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CHAPTER 1: INTRODUCTION

1.1 Scope of Work

The Ohio Department of Transportation (ODOT) wishes to develop a practical method for
assessing asymmetrical deformation of installed thermoplastic pipes. ODOT Construction and
Material Specifications (CMS) Item 611 requires such asymmetrical deformation (termed
“racking”) to be evaluated by an independent Registered Engineer.

American Association of State Highway and Transportation Officials (AASHTO) Load and
Resistance Factor Design (LRFD) Bridge Construction Specifications, Section 30 (2010) refer to
Section 12 of the AASHTO LRFD Bridge Design Specifications (2017) for assessment of the
structural suitability of installed thermoplastic pipe. However, Section 12 design procedures
are all based on deflections less than 5% and are based on uniform deflection. Section 12
does not consider racking in the design method and does not consider deflections in excess of
5%. The assessment is, therefore, left wholly to the independent Registered Engineer.

Assessment of these types of distortion can be assessed using finite element modelling which
can estimate the stresses and strains in the pipe wall.

The project goals are to address these deficiencies and offer guidance for the assessment of
pipe distortion and racking, and to provide basic training to ODOT personnel on the use of
finite element modelling (FEM). The following tasks will be utilized to accomplish these
goals.

The project team will make contact with ODOT staff, both in Central Office and in District
Offices to identify the types of distress commonly identified during 611 post-construction
conduit inspections. In addition, we will draw on our experiences as an independent
Registered Engineer and experiences of industry colleagues in identifying common conduit
defects.

The project team will develop 2D FEM models using the public domain Culvert Analysis and
Design (CANDE) FEM software. The models will be utilized to conduct a parametric study
on the performance of distorted thermoplastic pipe.

Based on the results of the parametric study conducted as Task 2, the team will develop a
Distortion Assessment Methodology. This will be a practical method for measuring
thermoplastic pipe distortion and assessing the structural suitability of the distorted pipe. This
will include pipe sizes with nominal diameters of 12 in to 60 in.

A short training procedure will also be developed in order to provide training of the
methodology to ODOT personnel.



The project team will develop an introductory training course in the finite element method.
The course will not focus on the mathematics behind the method, but rather the practical
implementation of the methodology to solve soil-structure interaction problems. The training
will discuss soil material models, structural element material models, and interface elements.

The training will discuss both the positive aspects of FEM as well as common pitfalls.
1.2 Outline of the Report

Chapter 2 covers the literature search which aimed at review of current state of the practice in
assessing non-symmetric deformation in buried thermoplastic conduits. In addition, a summary
of existing ODOT 611 inspection data reviewed are provided in Chapter 2.

Chapter 3 presents the methodology utilized to develop the racking assessment tool as well as the
finite element models used to assess the tool.

Chapter 4 discusses the development of the finite element method training session.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

A literature search was conducted to gather literature, specifications, and standards related to the

proposed research project’s main topic — assessment of asymmetric deformation in thermoplastic

pipe. Past and recent publications made in relevant major technical journals and proceedings of

conferences and symposia were reviewed to locate technical papers of interest. Some of the

target journals and conference publications included:

TRR (Journal of the Transportation Research Board (TRB))
American Society of Civil Engineer (ASCE) Journals
American Society for Testing and Materials (ASTM) Journal
Proceedings of TRB Annual Meetings

ASCE Conference Proceedings

ASTM Symposium Proceedings

ASTM Specifications

Reports issued on the topic considered in the literature search including:

Reports Issued by Federal Highway Administration (FHWA), State Departments of
Transportation, United States Department of Agriculture (USDA), and Natural Resources
Conservation Service (NRCS)

National Cooperative Highway Research Program (NCHRP) Reports and Syntheses
Reports issued by research institutions

Reports issued by pipe manufacturers

The team contacted Plastic Pipes Institute (PPI) member manufacturers and researched the
websites of PP member manufacturers and distributers to collect relevant information.

The results of the literature search produced very little regarding asymmetric deformation. The

only germane publication is an article from the Compendium of Papers from the Transportation
Research Board 94th Annual Meeting Compendium of Papers entitled “Evaluating Installation
Racking in Buried Thermoplastic Conduits” (Domonell, Mailhot, & Beaver, 2015). This paper

presents a methodology for assessing the flexural strain resulting from crown racking in buried

arch-shaped stormwater chambers. The methodology assumes circumferential strain (thrust
strain) remains essentially unchanged from the unracked condition. The method then uses field

measurement tools to measure the radius of curvature of the deformed section by measuring the
sagitta and chord length of the racked portion of the pipe wall. Finally, the method uses newely
developed load combinations that reduce dead load factors because the shape and state of the

deformed shape is measured in detail.



