tunnel Test ASTM E-84 25 Max 25 Max 

Flammability Extinguishing ASTM D635 Self extinguishing Self extinguishing 

NBS Smoke Chamber ASTM E662 650 650 

 
 

UNC 13 UNC 11 UNC 10 UNC 8 UNC 

 

  

 

 

 

 

 

 
 

Creative Pultrusions, Inc. believes the information put forth in this property sheet to be as accurate and reliable as of the date of publication.  

However, we assume no obligation or liability, which may arise as a result of its use.  While Creative Pultrusions, Inc. has no knowledge that the 

information put forth infringes any valid patent, it assumes no responsibility with respect thereto and each user must satisfy oneself that one’s 

intended application process or product infringes no patent.  

Includes all angles except 4” x 1/4”, 4” x 3/8”, 6” x 3/8” and 6” x 1/2”, which are SuperStructurals. 

 Please consult the Pultex
®
 Fiber Reinforced Polymer SuperStructural Profiles Angles Material Properties 
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TENCATE GEOSYNTHETICS 
Americas 

365 South Holland Drive Tel   706 693 2226  Fax 706 693 4400 
Pendergrass, GA 30567 Tel   888 795 0808  www.tencate.com 
 
FGS000531 
ETQR17 

 
Miragrid

®
 5XT           

 
Miragrid® 5XT geogrid is composed of high molecular weight, high tenacity polyester 
multifilament yarns which are woven in tension and finished with a PVC coating.  
Miragrid® 5XT geogrid is inert to biological degradation and resistant to naturally 
encountered chemicals, alkalis, and acids. 
 
TenCate Geosynthetics Americas is accredited by a2La (The American Association for 
Laboratory Accreditation) and Geosynthetic Accreditation Institute – Laboratory 
Accreditation Program (GAI-LAP).   NTPEP test data. 
 

Mechanical Properties Test Method Unit 

Minimum Average 
Roll Value 

Machine Direction 

Tensile Strength (at ultimate) ASTM D6637 lbs/ft (kN/m) 4700 (68.6) 

Tensile Strength (at 5% strain) ASTM D6637 lbs/ft (kN/m) 1740 (25.4) 

Creep Reduced Strength ASTM D5262 lbs/ft (kN/m) 2975 (43.4) 

Long Term Allowable Design Load
1
 GRI GG-4(b) lbs/ft (kN/m) 2575 (37.6) 

 
1
 NOTE:  Long Term Allowable Design values are for sand, silt and clay 

 

Physical Properties Unit Typical Value 

Mass/Unit Area (ASTM D5261) oz/yd
2
 (g/m

2
) 9.8 (332) 

Roll Dimensions (width x length) ft (m) 12 x 150 (3.6 x 46) 
Roll Area yd

2
 (m

2
) 200 (165) 

Estimated Roll Weight lbs (kg) 130 (59) 

 
 
 
 
 
 
 
 
 
 
 
 
  
© 2012 TenCate Geosynthetics Americas 
Miragrid

®
 is a registered trademark of Nicolon Corporation 

 
Disclaimer:  TenCate assumes no liability for the accuracy or completeness of this information or for the ultimate use by the purchaser.  TenCate 
disclaims any and all express, implied, or statutory standards, warranties or guarantees, including without limitation any implied warranty as to 
merchantability or fitness for a particular purpose or arising from a course of dealing or usage of trade as to any equipment, materials, or information 
furnished herewith.  This document should not be construed as engineering advice. 
 
Creep Reduced Strength (ASTM D5262), and Long Term Allowable Design Load (GRI GG-4(b)) is not covered by our current A2LA accreditation. 
 

 

 
 

Testing Lab 1291.01 & 1291.02 GAI-LAP-25-97 
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APPLICATIONS

Miragrid® geogrids can be used in most MSE 

applications for soil reinforcement including 

internally reinforced soil walls, segmental 

retaining wall reinforcement, steep reinforced 

slopes, and reinforcement in a variety of landfill 

applications including potential voids bridging 

and veneer stability. When a project specifies for 

long-term design strength for structure stability 

use Miragrid® geogrids.

INSTALLATION GUIDELINES 

Before placing Miragrid® geogrids, the surface 

should be cleared of all debris and the foundation 

base proofrolled. The grids should be rolled out, 

cut to length, thus eliminating field connections 

and laid at the proper elevation, location and 

orientation. Since geogrids vary in strength with 

roll direction, Miragrid® geogrids should be laid 

in the direction of main reinforcement.

After rolling out, the geogrid should be  

tensioned by hand until it is taut, free of 

wrinkles, and lying flat. Adjacent geogrid rolls may 

be butted together side-by-side without overlap. 

Splices in the main reinforcement direction should 

be avoided.

Miragrid® Geogrids 
for Soil Reinforcement

TenCate develops and produces materials that 

function to increase performance, reduce costs 

and deliver measurable results by working with 
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Simplified Modeling to Assess Soil-Structure Interaction Effects 

AEWC Project 906F 

 

I. INTRODUCTION 

Advanced Infrastructure Technologies (AIT) provides engineering and fabrication 

services for bridges that use composite arches as the primary structural members. All 

applications to date have been buried structures where transverse decking was placed 

across the arches to distribute soil loads, dead loads, and live loads to the arches. FRP 

decking may be used alone or as formwork for reinforced concrete decking. Present 

structural analysis methods consist of finite element (FE) models that utilize 2D Euler-

Bernoulli beam elements to model the arch. Nonlinear moment-curvature relationships 

can be included. The axial and bending stiffnesses of the concrete deck, if present, are 

neglected. Soil loads are applied by assuming a constant lateral earth pressure coefficient, 

K  (taken as the at-rest coefficient, oK ), to relate horizontal and vertical soil pressures. 

 

This document is intended to summarize the work that was performed by the University 

of Maine AEWC Advanced Structures and Composites Center (AEWC) to develop new 

structural analysis software to analyze buried arch bridges that accounts for unbalanced 

backfilling and the potentially beneficial restraining effect of the compacted backfill on 

the arches. As with current AIT structural analysis software, all routines were written in 

MATLAB (MathWorks 2009) so that the user has full control over the analysis and may 

easily make changes to the analysis routines. The software incorporates four key 

capabilities:  

 

1. The effect of staged construction was simulated by applying soil lifts sequentially 

on alternating sides of the arch. 

2. A nonlinear soil constitutive relationship was incorporated by adding soil springs 

to the model corresponding to each layer of soil after it is placed. 

3. Recognizing that the arches behave as stiff ribs supporting the more flexible deck, 

which may significantly affect soil-structure interaction, the decking was 

explicitly modeled using transverse elements perpendicular to the plane of the 

arch. 

4. The effect of the axial and bending stiffness of the concrete deck, if present, in the 

longitudinal (span) direction was included in the model. 

 

The net effect of these key features of the analysis methodology was investigated by 

modeling the backfilling of an example bridge which is proposed for construction in the 

near future. This allowed realistic parameters to be considered in a practical design 

scenario. Throughout this document references are made to this particular bridge project 

referred to as the Ellsworth Bridge. See Appendix A for more details describing the 
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example bridge and in general the work that was to be performed as part of the contract. 

See Appendix B for a collection of content specifically related to the programming aspect 

of the project. 

 

II. FINITE ELEMENT MODEL 

Three-dimensional (3D) elements were utilized in order to capture the effect of decking 

flexibility in the transverse direction (spanning between arches). A schematic view of the 

finite element mesh is shown in Figure 1. Three element types were used: arch elements 

(also includes longitudinal decking stiffness if applicable), transverse decking elements, 

and soil spring elements. Nonlinear 3D Euler-Bernoulli beam elements were used to 

model the arch in the longitudinal direction as well as the decking in the transverse 

direction. If a concrete deck is present, the stiffness of the deck in the longitudinal 

direction is added to the stiffness of the arch to arrive at the total non-composite stiffness 

for these elements. For this study, a cracked section was considered for the concrete deck 

in both the longitudinal and transverse directions. Soil spring elements were based on a 

compression-only constitutive relationship that is discussed later. The arch boundary 

conditions were taken as fully fixed at the ends, although other boundary conditions can 

be specified. Loads were applied to nodes defining the transverse decking elements and 

were then transferred to the arch. 