CHAPTER 3: DEVELOPMENT OF RACKING ASSESSMENT TOOL

3.1 Assumptions and Limitations of the Methodology

Several simplifying assumptions are made to aid in the development of the racking assessment
tool. These factors include:

e The deformed conduit can be reasonably estimated as an ellipse, or as a rotated ellipse.

e The deformed conduit shape is relatively stable.

e Maximum deflections do not exceed 10% to 12%. When deflections exceed this limit,
the stability of the conduit ring is in question and global stability cannot be assured.

e The methodology should, insofar as practicable, be consistent with AASHTO LRFD
Bridge Design Specifications, Section 12.

3.2 Conduit Mechanical Properties

HDPE pipes exhibit viscoelastic behavior. Viscoelastic materials tend to creep under constant
stress and relax under constant strain. Stated otherwise, a conduit under a constant stress will
creep (deflect). Whereas, the stress required to maintain a constant strain (deflection) will reduce
with time. One interesting result of this viscoelastic response is that the there is an apparent
reduction in the modulus with time. This relaxation response and apparent reduction in stiffness
can be seen in Figure 1 and Figure 2

Young's Modulus of HDPE Showing Stress Relaxtion

2500
2000
— — 2200 —
© 1500 E; == /92 = 110,000
2
ot
& 1000
500 El = G/S = 440/_02 = 22,000
0
0 0.005 0.01 0.015 0.02 0.025
Strain,

Figure I - Modulus of HDPE showing stress relaxation



HDPE Stress Relaxation With Time
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Figure 2 - Apparent reduction in modulus with time

Data from NCHRP Report 870 (2018) on the relaxation of HDPE pipe under constant stress
shows that after 30 days there is an apparent reduction of 60 percent in the mechanical properties
of HDPE conduit meeting AASHTO M294. A best-fit log-linear equation was calculated using
the AASHTO reported initial, 50- and 75-year values for the modulus of 110 ksi, 22 ksi and 21
ksi, along with a 30-day value of 66 ksi (60 percent of 110 ksi). This results in the following
equation for determining the modulus as a function of time.

E =-6.092Int + 83.419 (1)

The flexural strength, f,, as a function of time was calculated in a similar manner with the
following resulting equation.

f, = —0.147Int + 2.3164 )

3.3 Constrained Soil Modulus Estimation

Assessing the in-situ stiffness of the backfill soil around the installed conduit is a challenge.
Non-destructive methods such as a cone penetrometer can be utilized. However, this may be
unrealistic for conduits under pavements and can be a cost-prohibitive methodology.
Considering the desire to provide a methodology consistent with AASHTO Section 12, it is
necessary to determine the secant constrained soil modulus as this is a fundamental variable in
the Section 12 design procedure. An equation-based methodology is proposed wherein the
secant constrain soil modulus is calculated using the AASHTO modification to the Iowa

10



Equation for vertical deflection. The AASHTO (2017) equation expands the original Modified
Iowa equation to consider both flexural defection and circumferential shortening. The equation

1S:

4 Kz(D,Pyy + C.P,) D, e D
1000(E,I,/R? + 0.061M,) ¢

where:

A = Total deflection

Dy = Deflection lag factor

Kz = Bedding coefficient, typically 0.10
Py, = Soil prism pressure

CL = Live load coefficient

Pr = Live load pressure

D, = Outside diameter of the conduit

E, = Modulus of the conduit material

1, = Moment of inertia of the conduit material
R = Centroidal radius of the conduit

D = Centroidal diameter of the conduit
M = Secant constrained soil modulus

Esc = Service compressive strain given as:

5¢ = 1000(4,,E,)

where:
T = Service compressive thrust
Aer = Effective area of conduit wall

3)

4

It is noted that service thrust is also a function of the secant constrained soil modulus which adds

considerable complexity to the derivation of secant constrained soil modulus from the field

measured deflection thus, an iterative solution procedure is recommended. It is also noted that

the deflection lag factor is an empirical factor used to estimate the long-term settlement of the

soil surrounding the conduit which results in additional long-term conduit deflection. Because

11



the actual field measured deflection is utilized in Equation (3), the deflection lag factor is set to
unity.

As the conduit deformations exceed 7%, there is a rapid decline in the calculated constrained soil
modulus to values well below what practical experience dictates as being realistic minimum
values. Because of this, a minimum constrained soil modulus is set equivalent to the range of
values presented for silty soils at 85 percent standard proctor density. These values are provided
in Table 12.12.3.5-1 of AASHTO Section 12. The silty soil type selection as a lower bound is
somewhat arbitrary and is based solely on the experience of the authors.

3.4 Flexural Strain

AASHTO provides an empirical approach for calculating maximum flexural strain at the outer
fiber of a profile-wall conduit. The equation is given as:

& = YevDy (%) <A,?f) (5)
where:

&f = factored flexural strain

yev = load factor for earth and dead load pressure

Ay = Vertical deflection due to flexural

R = Centroidal radius of the conduit

D = Centroidal diameter of the conduit

Dy = Shape factor provided in AASHTO Section 12 Table 12.12.3.10.2b-1

c = Distance from profile centroid to innermost or outermost fiber

A simplified method of computing flexural strain can be determined from the deformed shape of
the pipe and the change in radius of the conduit wall. Two methods for determining the change
in radius are presented. The first is by assuming the deformed conduit is in the shape of an
ellipse. For this methodology the changed radius is calculated as:

b2
Ro=2 (6)
aZ
R, = - (7
where:

12



Ry = radius of the conduit springline

R = radius of the conduit cro7wn
a =15 of the semimajor axis (see Figure 3)
b =15 of the semiminor axis (see Figure 3)

Figure 3 - Ellipse nomenclature

The second method uses the measured sagitta and chord length of the deformed shape to
calculate the change in radius. See Figure 4 for a representation of the measurement
methodology. For this methodology the changed radius is calculated as:

Ra=i+l ®)
where:

Ra = Changed radius of the conduit

L = Common chord length

e = sagitta length

13



R=DEFORMED RADIUS
e=SAGITTA

Figure 4 - Sagitta nomenclature

Once the changed radius is calculated, the equation for flexural strain can be calculated from
three relationships (Waktins & Andersen, 2000). The first is the general equation for flexural
stress, 0, given as:

a=$ ©)

where:
M = Moment at the point of radius measurement

The next is the relationship between the flexural moment and the change is radius of the conduit.

M 1 1

2 _Z 4= 10
El R+R' (10)
where:

14



R = Centroidal radius of the conduit
R’ = Changed centroidal radius of the conduit (R., Ry or R; from the above equations)

The final relationship is the stress/strain relationship of modulus.

Using these relationships, the flexural strain in the deflected conduit can be calculated as:

-

3.5 Compression Strain

Compression strain in the racked conduit wall is assumed to be essentially equivalent to the
compression strain in a conduit without racking. This approach is validated via finite element
analysis herein as well as by the work of Domonell, et. al. (2015).

3.6 Assessment of Racking AASHTO Design Methodology

Once the estimated secant constrained soil modulus and field measured flexural strain are
calculated using the methods described herein, it is possible to assess the long-term suitability of
the installation using standard AASHTO design procedures. It is not necessary to check for
deflection or to check the flexibility factor.

A spreadsheet has been developed to aid in the calculations. An electronic version of the
spreadsheet was delivered to the ODOT Office of Hydraulic Engineering. The spreadsheet is
included as Appendix A.

3.7 Finite Element Analysis

3.7.1 Introduction

Finite element analysis (FEA) was performed to assess the response of a racked conduit under
soil loading. The FEA was completed using the specific purpose finite element software
CANDE (Culvert Analysis and Design). The response of a 36-inch conduit to racking and soils
loading was determined from the CANDE output. The CANDE model utilized a 75-year
apparent modulus and apparent flexural strength. The 75-year values of 21 ksi and 800 ksi,
respectively, were taken from AASHTO Section 12 tabular values.

The principal of superposition was utilized for the analysis. Within the linear elastic domain,
superposition is a method wherein loads applied to a system are invoked (superimposed) one at a
time. The resulting total deformation is then calculated as the summation of the deformations
from each individual load.

15



3.7.2 HDPE Pipe Model

The model used to analyze the effect of earth load on a 36-inch diameter HDPE pipe is shown in
Figure 5. The model consists of four components, an in-situ soil trench with height and width of
8 and 10 feet, respectively, structural backfilling of 5 feet, overfill of 4 feet, and the 36-inch
diameter conduit. Beam element results that follow all follow the same node numbering
convention with node 1 located at the crown of the pipe and numbering then moving about the
pipe in a clockwise until node 17, concurrent with node 1, is reached, as shown in Figure 6.