 
Figure 1 – Schematic 3D View of FE Mesh (Coarse Mesh Shown for Clarity) 

 

I. Arch and Longitudinal Decking Elements 

General nonlinear 3D Euler-Bernoulli beam elements were used to model the arch, 

although only in-plane deflections/member forces occurred since the arch was not 

subjected to out-of-plane loads in this study. The in-plane tangent bending stiffness, EI, 

and bending moment for the arch are a function of curvature and axial load level. These 

values were interpolated from relationships provided by AIT. If a concrete deck is 
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present, it is also necessary to account for the in-plane longitudinal bending and axial 

stiffness of this layer. In this study, two different values of EI corresponding to cracked 

sections were used depending on whether positive or negative bending was occurring. 

This was necessary since the location of reinforcement was non-symmetric through the 

depth of the deck. It is also possible for the user to specify a generic moment-curvature 

relationship for the decking in the longitudinal direction. The area used to calculate axial 

stiffness, EA, of the decking was taken as the full uncracked cross-sectional area of the 

concrete. Throughout analyses the total axial load was split into arch and decking 

components proportionally to their stiffnesses and only the arch component was used 

when interpolating for its bending stiffness and moment.  

 

II. Transverse Decking Elements 

General and specialized nonlinear 3D Euler-Bernoulli beam elements were used to model 

the decking in the transverse direction. These elements were only intended to capture the 

effect of transverse bending, which leads to variable soil pressures across the length of 

the decking elements. Longitudinal bending and axial stiffness of the decking was 

included with the arch elements. A single row of decking elements, which can contain 

any even number of elements, extends from –s/2 to s/2, where s is the center-to-center 

spacing of the arches. The local coordinate system [x’,y’,z’] of the decking elements is 

defined in Figure 2. The global coordinate system [X,Y,Z] is also shown for reference. 

Note that the x’ axis is parallel to the Z axis. For each element, the z’ axis was taken as 

being parallel to a line connecting the two adjacent arch nodes, as indicated by line A‐B in 

Figure 2. The y’ axis was taken as perpendicular to the x’ and z’ axes. The actual bending 

stiffness of the deck was used for bending about the z’ axis. A large bending stiffness was 

applied for bending about the y’ axis to effectively prevent displacements in the x’-z’ 

plane. To model the symmetric bending of the decking, rotations about the z’ axis at each 

end of the decking must be prevented. Specialized elements were used to achieve this 

rotational restraint at coordinates Z = –s/2 and Z = s/2. This boundary condition was taken 

into account in the element formulation to arrive at a consistent element stiffness matrix, 

and it was not necessary to apply additional constraints in the model. General 3D Euler-

Bernoulli beam elements were used for all other decking elements. 
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Figure 2 – Definition of Local Coordinate System for Transverse Decking Elements 

 

III. Soil Spring Elements 

Soil spring elements were oriented horizontally and only carried compressive axial loads. 

The axial load level springF  depends on the tributary horizontal area hA , the vertical 

pressure v  due to overburden and other loads, and the lateral earth pressure coefficient 

K  as shown in Equation 1 below. Here, hA  was taken as the product of half of the 

elevation difference between the two adjacent nodes along the length of the arch and the 

z-spacing of decking nodes (or z-spacing/2 for nodes at the planes of symmetry). 

 

KAF vhspring    Equation 1

 

Stiffness was estimated by using a forward difference approximation where a small 

deflection was applied. The tributary area for a particular element remained constant 

throughout the analysis, whereas v  and K  changed as a function of additional loading 

and deflections, respectively. The lateral earth pressure coefficient K  was defined based 

on Figure 3 below (see ‘UMaine Model’), where deflections away from the soil were 

taken as positive. A curve reproduced from National Cooperative Highway Research 

Program (NCHRP 1991) is also shown for comparison. Note that the UMaine Model is 

just a simplified quadrilinear version of the NCHRP (1991) curve defined by the three 

pressure coefficients, except that oK was taken as 0.45. This value represents a 

compromise between the NCHRP (1991) value of 0.4 and the value recommended by 

Maine DOT for culvert design of 0.47. Precedent for this approach can be found in 

literature on integral abutment bridges (Faraji et al. 2001; Ting and Faraji 1998) and in 

design procedures for earth retaining structures (USACoE 1994). Note that the UMaine 

model yields much softer behavior for the soil springs than the NCHRP curve, which was 

believed to be conservative. We note here that the MATLAB code developed as part of 
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this work is quite general, and should permit alternative soil spring load-deformation 

relationships to be implemented fairly easily. 

 
Figure 3 – Lateral Earth Pressure Coefficient as a Function of Relative Movement 

after NCHRP (1991) for Medium-Dense Backfill 

 

The wall height for the example case was taken as the height of the arch, or 14 ft., which 

implies that deflections of approximately 0.5 in. away from and 4.7 in. into the soil are 

necessary to achieve the active and passive states, respectively. These deflections were 

defined relative to the horizontal displacement of the arch at the location of the spring 

after the applicable soil lift was applied (i.e. after a lift was placed that first caused a 

particular soil spring to be buried, the initial relative deflection for this soil spring was 

zero). 

 

III. CONSIDERATION OF STAGED CONSTRUCTION 

In the field, the backfilling process is performed after the arches are placed and decking is 

installed. Generally, based on recent bridge construction projects, the backfill is placed in 

lifts that do not exceed 12 in. in height and lifts are placed sequentially on alternating 

sides of the arch. Each lift is compacted before the next lift is placed. It was assumed for 

the analyses described in this document that a lift is in the at-rest state once it has been 

placed and compacted. After this point the state depends on deflections. Lifts were 

applied in 12 in. increments on alternating sides of the arch since this was believed to be 

the worst-case scenario for construction i.e. the scenario that causes the largest amount of 

side-sway. (The program allows lift heights of other than 12 in. to be specified.) The 

algorithm for the staged construction procedure, which takes place after the self-weight 

of arch and decking components are applied, was as follows: 
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1. Apply a new lift of soil.  

a. Horizontal loads corresponding to the at-rest lateral earth pressure 

coefficient oK  are applied within the region of this lift in addition to 

vertical loads applied in all applicable regions. 

b. Element shape functions are used to calculate statically equivalent nodal 

loads for vertical and horizontal soil pressures that vary linearly over the 

length of an element.  

c. The tributary distance in the z-direction is taken as the z-spacing of 

decking elements (or z-spacing/2 for nodes at the planes of symmetry). 

2. Adjust the vertical pressure for any lifts that are below the new lift. 

3. Re-calculate the stiffness of each soil spring based on the additional vertical 

pressure as well as the change in relative deflection. 

4. Utilize a nonlinear Newton-based solver to determine the position of equilibrium, 

while continually updating the stiffness of nonlinear elements in the model 

including the soil springs. 

5. After a solution has been obtained, activate any springs that were buried by the 

lift that was just applied. 

6. Set the zero relative displacement position of the newly activated springs to be at 

the X-coordinate of the current deflected position. This ‘zero’ position will be 

retained for all future load steps. 

7. Repeat 1-6 until all lifts are applied. 

8. Apply additional loads such as dead load of the wearing surface and vehicle live 

loads. 

 

IV. CONSIDERATION OF LIVE LOADS 

After backfilling was completed, the next step was to apply the wearing surface and then 

live loads were applied. Both a uniform lane load and a vehicular live load were 

considered per AASHTO. In this software, this process was broken into three steps: 1) 

dead load of the wearing surface DW, 2) AASHTO lane load, and 3) AASHTO vehicular 

loading. All analyses resume from the point at which the previous step was completed. 