Overfill

Stru ural\bacl-ﬁll /

Figure 5 - CANDE model soil zones

Figure 6 - CANDE Beam Element Results Numbering Convention

16



3.7.3 Load Step 1

The first load step shows the in-situ soil with the conduit ring sitting above the bedding layer as
depicted in Figure 7. The deformed shape was created by applying a displacement boundary
condition with a value of 1.8 inches on the node at the crown of the conduit. This deformation
equates to a nominal 5 percent deflection.

| i |

Figure 7 - CANDE Load step 1

3.7.4 Elliptical Pipe Model

The elliptical pipe model was created by using an elliptical conduit representative of a circular
conduit deflected 5% of its nominal diameter. The CANDE model is shown in Figure 8.

17



Figure 8 - Elliptically deformed conduit model

Results of the elliptical model are shown in Figure 9 through Figure 12.

Bending moment{lb-infin)

0.0

-103

=207

Bending moment(lb-in/in)

Beam Node Number

Figure 9 - Flexural moment for elliptical conduit model

18




Thrust stress(psi)
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Figure 10 - Thrust stress for elliptical conduit model

Scale for Vertical Stress (psi)

Figure 11 - Vertical soil stress for elliptical conduit model
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Scale for Horizontal Stress (psi)
Defl. Magnif. = 1.00
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Figure 12 - Horizontal soil stress for elliptical conduit model

3.7.5 Elliptical Pipe Model Rotated Through 15°

The basic elliptical pipe model was rotated through 15° to create an idealized racked conduit. The
CANDE model is shown in Figure 13.

Figure 13 - Elliptical conduit model rotated through 15°

Results of the elliptical model rotated through 15° are shown in Figure 14 through Figure 17.

20
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Figure 14 - Flexural moment for 15° rotated elliptical conduit model
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Figure 15 - Thrust stress for 15° rotated elliptical conduit model
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Scale for Vertical Stress (psi)
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Figure 16 - Vertical soil stress for 15° rotated elliptical conduit model
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Figure 17 - Horizontal soil stress for 15° rotated elliptical conduit model

3.7.6 Elliptical Pipe Model Rotated Through 30°

The basic elliptical pipe model was rotated through 30° to create an idealized racked conduit. The
CANDE model is shown in Figure 18.
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Figure 18 - Elliptical conduit model rotated through 30°

Results of the elliptical model rotated through 30° are shown in Figure 19 through Figure 22.
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Figure 19 - Flexural moment for 30° rotated elliptical conduit model

23



Thrust stress(psi)

-105.2 \ ]

RN A

Thrust stress(psi)

0.0 hd /’

- T
\ 10 12 14/ 1 18 2
526 f e,

wol |\ N/

e N

Beam Node Number

Figure 20 - Thrust stress for 30° rotated elliptical conduit model

Scale for Vertical Stress (psi)
Defl. Magnif. = 1.00
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-21.57140

Figure 21 - Vertical soil stress for 30° rotated elliptical conduit model
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Figure 22 - Horizontal soil stress for 30° rotated elliptical conduit model

3.8 Validation of the Methodology

Results derived from the methodology presented in Sections 3.3 through 3.5 are compared to the
results of the finite element analyses presented in Section 3.7 to assess the suitability of the
methodology.

The FEA were conducted at service state without additional load or resistance factors. For
consistency, all applicable load and resistance factors have been set to unity when calculating the
response of the conduit using AASHTO Section 12 methodologies. AASHTO Section 12
computes the flexural and circumferential (thrust) strains independent of one another whereas
CANDE provides the combined nodal strains. For the following narrative compressive reactions
are presented as negative values whereas tensile reactions are presented as positive values.

The results of the analyses are presented in Table 1. Upon inspection the tensile zone results do
not correlate well between the two methods. The FEA tends to underestimate tensile strains in
the conduit wall when compared to the AASHTO method. Upon further inspection the reason for
the difference becomes evident. Calculation differences between the two methodologies result in
substantially different wall thrust forces. As an example, the AASHTO calculated thrust force at
the springline and crown are 125 1b/in and 77 1b/in, respectively. Whereas the CANDE
calculated thrust forces for the 15° Ellipse are 78 1b/in and 26 1b/in, respectively. This thrust
force is a compression force and tends to offset the tensile strains in the pipe wall. Another
limitation in comparing CANDE to AASHTO Section 12 is that AASHTO Section 12 provides
results at two discrete locations: the crown and the springline, whereas CANDE provides results
at all model nodes.
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Table 1 - FEA and AASHTO Strain Results