For example, the DW analysis starts from the point at which the last backfilling step was 

applied. This was necessary since the principle of superposition does not apply for 

nonlinear analyses. The results of step (3) minus the results of step (1) represented the 

total effect of live loading. The lane load was applied separately from the live load only 

because it is a constant load and therefore it is not necessary to re-apply it for various 

truck positions in an envelope-type analysis. This may result in reduced computational 

time. 

 

The loads and vertical stresses associated with the dead load of the wearing surface and 

the uniform lane load were simply based on tributary area. On the other hand, the loads 

for the vehicular live load were calculated using the integral solution to the Boussinesq 
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vertical stress equation. The vertical stress used to calculate soil spring forces due to 

vehicular live loads was taken as the calculated force divided by the tributary area. 

 

 

V. SPECIFIC PARAMETERS USED FOR ANALYSES 

 

All analyses conducted as part of this study were based on expected values for the 

proposed Ellsworth Bridge Project. A majority of these parameters were directly 

provided by AIT and are summarized in Table 1. Parameters not directly provided were 

calculated/ estimated based on drawings and other information provided by AIT. 

Supporting calculations are provided in Appendix C. 
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Table 1 – Specific Parameter Values for Analyses  

 

Description Variable Units 

Decking 

Concrete FRP 

Diameter of CFRP tube diam in 11.8 

Rise of arch centerline rise ft 14 

Span of arch centerline span ft 34.33 

Depth of backfill above arch crown depth_crown ft Variable, 3-12.5 

Depth of wearing surface DW_depth in 3 

Equivalent deck thickness for self-

weight calculation deck_thick in 7.8 0.31 

Arch spacing spacing in 60 

Strength of concrete in the arch Fpc psi 5000 

Soil density rho pcf 125 

Wearing surface density rho_asphalt pcf 140 

Design truck axle Axle_space Short 

Number of lanes loaded num_lanes 2 

All load factors 1 

Number of arch elements numels 60 

Number of deck elements (per 

section) num_deck 8 

Effective height for which to apply 

soil springs H_effective ft 14 

Elastic modulus of deck E_deck ksi 3759 4200 

Area of concrete deck, long. A_deck in2/in 5 NA 

Positive bending moment of inertia, 

long. I_pos in4/in 0.592 NA 

Negative bending moment of inertia, 

long. I_neg in4/in 0.066 NA 

Area of concrete deck, trans. A_deck in2/in 7.68 0.303 

Positive & negative bending moment 

of inertia, trans. I_deck in4/in 3.2 0.93 

Effective radial distance from arch 

centerline to soil t_deck in 14.4 7.9 

Lateral pressure coefficient, active Ka 0.25 

Lateral pressure coefficient, at-rest Ko 0.45 

Lateral pressure coefficient, passive Kp 4 

Deflection/H_effective, active delta_Ka 0.003 

Deflection/H_effective, passive delta_Kp 0.028 
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The geometry of the circular arc-segment was provided by AIT. Another arch geometry, 

referred to as the “Bebo” or “ConSpan” arch was also provided by AIT. The geometry of 

this arch is based on an elliptical shape. It is steeper near the supports and flatter near 

midspan as compared to a circular arc-segment arch. The total span and rise were held 

constant. An intermediate multi-radius geometry was also considered. This was a 

symmetric 3-radius arch with interior (around midspan) curve defined by a radius of 

about 19.6 ft and included angle of about 77.4 degrees. The exterior (near supports) 

curves of this geometry were defined by a radius of about 13.3 ft and included angle of 

about 48.4 degrees. All three geometries are shown in Figure 4. 

 

 

Figure 4 – Geometric Configurations for Analyses 

 

 

VI. RESULTS: EFFECT OF STAGED BACKFILLING 

Staged backfilling affects analysis results in several ways: 1) alternating soil lifts result in 

side-sway and non-symmetric response about midspan; 2) staged backfilling allows 

lateral earth pressure coefficients other than the at-rest coefficient to be rationally 

considered, which generally reduces critical response values; and 3) staged backfilling 

allows the structural response to be tracked throughout the construction period, which is 

important if the greatest response occurs prior to the final backfilling step.  

 

The effect of staged backfilling was examined by running the matrix of analyses shown 

in Table 2. Three different arch bending stiffness relationships were considered, one of 

which utilized the nonlinear moment-curvature relationship provided for the arch tubes of 
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this study. The others were linear-elastic relationships intended to provide approximate 

bounds on the response that would be expected. Both FRP decking and concrete decking 

were considered. The concrete decking is placed on top of another type of FRP decking 

in actual bridge applications, but this type of FRP is much softer than the FRP decking 

that would be used instead of concrete, and its stiffness was neglected in analyses. Three 

different levels of backfilling were considered: 3, 6, and 12.5 ft. The 3 ft and 6 ft depths 

are similar to actual values that have been used for recently constructed bridges. The 12.5 

ft depth is the specified depth for the proposed Ellsworth Bridge. All results shown here 

are for service (unfactored) loads. 

 

Results of analyses are presented in Figure 5 through Figure 9 below for both types of 

decking and also for both arch moment and total foundation thrust. Envelope arch 

moments are presented, meaning that the values represent the maximum/minimum values 

for any point along the length of the arch at a particular load step (average backfill 

elevation).  

 

Table 2 Matrix of Analyses to Examine the Effect of Staged Backfilling 

Arch Bending Stiffness Decking 

Backfill Depth Above 

Centerline of Arch Crown (ft) 

Nonlinear Concrete 3 

Linear, Uncracked Section FRP-only 6 

Linear, Cracked Section -- 12.5 
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I. Envelope Arch Moments 

 

Figure 5 – Backfilling Envelope Arch Moment for Various Arch Bending Stiffness 

Relationships, Concrete Deck 
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Figure 6 – Backfilling Envelope Arch Moment for Various Arch Bending Stiffness 

Relationships, FRP Deck 

 

As shown in Figure 5 and Figure 6, the response of the nonlinear arch generally falls 

between those of the two corresponding linear models for arch bending moment. 

Generally the arch moments reach a peak at some point during construction near the point 

at which the backfill elevation approaches the height of the arch (14 ft). After which the 

magnitude of the moments generally decreases until the backfill elevation is around 21-

22 ft, and then increases again. Thus, the critical construction moment may occur prior to 

the last load step, depending on the final backfill elevation.  

 

The increased moment at elevations near 14 ft. stems from the fact that the alternating 

soil lifts cause side-sway and increased moments. The side-sway is depicted graphically 

in Figure 7 for the model with nonlinear arch bending stiffness relationship and a 

concrete deck. The original position of the arch is outlined in black. The deformed shape 

is indicated by the thick blue line (deflections are scaled by a factor of 10). It is apparent 

from this illustration that the deflections (and resulting moments) are much greater as the 

backfill level is near the top of the arch. However, at the final grade elevation, the 

deflections are relatively small and many of the soil springs (not shown) have increased 

in stiffness (i.e. K  > oK ). This stiffness of the soil is expected to reduce live load 

moments in the arch. 
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a) First Lift                  b)   Backfill to Crown  

 
c) 3 ft. Above Crown (Typical)                   d)   12.5 ft. Above Crown 

Figure 7 – Deflected Shape of the Arch at Various Backfill Levels, Nonlinear Arch 

Bending Stiffness, Concrete Deck 
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II. Outward Foundation Thrust 

 

Figure 8 – Backfilling Envelope Outward Thrust for Various Arch Bending 

Stiffness Relationships, Concrete Deck 
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Figure 9 – Backfilling Envelope Outward Thrust for Various Arch Bending 

Stiffness Relationships, FRP Deck 

As shown in Figure 8 and Figure 9, the response of the nonlinear arch again generally 

falls between the responses of the two corresponding linear models for arch outward 

thrust. Note that thrust values for the concrete-decked arches are initially much larger 

than those for FRP-decked arches due to the increased self-weight of the concrete. 

However, as the backfill elevation exceeds the approximate height of the arch, the thrust 

forces are dominated by the backfilling loads and both types of decking show similar 

results. It is important to note that the thrust force reported is not the total horizontal 

reaction, but rather the horizontal reaction at the base of the arch. The total reaction is the 

sum of the base reaction plus all of the horizontal spring forces. 
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III. Envelope Arch Axial Load 

 

 

Figure 10 – Backfilling Envelope Arch Axial Load for Various Arch Bending 

Stiffness Relationships, Concrete Deck 
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Figure 11 – Backfilling Envelope Arch Axial Load for Various Arch Bending 

Stiffness Relationships, FRP Deck 

As shown in Figure 10 and Figure 11, the axial response of the arch is practically 

unaffected by the type of relationship used to describe the arch bending stiffness. The 

magnitude of the axial load in the concrete-decked arches is slightly more than for the 

FRP-decked arches due to the increased self-weight.  

 

 

VII. RESULTS: EFFECT OF ARCH GEOMETRY 

The geometry of the arches has a major effect on the way that the structure responds to a 

given set of loads. All bridges constructed to-date have utilized circular arc-segment 

arches. However, this configuration may not be ideal for all applications. Other geometric 

configurations are possible and have been considered for future projects. For example, 

one possible configuration is an arch that is relatively steeper near the supports and flatter 

near midspan as compared to a circular segment arc shape. This shape tends to result in 

decreased foundation thrust and increased arch member bending moments. Based on 

economic factors, the shape of the arch could be optimized to achieve a desired effect. In 

this study, the effect of arch geometry was investigated by analyzing the three geometric 

shapes described previously. The matrix of analyses conducted is shown below in Table 

3. 
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Table 3 Matrix of Analyses to Examine the Effect of Arch Geometry 

Arch Geometry Decking 

Circular Segment Arc Concrete 

ConSpan Bebo Arch FRP-only 

Multi-radius (Intermediate) -- 
 

I. Envelope Arch Moments 

 

Figure 12 – Backfilling Envelope Arch Moments for Various Geometric 

Configurations, Concrete Deck, 12.5 ft of Total Fill Above the Crown 
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Figure 13 – Backfilling Envelope Arch Moments for Various Geometric 

Configurations, FRP Deck, 12.5 ft of Total Fill Above the Crown 

 

It is apparent from Figure 12 and Figure 13 that the moment in the arch increases 

significantly at high backfill elevations going from the arc shape to the intermediate 

shape and again going from the intermediate shape to the Bebo shape. The reverse is true 

for the moment in the arch when the backfill elevation is near the height of the arch. This 

may indicate that shapes such as the Bebo arch are more appropriate for relatively small 

crown burial depths. 
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II. Outward Foundation Thrust 

 

 

Figure 14 – Backfilling Envelope Outward Thrust for Various Geometric 

Configurations, Concrete Deck, 12.5 ft of Total Fill Above the Crown 
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Figure 15 – Backfilling Envelope Outward Thrust for Various Geometric 

Configurations, FRP Deck, 12.5 ft of Total Fill Above the Crown 

 

It is apparent from Figure 14 and Figure 15 that the outward thrust is generally greater for 

arc-shaped arches as compared to the Bebo arch for practically all levels of arch crown 

burial. Once again the response of the intermediate arch is in between the two others. 

This indicates that shapes that are relatively steeper near the supports and flatter near 

midspan are more effective at reducing foundation thrust loads. 
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III. Envelope Arch Axial Load 

 

Figure 16 – Backfilling Envelope Arch Axial Load for Various Geometric 

Configurations, Concrete Deck, 12.5 ft of Total Fill above the Crown 
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Figure 17 – Backfilling Envelope Arch Axial Load for Various Geometric 

Configurations, FRP Deck, 12.5 ft of Total Fill above the Crown 

 

The maximum axial load level in the arch does not appear to be greatly affected by the 

shape of the arch based on Figure 16 and Figure 17, although the arc-shaped arch does 

carry slightly greater axial loads at all backfill levels. 

 

 

VIII. RESULTS: EFFECT OF LIVE LOADING 

 

The response due to live loading may control the design of the arch members, particularly 

for bridges with relatively low soil depth above the crown of the arch. The effect of soil-

structure interaction on live loading was examined in this study by analyzing a variety of 

configurations as summarized in Table 4. Four different truck/position combinations 

provided by AIT were analyzed. The position refers to the front axle of the truck moving 

from left to right and the origin of the coordinate system is at midspan. Note that the 

positions referring to M+ in the right footing were actually applied with the truck 

mirrored about midspan to maximize M+ in the left footing of the model. This was done 

because the positive moment is larger at the left footing due to staged backfilling. If 

staged backfilling were not considered, the foundation moments on each side of the arch 

due to construction would be equal. All analyses with live loading considered a final 
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backfilling elevation of 15 ft (3 ft crown burial depth) unless otherwise noted. Service 

(unfactored) loads are used for all analyses. 

 

Table 4 Matrix of Analyses to Examine the Effect of Arch Geometry 

Truck and Position 

of Front Axle Maximizes Arch Geometry Decking 

Short Design Truck at 

130 in (266 in Rev.) 

M+ at right footing 

(M+ at left footing) Circular Segment Arc Concrete 

Short Design Truck at 

466 in M- at right footing ConSpan Bebo Arch FRP-only 

Tandem at -38 in (86 

in Rev.) 

M+ at right footing 

(M+ at left footing) -- -- 

Tandem at 154 in M- at right footing -- -- 

 

I. Envelope Arch Moments 

 

Figure 18 – Backfilling and LL Envelope Arch Moment for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), Concrete Deck 
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Figure 19 – Backfilling and LL Envelope Arch Moment for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), FRP Deck 

 

Interestingly, the  magnitude of the arch moment due to live loading for the arc-shaped 

arches at all truck positions except one decreased as shown in Figure 18 and Figure 19. 

The one case that showed an increase in arch moment was only about 1%. This counter-

intuitive result occurs because the crown burial depth is low (3 ft) and the arch is in such 

a position that it benefits from being “pushed back into place” by additional vertical 

loading (see Figure 7). On the other hand, the arch moment magnitudes increase for all 

possible scenarios with the Bebo arch. This indicates that the arc-shaped arch is more 

effective for resisting moment due to live loads at low crown burial depths. 
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II. Outward Foundation Thrust 

 

Figure 20 – Backfilling and LL Envelope Outward Thrust for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), Concrete Deck 
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Figure 21 – Backfilling and LL Envelope Outward Thrust for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), FRP Deck 

 

It is apparent from Figure 20 and Figure 21 that the outward thrust is generally greater for 

arc-shaped arches as compared to the Bebo arch for practically all backfill and live load 

levels. This indicates that shapes that are relatively steeper near the supports and flatter 

near midspan are more effective at reducing foundation thrust loads due to backfilling 

and live loads. 
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III. Envelope Arch Axial Load 

 

Figure 22 – Backfilling and LL Envelope Arch Axial Load for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), Concrete Deck 
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Figure 23 – Backfilling and LL Envelope Arch Axial Load for Arc and ConSpan 

(Bebo) Geometries (All 4 LL Analyses Shown for Each), FRP Deck 

 

The change in axial load level in the arch due to live loading appears to be very similar 

for both arch shapes based on Figure 22 and Figure 23. Again the arc-shaped arch carries 

greater axial loads at all backfill levels. 

 

IX. RELATIVE EFFECT OF SOIL SPRINGS 

All analysis results presented to this point have utilized the procedure developed as part 

of this study with nonlinear soil springs. It is of interest to directly compare these results 

with those that would be generated with existing analysis code that does not consider 

nonlinear soil springs. A limited set of results is presented here to examine this. 
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I. Envelope Arch Moment 

 

 

Figure 24 – Effect of Soil Springs on Backfilling and LL Moment, Concrete Deck, 3 

ft of Backfill above the Crown 
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Figure 25 – Effect of Soil Springs on Backfilling and LL Moment, FRP Deck, 3 ft of 

Backfill above the Crown 

 

It is apparent from Figure 24 and Figure 25 that the arch bending moment in both the arc-

shaped arch and the Bebo arch are significantly reduced by considering the nonlinear soil 

spring relationship. The peak bending moment magnitudes and relative difference 

between the two types of arches are presented in Table 5. For all scenarios presented, the 

nonlinear soil spring relationship results in a reduction in arch bending moment of 26-

46%.  