Crown Springline

Inner Fiber Outer Fiber Inner Fiber Outer Fiber

Strain (in/in) | Strain (in/in) | Strain (in/in) | Strain (in/in)
AASHTO -0.0025 -0.0025 -0.0041 -0.0041
Step 1 0.0121 -0.0174 -0.0108 0.0155
Ellipse 0.0096 -0.0199 -0.0149 0.0114
15° Ellipse 0.0011 -0.0181 -0.0075 0.0095
30° Ellipse 0.0012 -0.0016 -0.0108 -0.0072
Step 1 + Ellipse 0.0015 -0.0016 -0.0110 -0.0079
Step 1 + 15° Ellipse 0.0016 -0.0015 -0.0104 -0.0083
Step 1 + 30° Ellipse 0.0023 -0.0197 -0.0182 0.0023

3.9 Example Calculations

3.9.1 Ellipse method

An example calculation using an actual conduit is provided to offer an overview of the proposed
ellipse method contained within this report. A laser ring profiler obtained the deformed pipe
cross-section shown in as part of an Item 611 Conduit Evaluation report. The pipe is a nominal
12-inch diameter pipe under 9 feet of cover. The installation date of the conduit was August 12,
2018 and the date of the video inspection was October 17, 2018. A portion of the laser ring
report is provided in Figure 23.

For this example, a manufacturer profile was selected at random. The specific manufacturer is
not identified herein since the use of such data should not be construed as an endorsement of the
manufacturer. For a 12-inch pipe profile geometry values are given in Table 2.

Table 2 - HDPE pipe profile geometry parameters

Nominal |  Min. Max. Min. A | Min. C | Min. I | Min. PS | Period | Gross Area Ag
Size I.D. O.D.
(in) (in) (in) (in’/ft) | (in) | (in*in) | (KSI) (in) (in*/in)
12 12.2 14.4 2.340 | 0.429 | 0.029 [ 0.050 2.0 0.195

Idealized profile geometry values are given in Table 3.
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Table 3 - Idealize profile geometry

WALL THICKNESS UNSUPPORTED LENGTH
Nominal | Crest Web Valley Liner Crest Web Valley Liner
Size (in) (in) (in) (in) (in) (in) (in) (in) (in)
12 0.0790 | 0.0960 | 0.1290 | 0.0560 | 0.7550 | 1.0420 | 0.3940 | 1.3750

U
PL-D-1
CB-D-1
CB-D-2

bil. 5 FT.

Figure 23 - Laser ring profiler cross-section

Utilizing a CADD software, calibrated to the figure scale, a best fit ellipse is drawn over the laser
ring and the semi-major and semi-minor axes are drawn. This is shown in Figure 24.
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L U

PL-D-1
CB-D-1
CB-D-2

N 60.9 FT.

Figure 24 - Laser ring profiler with superimposed best-fit ellipse

From the CADD drawing the semi-major and semi-minor axes are measured as 12.3 in. and 10.0
in., respectively. The vertical deformation is taken as the difference between the pipe diameter
and the measured semi-minor axis. This is calculated to be 2.2 in. These values were then input
into the evaluation spreadsheet and the results determined at both the crown and springline.

The results indicate that the pipe is structurally adequate for the given height of cover with the
deformed shape.

If the actual height of cover were 11 feet, the pipe would not meet the bucking capacity check at
the pipe springline, and the pipe would be rejected as structurally inadequate.
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3.9.2 Sagitta Method

An example calculation using the sagitta method is also provided. All material and physical pipe
properties and installation details are as given in the previous example. A portion of the laser
ring report is provided in Figure 23.

Utilizing a CADD software, calibrated to the figure scale, a representative chord estimated in a
location with contract radius is drawn. The sagitta is also drawn. This is show in Figure 25.

From the CADD drawing the chord length and sagitta are measured as 3.133 in. and 0.3089 in.,
respectively. The vertical deformation is taken as the difference between the pipe diameter and
the measured semi-minor axis. This is calculated to be 2.2 in. These values were then input into
the evaluation spreadsheet and the results determined at the pipe springline.

U

PL-D-1

CB-D-1

CB-D-2
50.9 FT.

Figure 25 - Laser ring profiler with chord and sagitta
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The results for the second example are similar to that for the first example. The pipe is
structurally adequate for the given height of cover with the deformed shape.

If the actual height of cover were 11 feet, the pipe would not meet the bucking capacity check at
the pipe springline, and the pipe would be rejected as structurally inadequate.

3.10 Conclusions and Recommendations

This study evaluated a proposed simplified methodology for assessing asymmetrical
deformations (racking) in thermoplastic conduit. The methodology was developed within the
framework of the existing AASHTO design procedure for buried thermoplastic conduits. At its
core, the proposed methodology uses the deformed shape of the conduit to estimate flexural
strains in the conduit wall. The method also uses a procedure of calculating the apparent secant
constrained soil modulus based on the measured conduit deflection.