Table 5 Peak Moment Magnitudes and Relative Differences Due to the 

Consideration of Nonlinear Soil Springs, 3 ft of Backfill above the Crown 

Arc Bebo 

Deck Param Nonlinear K = Ko Diff. Nonlinear K = Ko Diff. 

Concr. 
M+ (kip*in) 176 244 28% 447 823 46% 

M- (kip*in) -386 -583 34% -306 -532 42% 

FRP 
M+ (kip*in) 243 328 26% 436 666 35% 

M- (kip*in) -523 -736 29% -309 -470 34% 
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Figure 26 – Effect of Soil Springs on Backfilling and LL Moment, Concrete Deck, 

12.5 ft of Backfill above the Crown 

  

0 5 10 15 20 25 30
-2000

-1500

-1000

-500

0

500

1000

1500

2000

2500

Average Backfill/Wearing Surface Elevation (ft)

E
n
v
e
lo

p
e
 A

rc
h
 M

o
m

e
n
t 

(k
ip

*i
n
)

 

 

Arc, Concr.

Arc, Concr., K=Ko

Bebo, Concr.

Bebo, Concr., K=Ko

Calculations Package Page 111



AEWC Report 11-30         Page 33 of 57 

Project 906F 

 

 

AEWC Advanced Structures & Composites Center CONFIDENTIAL   Telephone:  207-581-2123 

5793 AEWC Bldg                                                                            FAX:  207-581-2074 

University of Maine  contactaewc@umit.maine.edu 

Orono, ME 04469-5793  www.aewc.umaine.edu 

 

This report shall not be reproduced, except in full, without the written approval of  

the AEWC Advanced Structures & Composites Center. 

 

 

Figure 27 – Effect of Soil Springs on Backfilling and LL Moment, FRP Deck, 12.5 ft 

of Backfill above the Crown 

 

 

It is apparent from Figure 26 and Figure 27 that the arch bending moment in both the arc-

shaped arch and the Bebo arch are significantly reduced by considering the nonlinear soil 

spring relationship. The peak bending moment magnitudes and relative difference 

between the two types of arches are presented in Table 6. For all scenarios presented, the 

nonlinear soil spring relationship results in a reduction in arch bending moment of 37-

59%.  

Table 6 Peak Moment Magnitudes and Relative Differences Due to the 

Consideration of Nonlinear Soil Springs, 12.5 ft of Backfill above the Crown 

Arc Bebo 

Deck Param Nonlinear K = Ko Diff. Nonlinear K = Ko Diff. 

Concr. 
M+ (kip*in) 379 664 43% 935 273 55% 

M- (kip*in) -212 -334 37% -633 -1481 57% 

FRP 
M+ (kip*in) 417 674 38% 1032 2500 59% 

M- (kip*in) -196 -340 42% -762 --1581 52% 
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II. Envelope Outward Thrust 

 

Figure 28 – Effect of Soil Springs on Backfilling and LL Thrust, Concrete Deck, 3 ft 

of Backfill above the Crown 
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Figure 29 – Effect of Soil Springs on Backfilling and LL Thrust, FRP Deck, 3 ft of 

Backfill above the Crown 

 

The outward thrust magnitude is reduced 29-36% when considering a nonlinear soil 

spring relationship for the Bebo arch, but it has practically no effect on the arc-shaped 

arch as shown in Table 7. The reason for the lack of significant benefit with respect to 

outward thrust with the arc-shaped arch is that many of the soil springs are actually still 

in the active state (i.e. K < Ko) at a backfill depth of the 3 ft. After the application of live 

loads, which causes K to increase, the response is similar to that for linear soil springs (K 

= Ko). As shown next, the soil-springs are more effective for larger crown burial depths. 

 

Table 7 Peak Outward Thrust Magnitudes and Relative Differences Due to the 

Consideration of Nonlinear Soil Springs, 3 ft of Backfill above the Crown 

Arc Bebo 

Deck Param Nonlinear K = Ko Diff. Nonlinear K = Ko Diff. 

Concr. 
Outward 

Thrust 
18.3 18.2 -1% 11.9 18.7 36% 

FRP 
Outward 

Thrust 
14.7 15.3 4% 11.1 15.6 29% 
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Figure 30 – Effect of Soil Springs on Backfilling and LL Thrust, Concrete Deck, 

12.5 ft of Backfill above the Crown 
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Figure 31 – Effect of Soil Springs on Backfilling and LL Thrust, FRP Deck, 12.5 ft 

of Backfill above the Crown 

 

The outward thrust magnitude is reduced 48-54% when considering a nonlinear soil 

spring relationship for the Bebo arch, but only 8-10% for the arc-shaped arch as shown in 

Table 8 for a crown burial depth of 12.5 ft. This indicates that the use of nonlinear soil 

springs provides more benefit for the Bebo arch than the arc-shaped arch with respect to 

the improvement in foundation thrust. Additional improvement may be mobilized for 

both shapes when other types of foundations are considered (e.g. spread footings free to 

translate instead of the perfectly fixed foundations that are assumed in these analyses). 

 

Table 8 Peak Outward Thrust Magnitudes and Relative Differences Due to the 

Consideration of Nonlinear Soil Springs, 12.5 ft of Backfill above the Crown 

Arc Bebo 

Deck Param Nonlinear K = Ko Diff. Nonlinear K = Ko Diff. 

Concr. 
Outward 

Thrust 
58.8 65.4 10% 69.3 31.9 54% 

FRP 
Outward 

Thrust 
56.9 62.3 8% 65.8 33.9 48% 

 

III. Envelope Arch Axial Load 
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Figure 32 – Effect of Soil Springs on Backfilling and LL Arch Axial Loads, Concrete 

Deck, 3 ft of Backfill above the Crown 
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Figure 33 – Effect of Soil Springs on Backfilling and LL Arch Axial Loads, FRP 

Deck, 3 ft of Backfill above the Crown 

The peak magnitude of arch axial force is practically unaffected by the soil spring 

relationship as shown in Figure 32, Figure 33, and Table 9. The difference in response is 

less than 1%.  

 

Table 9 Peak Arch Axial Force Magnitudes and Relative Differences Due to the 

Consideration of Nonlinear Soil Springs, 3 ft of Backfill above the Crown 

    Arc Bebo 

Deck Param Nonlinear K = Ko Diff. Nonlinear K = Ko Diff. 

Concr. 
Arch Axial 

Force (kip) 
-78.6 -78.9 0.4% -86.8 -87.1 0.3% 

FRP 
Arch Axial 

Force (kip) 
-72.7 -72.9 0.3% -81 -81.1 0.1% 

 

 

X. SUMMARY AND CONCLUSIONS 

MATLAB-based structural analysis code has been developed to capture the effects of 

nonlinear soil springs, staged construction, decking stiffness, and longitudinal benefit 

from concrete decking (see Appendix B for a collection of content specifically related to 
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the programming aspect of the project). The code will be provided to AIT as a deliverable 

for this study. The effect of staged backfilling, arch geometry, and live loading was 

investigated by analyzing a variety of configurations that are representative of a proposed 

(or previously constructed) bridge project. Input parameters were based on values 

provided by AIT and were primarily based on the proposed Ellsworth Bridge project. 

 

The following conclusions were drawn from results of analyses: 

 

I. Staged Backfilling 

1. Alternating soil lifts resulted in side-sway and non-symmetric response about 

midspan. 

2. Staged backfilling allowed lateral earth pressure coefficients other than the at-

rest coefficient to be rationally considered. 

3. Staged backfilling allowed the structural response to be tracked throughout the 

construction period.  