The methodology was compared with CANDE finite element models with mixed success. The
compressive zones between the AASHTO and CANDE models compared quite favorably.
However, the tensile zones had large differences. This could lead to unconservative results where
there is a large difference in the distances from the neutral axis to the extreme inner and outer
surfaces of the pipe profile. In order to ensure conservatism in the assessment methodology,
consideration may be given to limiting the factored tensile flexural strain to the AASHTO limit
of 5%. This ignores the considerable benefit of ring compression in reducing flexural tensile
strains. In practice, tensile strain would rarely be the limit state for a design. Using AASHTO
equation 12.12.3.10.2b-3 for flexural strain and the AASHTO profile limits given in Table A12-
11, the vertical deflections resulting in 5% tensile flexural strain are provided in Table 2.

Table 4 - Deflection for maximum tensile strain

Deflection for 5%
Nominal Size Tensile Strain
(in) (%)
12 14.6
15 14.2
18 15.2
24 15.5
30 16.7
36 16.7
42 16.0
48 17.5
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This effort is considered an initial step to better understand the performance of thermoplastic
conduits with asymmetrical deformation. Currently there is no rational method for assessing this
type of deformation. Without any such method, within the language of Item 611, ODOT is left
to rely solely on the interpretation of the independent engineer.

Additional research including fully instrumented field installations is recommended. Assessing
the stress distribution about the conduit circumference, assessing soil stresses and assessing the
resistance to ring collapse are all important topics which warrant further research.
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CHAPTER 4: DEVELOPMENT OF FEA TRAINING SESSION

At the request of the Ohio Department of Transportation Office of Hydraulic Engineering, a
finite element analysis training course was developed. The FEM training session covered
general topics on the finite element analysis as they relate to the design and analysis of buried
conduits. The participants were introduced to the basics of FEA, what it is, and what it can and
cannot do. Several example problems were highlighted, and the participant were given the the
opportunity to develop and solve a buried pipe problem using FEA.

The goals of the course were to introduce FEA with enough detail to allow the participants to:

e Discuss the basic FEA theory
e Understand the FEA procedures necessary to develop and execute an FEA model
e Understand the limits of FEA

The training session was conducted on October 17, 2019 for ODOT staff members. The
presentations utilized for the training session are included as Appendix B.
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Appendices:

Appendix A: Racking Assessment Spreadsheet
Appendix B: FEA Training Session Presentations
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APPENDIX 1: RACKING ASSESSMENT SPREADSHEET
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APPENDIX 2: FEA TRAINING SESSION PRESENTATIONS
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Finite Element Method Overview

* Set up the problem

* Decide dimensionality, discretize problem, and create mesh
* Determine solution for each element

» Select and apply constitutive laws

* Write element equation

* Assemble equation for entire system

* Determine and apply boundary conditions

» Solve simultaneous equations

* Find solution for primary unknown, then secondary
unknowns

* Interpret results

Mgt O H I O Ohio Research Institute for Transportation and the Environment

1
UNIVERSITY
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Determine dimensionality

Is this problem best solved in one, two, or three dimensions?

|

+ oL 10

2 unknowns at
each node
Trianghe
& % lc}
sk Figure 2-2 Different types of elements. (a) One-dimensional ele-
. ’ -
bl triangular slements mm} Two-dimensional  elements. (c) Three-dimensional

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).

O H I O Ohio Research Institute for Transportation and the Environment
UNIVERSITY

1
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Discretize Problem

Figure 2-3 Discretization for irregular boundary.

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).

a O H I O | Ohio Research Institute for Transportation and the Environment

UNIVERSITY
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Write solution for each element

* Need a continuous function
— Polynomial

— Trigonometric
— Other

* Need derivative of function

O H I O Ohio Research Institute for Transportation and the Environment

1
UNIVERSITY
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Select and apply constitutive laws

Material properties

* For strain:
— Hooke's law (elastic behavior)
— Plasticity
— Viscoelasticity
* For thermal problems
— Thermal conductivity

— Coefficient of expansion

* Other problems
— Viscosity

* Constitutive laws depend on type of material being modeled
(steel is different than thermoplastic is different than concrete)

Mgt O H I O Ohio Research Institute for Transportation and the Environment

1
UNIVERSITY
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Write element equation

Various approaches

* Potential energy method
* Weighted residual method (Galerkin method)

.-.-----‘--_;---ﬁ""' O H I O Ohio Research Institute for Transportation and the Environment

1
UNIVERSITY
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Potential Energy
M, =U+ W,
8T, = 6U — §W, =0
W = —6W,
o, .

aul
JL,,

auz

i~ O H I O Ohio Research Institute for Transportation and the Environment

1
UNIVERSITY
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Weighted Residual Method

a%u* ou*

axz o 1™

n

u= aiPi
i=1
Rx)=Lu—f

jR(x}Wi(x)dx =0 i=1,2,..., n
D

[kl{q} = {Q}

- --;_;---..""' O H I O Ohio Research Institute for Transportation and the Environment

1

UNIVERSITY
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One-Dimensional Stress Deformation

» Solve for primary result, then secondary results
* Primary result: displacement

» Secondary results: stress and strain
P

A

1/ "
< [

g \

Finite —-+— Nodes

er 1
T .,3;\\' e —

(a) (b) ic)

Figure 3-1 Axially loaded column. (a) Actual column. (b) One-
dimensional idealization. (c) Discretization.

= O H I O Ohio Research Institute for Transportation and the Environment
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One-Dimensional Stress Deformation

®
"
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@D Y7 -'rs' (c) @OY= ¥ —» L= -1
Figure 3-2 Global and local coordinates. (a}Conmptofglohal and
local coordinate systems. (b) Local coordinate measured from node
point 1. (c) Local coordinate measured from midnode 3

1
Global ¥ 2 7 Base

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ)
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One-Dimensional Stress Deformation

v = a;+ axy
W =0 y{;}

v} = [¢]{a}

vy = a; + azy;
vy = a; + azy>

G= 11 26

{a} = [A]l{a}
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UNIVERSITY
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One-Dimensional Stress Deformation

(=703 716

(2x1) (2x2)  (2%1)
Y21 — Y1V2
= ————————
[
—1q + Vs
o = I
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One-Dimensional Stress Deformation
v = 31— Lv; + 3(1+ L)v,
= val-l_ szz

=[Ny Ng] {E;}

= [N]{q}

&3 OHIO

Ohio Research Institute for Transportation and the Environment
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One-Dimensional Stress Deformation

M
M, = jjf%ayeydl’ — ﬂ] Yvav — J] T, vdS — ZPiivi
V v i=1

=1

B = AT B
[kl{q} = {Q}

Al (1
k] = — | [BI"E[B]dL
k)= | [BI"E)

Al (1 _ I (1 _
Q) = ?LI[N]TYdL + > f_l[N]T T,dL + {Py}

a O H I O | Ohio Research Institute for Transportation and the Environment

UNIVERSITY

61



Integrate elements into larger system

 Assemble equation for entire problem
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Apply boundary conditions

Constraints

Body with constraints.

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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Solve simultaneous equations

» Solve for primary unknown

* Find secondary unknown(s)
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Interpret Results
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One-Dimensional Flow

——

(bl

le)
Figure 41 Idealization for flow in pipe. (a) Flow through pipe.
(b) One-dimensional idealization. (c) Discretization in three ele-
ments.

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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One-Dimensional Flow

E N
k, a—i = f(x) = g(x)

(g: {Il-l- -ﬁfzx

@ = Nip; + Ny, = [N]{e,}

dg
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One-Dimensional Temperature

Uncoupled problem
Yo
— &

¥n Yo

gy, = Ee, = E(Ey - Eyn)
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One-Dimensional Temperature

Uncoupled problem

A Va Yz _ Yz _
M, = E[ oy €y, dy —Aj Yyvdy — [ Tyvdy — ZPHUi
¥1 yi yi

Ya
U' = %J E(ey — €y,)(€y, — €y,)dy

A ¥z 5 Yz A ¥z 5
= 5J’ Eeydy—Aj Eeyey,dy + E[ Eey dy
yi yi ¥y
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One-Dimensional Temperature
Y2 L(—1
U2 = AL [1?1 vz]T{ 1 } Ee}'ndy

¥z
= Alq}" | [B]T[C] {e,,}dy
Y1

AEe,, Y2
L
Y1
AEe, 1 1
_ I:Fni[ (—v; + vy)dL
-1
AFEe
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= AEey (—v1 + v3)
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One-Dimensional Temperature

Q) = AFey, ('} = 40y, {7}
N2

Qo) =4 [ [BIT[C] {ey, }dy
Y1

(kl{q} = {Q} + {Qo}
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Beam Bending and Beam-Column

section L ) ﬁ ’

z,w “_I—:EA

{a) TR -~

X, U
LW x%,_!z_:'_f?"i AT
P F1§ plx) P 0,.M, 05, M,
'Q @ "|-FH u:,l—’
(b) ’ w,. Q, wa, Qq

Figure 7-1 Beam bending and beam-column. (a) Beam with trans-
verse and axial loads. (b) One-dimensional idealization. (c) Dis-
cretized bearh. (d) Generic element.