4. The bending moment response for the arch with the nonlinear bending 

stiffness relationship generally fell between those for the linear cracked arch 

and the linear uncracked arch. 

5. The maximum moment during backfilling sometimes occurred at a point prior 

to the last construction load step depending on the total backfill level. 

6. The type of arch bending stiffness considered did not have a large effect on 

the outward thrust. 

7. The outward thrust was initially larger for the concrete-decked arches 

compared to the FRP-decked arches due to the increased self-weight. 

8. The type of arch bending stiffness had practically no effect on the maximum 

axial load in the arch. 

II. Arch Geometry 

1. The shape of the arch had a large effect on the moment developed within the 

arch (total span and rise were held constant). Shapes that were steeper near 

supports and flatter near midspan (Bebo) resulted in much larger bending 

moments at large burial depths. 

2. At shallow burial depths, the moments were largest in the arc-shaped arch and 

least for the Bebo arch, which may indicate that the optimal shape is 

dependent on crown burial depth. 

3. The outward foundation thrust was greatest for the arc-shaped arch and least 

for the Bebo arch at all levels of backfilling. 

Calculations Package Page 119



AEWC Report 11-30         Page 41 of 57 

Project 906F 

 

 

AEWC Advanced Structures & Composites Center CONFIDENTIAL   Telephone:  207-581-2123 

5793 AEWC Bldg                                                                            FAX:  207-581-2074 

University of Maine  contactaewc@umit.maine.edu 

Orono, ME 04469-5793  www.aewc.umaine.edu 

 

This report shall not be reproduced, except in full, without the written approval of  

the AEWC Advanced Structures & Composites Center. 

 

4. The axial load in the arch was minimally affected by the arch shape, although 

the axial load in the Bebo arch was smaller for all levels of backfilling. 

III. Live Loading 

1. The magnitude of moment in the arc-shaped arch decreased as live loads were 

applied. This counter-intuitive result occurs when the crown burial depth is 

low (3 ft) and the arch is in such a position that it benefits from being “pushed 

back into place” by additional vertical loading (see Figure 7). 

2. The magnitude of moment in the Bebo arch increased as live loads were 

applied, which may indicate that the arc-shaped arch is more effective for 

resisting moment due to live load at low crown burial depths. 

3.  The outward thrust due to live loading is greater for arc-shaped arches than 

the Bebo arch. 

4. The change in axial load level due to live loading was similar for both arches. 

The total axial loads were larger in the arc-shaped arch compared to the Bebo 

arch. 

IV. Relative Effect of Soil Springs 

1. The use of nonlinear soil springs resulted in 26-59% lower arch bending 

moments. 

2. Outward thrust was reduced by 29-54% for the Bebo arch. Less significant 

differences of around 0-10% were noted for the arc-shaped arch.  It is 

expected that the relative effect of the soil-springs with respect to outward 

thrust will be reduced further for arches with other types of foundations that 

allow lateral movements (e.g. spread footings or pile-supported foundations). 

3. The soil springs had practically no effect on the axial load level in the arches. 

In summary, the consideration of nonlinear soil springs, the 3D effect of transverse 

decking stiffness, staged backfilling, and various arch geometries was shown to have a 

significant effect on the critical response values that would be used to design bridge 

structures. Many of the critical response values were reduced significantly by considering 

nonlinear soil springs. It was also shown that the arch geometry had a large effect on 

critical response values. The software developed as part of this project will provide a 

valuable tool to bridge designers in their efforts to optimize designs to achieve desired 

effects and ultimately improve the economic efficiency of these structures.  
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XII. APPENDIX A – SCOPE OF WORK OF ORIGINAL PROPOSAL 

FROM UMAINE AEWC CENTER to AIT 

Task 6: Simplified Modeling to Assess Soil-Structure Interaction Effects 

This task will quantify the expected reduction in internal arch forces and foundation loads 

due to soil-structure interaction and staged backfilling. The results will guide AIT’s 

decision-making when assessing how and whether to move forward with more 

sophisticated and costly studies on the potential benefits of soil-structure interaction, 

which may be analytical, laboratory-based, or field-based. 

 

Staged backfill compaction causes incremental changes to the arch-soil system.  Present 

AIT design methodology does not account for the stiffness of the backfill and the 

variation in horizontal soil pressure due to arch deflection. While both of these 

phenomena are difficult to simulate, there is a solid basis for assessing their effects 

through models that treat the soil as a series of uncoupled nonlinear springs. Precedents 

for this approach can be found in literature on integral abutment bridges (Faraji et al. 

2001; Ting and Faraji 1998) and in design procedures for earth retaining structures 

(USACoE 1994). This task will be divided into four sub-tasks to systematically approach 

the problem. 

Task 6.1: Develop FE Model of Arch Bridge to Simulate Staged Backfilling 

We will develop a FE model for a single arch that incorporates beam elements for the 

arch, nonlinear springs for the soil, and additional transverse beam elements to simulate 

the decking. Unlike current AIT models, these models will be 3D, and the simulations 

will account for the effect of the variable structural stiffness of the arch-decking system 

on the soil reactions. Additionally, the models will allow the overlaying of a second set of 

arch elements to simulate arching action of the concrete decking. These additional beam 

elements will not be composite with the concrete-filled FRP arch, will have the same CG 

as the arch for simplicity of model generation, and will be assumed to have a constant 

stiffness, EI. The soil springs will be nonlinear, permitting the gradual transition from at-

rest conditions to passive and active conditions to be simulated as the arch moves into 

and away from the backfill, respectively. The soil spring load-deflection relationships 

will be developed using the same methodology presented by Faraji et al. (2001) and Ting 

and Faraji (1998), which is based on soil stiffness information given in the NCHRP 

Report 343 (NCHRP 1991). 

 

The model will simulate staged backfilling, where soil lifts are placed sequentially on 

alternating sides of the arch. As a soil lift is placed, its weight is applied, corresponding 

springs are added to the model, and all other soil springs in the model at or below the 

elevation of that soil lift will be updated to reflect any additional overburden pressure and 

incremental arch movements. The model will also be able to accommodate a nonlinear 

moment-curvature relationship for the filled arch. AIT will provide UMaine with 

Calculations Package Page 122



AEWC Report 11-30         Page 44 of 57 

Project 906F 

 

 

AEWC Advanced Structures & Composites Center CONFIDENTIAL   Telephone:  207-581-2123 

5793 AEWC Bldg                                                                            FAX:  207-581-2074 

University of Maine  contactaewc@umit.maine.edu 

Orono, ME 04469-5793  www.aewc.umaine.edu 

 

This report shall not be reproduced, except in full, without the written approval of  

the AEWC Advanced Structures & Composites Center. 

 

appropriate arch nonlinear moment-curvature relationships, or MATLAB code to 

generate the arch nonlinear moment-curvature relationship. 

Deliverable:  A copy of the MATLAB FE code and a written description of the 

underlying assumptions. 

Task 6.2: Simulate the Effect of Staged Backfilling 

We will simulate the effect of staged backfilling for the same geometry and site 

conditions used in the design of the Ellsworth Bridge. AIT will provide geometry and 

design details. A medium-dense backfill material that is representative of the site backfill 

will be used for the simulations. The results of the analysis will be compared with the 

results of the analyses conducted by AIT in the design of the Ellsworth bridge arches to 

assess the significance of soil support. Quantities to be compared will include arch 

moments, arch axial loads, and foundation loads. A total of three basic models will be 

developed to assess the effect of arch stiffness: model (1) will use a nonlinear arch 

moment-curvature relationship; model (2) will use a linearly elastic arch with a constant 

cracked section; and model (3) will assume the arch is linearly elastic with a constant un-

cracked section. For all three models, simulations will be run with and without the 

concrete deck. Additionally, three different heights of backfill above the arch crown (3 ft, 

6 ft and 9 ft) will be simulated. This gives a total of 3x2x3 analyses. 

Deliverable: Arch axial loads, arch moments, and foundation loads for all 18 analyses 

will be summarized in a report to AIT. 

Task 6.3: Explore the Effect of Arch Geometry 

We will develop additional FE models that will incorporate arch geometries having 

variable radii with more vertical legs and flatter tops. Such geometries are used by other 

manufacturers (i.e. ConSpan) to mobilize horizontal soil pressure and reduce foundation 

thrusts. AIT will provide UMaine with the geometry typical of a ConSpan arch for the 

same rise and span of the Ellsworth Bridge. UMaine will construct a model of an arch 

bridge with this geometry, as well as a second model with geometry intermediate 

between that of a ConSpan structure and the proposed Ellsworth Bridge. The effect of 

arch geometry will be assessed by comparing arch moments, thrusts, and foundation 

loads for these two models with the results from the proposed Ellsworth Bridge. Both 

models will assume a nonlinear arch moment-curvature relationship, and both models 

will be analyzed with and without a concrete deck with a fixed backfill height of 3 ft at 

the arch crown. These results can be used by AIT to assess potential reduction in 

foundation costs, as well as the effect on arch cross-sectional design and the feasibility of 

using variable radii arches. 

Deliverable:  Arch axial loads, arch moments, and foundation loads for all four analyses 

will be summarized in a report to AIT. 

Task 6.4: Effect of Live Loading 

In the final sub-task, live load effects will be examined. Two models will be run: (1) the 

Ellsworth Bridge; and (2) the flatter top arch geometry typical of a ConSpan structure as 
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specified by AIT for Task 2.3. Each model will be run with and without a concrete deck 

and 3 ft of backfill at the arch crown. Live load will be distributed to the arch using the 

methodology currently employed by AIT (AIT will provide UMaine with methodology 

and MATLAB code for live load distribution). To account for model nonlinearity, the 

live load effects will be determined by subtracting the results of DL + backfilling from 

the total DL + backfilling + LL. The arch will be modeled with a nonlinear moment-

curvature relationship in all analyses. 

Deliverable:  Arch axial loads, arch moments, and foundation loads for all four analyses 

will be summarized in a report to AIT. 
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XIII. APPENDIX B – SOFTWARE PROGRAMMING SUMMARY 

 

The discretization of the finite element mesh is performed automatically within the input 

files provided with this software. The basic strategy for node numbering is: 

1. Node 1 is at X = +span/2, Y = 0, and Z = 0. 

2. All arch nodes are defined sequentially from this point to the final arch node 

numbered numels+1 located at X = -span/2, Y = 0, and Z = 0. 

3. Next, the decking/soil spring nodes are generated starting at the X,Y 

coordinates equal to those for Node 2 and Z = -spacing/2.  

4. All nodes are generated along the length of the arch at Z = -span/2 (no nodes 

are generated at Y = 0). 

5. This process is repeated moving in the +Z direction for all remaining nodes. 

 

The basic strategy for element numbering is: 

1. Element 1 connects Nodes 1 and 2, Element 2 connects Nodes 2 and 3, etc. 

until all of the arch elements are defined. 

2. Next, decking elements are defined starting at the X,Y coordinates equal to 

those for Node 2 and Z = -spacing/2 and progressing towards +Z. 

3. Once all of the decking elements are defined for a particular X,Y point, the 

sequence continues at the adjacent X,Y coordinate in the –X direction. 

4. Finally, soil spring elements are numbered in the same order as the 

arch/decking nodes. 

 

An example of node and element numbering for a model with 60 arch elements and 4 

elements along the transverse length of the decking is shown in Figure B1. 

    
 

a) Nodes          b) Elements 

Figure B1 Example of Numbering Method, numels = 60, num_deck = 4 (Not to 

Scale)  
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Table B1 – List of MATLAB Analysis Functions (Original AIT Functions Shown in 

Black Text, Underlined Functions have been Modified, and New Functions are 

Shown in Blue Text). 

add_element_k generate_T_beam 

angles generate_T_beam_3D 

apply_3D_boundaries get_cross_vector_for_decking 

apply_boundaries get_el_displ 

apply_loads get_envelope_results_for_current 

arch_analysis get_equivalent_arch_M_EI 

assemble_stiff get_K_given_deltaUx 

beam_stiff_2D get_M_and_EI_given_phi_axial 

beam_stiff_3D get_nodal_loads_for_soils 

bousinnesq get_self_weight_nodal_force_vector 

Combine_envelopes get_soil_spring_force 

Combine_Fatigue_Env Inputs_Ellsworth_3D 

compute_live_load_force_vector linear_arch 

compute_LL_nodal_force load_rate 

compute_LL_nodal_force_3D Multi_run 

compute_member_forces newton_solver_3D 

compute_member_forces_3D perform_3D_backfill_analysis 

compute_residual_3D perform_3D_LL_analysis 

generate_results_table_for_3_elevations plotting_loop 

deck_stiff_3D soilspring_stiff_3D 

distribute_F_to_decking_elements update_spring_props 

DRAW_ALL write_combined_envelopes 

DRIVER_MAIN_3D write_Fatigue_env 

eliminate_horizontal_components write_load_rate 

generate_envelopes write_multi 

generate_F_soils write_Single_Load_Case 

generate_soil_lifts writefile 
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Table B2 – Hierarchy of Functions used to Perform Backfilling and Live Load 

Analyses 

DRIVER_MAIN_3D – main function for running a backfilling and live load analysis 

including all SSI and 3D aspects of this project (for the proposed Ellsworth Bridge). 

1. perform_3D_backfill_analysis - main function for running a backfilling analysis.  
a. Inputs_Ellsworth_3D, Inputs_ConSpan_3D, etc. – expanded version of 

existing AIT input files to incorporate the necessary additional information to 

define the model beyond existing 2D models. 

b. apply_3D_boundaries –applies applicable boundary conditions to 2D or 3D 

models based on the type of boundary chosen in the input file. 

c. get_self_weight_nodal_force_vector –generates the loads corresponding to 

the self weight of the arch and decking. It will distribute the weight of the 

decking elements to the decking elements if applicable. Otherwise the weight 

of the decking elements is applied directly to the arch. 

i. apply_loads – slightly modified version of existing AIT function for 

generating loads. The only modification is to adjust the indices to 

account for 3D models (e.g. Mzz is entry 6 instead of entry 3). Here, 

INCLUDED_FORCES is set to 5 so that loads corresponding to self-

wt. of the arch and decking are generated. The components of self-wt. 

due to arch and decking are separated so that the decking self-wt can 

be distributed among the decking elements while the arch self-wt is 

only applied to the arch nodes.  

ii. distribute_F_to_decking_elements –uses the global variable F, which 

should be set so that it contains only the forces corresponding to the 

self-wt of the decking. When input, the forces are all lumped on the 

arch nodes. The output for the function is a force vector where self-wt 

of decking has been distributed proportionately among decking nodes. 

d. generate_soil_lifts –returns a vector of lift elevations based on total lift height 

specified. Lifts are applied on alternating sides of the arch in 12” increments 

until reaching the height of the arch. After which, lifts are applied in 12” 

increments over the entire structure until the elevation is within 12” of the 

specified maximum height. The remaining fractional lift, if applicable, is 

applied as a final lift. 

e. generate_F_soils –generates the vector of forces corresponding to soil 

loading. cur_grade and last_grade are the only input parameters and each of 

these contains an elevation for the right and left sides of the arch, 

respectively. Vertical forces are computed at all nodes below grade. 

Horizontal forces based on Ko are only computed for nodes that are located 

between the last grade and the current grade since the horizontal component 
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of force below the last grade is handled by the soil springs that are now 

activated. 

i. get_nodal_loads_for_soils –takes as input the connectivity of an 

element, the vertical and horizontal stresses at the top and bottom of 

the element, and the applicable current grade level. Three cases are 

considered: 1) element above grade, forces = 0, 2) element partially 

below grade, and 3) element completely below grade. For cases (2) & 

(3), shape functions are used to distribute the linearly varying soil 

pressure to the end nodes, resulting in statically equivalent nodal 

forces. This function considers the full tributary width of the arch, so 

the forces must be distributed to the decking elements, if applicable, 

which is done in generate_F_soils. 

1. generate_T_beam_3D –transforms the calculated statically 

equivalent nodal loads to the orientation of the element. 

f. newton_solver_3D –main routine for solving a single nonlinear 3D load step. 

i. compute_residual_3D –computes a vector of residual forces, which is 

the difference between the member forces and the applied forces per 

node and dof.  

1. get_cross_vector_for_decking –returns a vector with x, y, and 

z components of a vector that is perpendicular to the surface 

of the decking in the strong axis direction. The purpose is to 

properly orient the weak and strong axes when computing the 

transformation vector. 

2. assemble_stiff – main function for generating the global 

stiffness matrix. 

a. beam_stiff_2D – same as previous AIT code. 

b. beam_stiff_3D – computes an element stiffness matrix 

for a 3D element, which can either be an arch element, 

decking element, or soil spring element. 

i. get_equivalent_arch_M_EI – this function 

returns the moment and curvature values for 

the arch elements. It also adds in the 

components for the concrete deck, if 

applicable. 

1. get_M_and_EI_given_phi_axial–

returns interpolated M and EI values 

based on a moment-curvature 

relationship provided by AIT for a 12” 

arch. The method used by this function 
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was somewhat optimized for 

efficiency since it is called so many 

times during a nonlinear analysis. 

ii. soilspring_stiff_3D –returns the element 

stiffness matrix for a soilspring element based 

on the element’s properties (one of which is 

the ‘zero’ position of the spring), the current 

grade, and the incl_force (tells whether 

additional loads should be applied beyond 

backfilling loads). 

1. get_soil_spring_force – this function 

returns the force in a soilspring based 

on its depth, zero value, and which 

forces are applied 

a. get_K_given_deltaUx – returns 

lateral pressure coefficient Ksoil 

based on relative displacement 

and the user-defined soil 

spring relationship 

iii. deck_stiff_3D – returns the element stiffness 

matrix for a decking element. Elements at the 

ends of the decking (planes of symmetry) are 

recognized and applicable stiffness matrices 

are applied to address the boundary conditions 

at the planes of symmetry (rotation about 

applicable axis = 0). 

iv. get_cross_vector_for_decking  

v. generate_T_beam_3D 

vi. add_element_k – adds element stiffness matrix 

to global stiffness matrix. 

3. apply_boundaries – zeros applicable values of F, U, R, and K 

to account for boundary conditions. 

4. compute_member_forces_3D – returns a vector of 

member_forces for each element 

a. get_el_displ – returns a vector of displacements for a 

particular element. 

b. generate_T_beam_3D 

c. get_cross_vector_for_decking 

d. beam_stiff_3D 
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e. deck_stiff_3D 

f. get_equivalent_arch_M_EI  

i. get_M_and_EI_given_phi_axial  

g. get_soil_spring_force 

5. compute_residual_3D 

ii. get_envelope_results_for_current – returns results envelope for the 

current load step. 

iii. update_spring_props – modifies PROPS by setting a flag for 

elements that are now activated due to last_grade < z < cur_grade and 

also saves the applicable ‘zero’ displacement value for newly 

activated springs. 

2. perform_3D_LL_analysis - main function for running a live load analysis. This 

function is designed to resume an analysis from a previously solved backfilling 

analysis. The user must specify which load step to resume from. Files that were saved 

from the previous analysis are loaded to initialize element properties, etc. The 

previous analysis should always end with a backfill level above the arch (i.e. all 

springs activated). 

a. apply_loads   

b. distribute_F_to_decking_elements 

c. eliminate_horizontal_components – takes as input a vector of nodal forces 

containing both x and y force components (e.g. one that was generated using 

AIT’s apply_loads function) and removes horizontal components since the 

horizontal components are handled by the soil springs. 

d. compute_live_load_force_vector – utilizes existing code written by AIT to 

generate the nodal force vector corresponding to vehicular live loads. Both 

vertical forces and stresses are generated since the forces will be applied and 

the stresses will be used to generate spring forces.  

i. compute_LL_nodal_force_3D –returns a force that is generated using 

the integral solution for the Boussinesq equation provided by AIT. 

The only change made to the code was to replace B(1) = -TW/2 and 

B(2) = TW/2 with B(1) = B1 and B(2) = B2, respectively, where B1 

and B2 are input to the function.  

e. Remainder of analysis is the same as for step 1 above. 
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Table B3 – Summary of hard-wired parameters in new functions 

Parameter Function Containing Definition 

Arch geometric parameters (span, 

rise, spacing, etc.) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Site parameters (rho, depth_crown, 

etc.) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Some live load parameters (vehicle, 

axle_space, etc.) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Analysis parameters (numels, 

num_deck, etc.) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Transverse decking properties 

(E_deck, A_deck, I_deck) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Longitudinal decking properties 

(E_deck, A_deck, I_pos, I_neg) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Distance from centerline of arch to 

soil -- used to calculate effective soil 

depth (t_deck) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Effective height for soil springs 

(H_effective) 

Inputs_X, where X = ‘Ellsworth_3D’ for 

example 

Soil spring parameters (Ka, Ko, Kp, 

delta_Ka, delta_Kp) get_K_given_deltaUx 

AASHTO lane load of 640 plf (over 

10 ft width) lane_AASHTO get_soil_spring_force 

AASHTO vehicular live load 

parameter (num_axles, axle, 

axle_spacing) compute_live_load_nodal_force_vector 

Arch M-κ relationship 

get_M_and_EI_given_phi_axial and files 

saved to the working directory 

Nonlinear solution tolerance newton_solver_3D 
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Table B4 – Things to be aware of 

1. It is not recommended to use completely vertical elements (i.e. adjacent arch 

nodes have exactly the same x-value) since this may cause errors. The orientation 

of the element from horizontal may be taken as 270 degrees when it should be 90 

degrees. The implementation of atan2 or another method may alleviate this issue. 

2. Vehicular live loading, when non-symmetric, causes torsion and bending about 

the Y-Y axis of the arch elements. On the other hand, all other loads are 

symmetric and there is no torsion or Y-Y bending. Currently these forces are 

neglected (set equal to zero) since torsional properties are unknown, which 

appears to have negligible effect on the solution. 

3. It is not necessary to apply backfilling loads incrementally once the elevation of 

the backfill is above the arch because all soil springs are activated at this point. 

However, the risk of neglecting to do this is that the critical construction response 

may be missed. 

4. Similarly, the wearing surface, lane load, and vehicular live load could all be 

applied at the same time if desired. 

5. The transverse bending stiffness of the concrete deck for this particular bridge 

happens to be almost equal for positive or negative cracked-section bending. This 

may not be the case for other structures and additional work may be required to 

address this if it is important. 
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Table B5 –Ideas to improve run-time efficiency 

1. Reduce the number of decking elements. 

a. Every additional decking element means ≈N*2 more total elements, 

where N is the number of arch elements. 

b. Perform convergence study to examine the effect. The effect of the 

decking elements may be negligible if the decking stresses are not 

important. 

2. Increase the tolerance in ‘newton_solver_3D’ 

a. Again a convergence study should be performed. It is suspected that 

the tolerance can be increased a lot without sacrificing much accuracy 

in the key results. 

3. Perform backfill analysis, then add DW, then add lane load and use this as the 

starting point for all subsequent analyses (live load vehicle in various 

positions). Thus, the time to run an envelope analysis is approximately equal 

to the time required for one full nonlinear Newton iteration multiplied by the 

number of envelope configurations. 

a. May need to look at several combinations when load factors come into 

play. 

4. Eliminate or reduce screen prints (‘sprintf’ commands). 

5. Develop code in another programming language. 

6. Verify that the user’s processor is being fully utilized, particularly for multi-

core processors. 
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XIV. APPENDIX C – SUPPORTING CALCULATIONS 
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