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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Beam Bending and Beam-Column

O Local nodes

A Elements

Subscript = local node
Superscript = element

:a;-rﬁ:
1 AN T
A i A

Figure 7-2 Requirements of interelement compatibility. (a) Inter-
element compatibility for axial deformation (Chapter 3). (b) Inter-
element compatibility for beam bending.

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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Beam Bending and Beam-Column

d*w*

FF =pk)
W(X) = N]_W]_ + Nzgl + N3W2 + N492

w(x) = [N]{q}
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Beam Bending and Beam-Column

N; =1 —3s? + 253
N, = Is(1 —2s + s?)

N; = s%(3 — 2s)

N, =Is?*(s—1)

w(x) = a; + axx + azx? + agx?
X Xxg

I, = f %F(w”)zdx— f pwdx
X1 Xy

.
S ®

N o
et

Figure 7-3 Plots of Ny, i = 1,2,3,4,

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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Beam Bending and Beam-Column

12 6l -12 6l

B 412 —6l 212
k] = 7 12 -6l
symmetric 4]2
7p1 + 3p2
Q) = o %(3?5'1 + 2p3)
20| 3pitT7p;

—%(2391 + 3p;)
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Two-Dimensional Stress-Deformation Analysis

1 v 0
E
{0}=[C][E}=1_v2|v ! IDV]{E}
0 0
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Two-Dimensional Stress-Deformation Analysis

Plane strain approximation

{o} = 1“&'] {€} = IE}']
Txy Yy

oz = viox + Jy)

p (1 —v v 0
v 1—v 0
e =1 = aya=2n o o A —224 (e}

- = O H I O Ohio Research Institute for Transportation and the Environment
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Two-Dimensional Stress-Deformation Analysis

Axisymmetric approximation

0—1" E?"
()= @=12
Ti"z }!VZ

1—v v v 0
E v 1—v v 0
o} = [Cl{e} = v v 1—v 0 €
(0 = 1CH = T2 NG
0 0 0
2
r a_u “\
ar
€y u
_ ) Ee | _ r
{E}_{Ez}_4 a_w ;
Vrz dz
+
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Two-Dimensional Stress-Deformation Analysis

Finite element formulation

¥, ¥
l Pix, y) s
Ly, Lo, Lg)
P (x, y)

—_— s, 1)
X, U

Figure 13-4 Discretization with triangular and quadrilateral ele-

ments.

u(x,y) = a; + azx + azy + asxy
v(x,y) = B1 + Bax + Bay + Baxy

from C.5. Desai, 1979, Elementary Finite Element Method, (Prentice-Hall, Englewood Cliffs MJ).
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Two-Dimensional Stress-Deformation Analysis

N, =31-s5)(1-1)
Ny =31+s)(1-1)
N:=;(1+s)(1+1)

Ny=31-5)1+1)
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Two-Dimensional Stress-Deformation Analysis

xy  [IN] 017 ({xn}
{y]: [0] [N] {m}}
(2x1)  (2%8) (8%1)
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Two-Dimensional Stress-Deformation Analysis

N
k] = hZ[B(Si. t)1T[CI[B(s;, t)] 1] (si, ) 1W;
i—1

N
(Qu) = h ) NG, 0] W,
i=1
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Construction sequence FEM

Initial set up — embankment

* When simulating the stresses on an embankment, it
is important to model the construction process.

* Create a mesh for the existing system.

» Compute the initial stresses due to the weight

— In many cases, if you assume a reasonable modulus, you
will have a realistic level of stress

« After calculating the initial stresses, set the initial strains and
displacements to 0.

— These developed over an essentially infinite time and have
no impact on the final result.

= O H I O Ohio Research Institute for Transportation and the Environment
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Construction sequence FEM

Adding layers to embankment

* Model adding a layer of soil by adding a layer(s) of elements
to the mesh

— Simulate with nonlinear nodal forces

— Use the nonlinear constituent laws to compute stresses, strains,
and displacements.

— Adjust mesh.

— Update constituent laws/material properties in response to
new conditions

* strains and displacements are no longer 0, so stress-strain
relationship will be different

* Add additional layers of soil as above until full embankment is
constructed

— Material properties are adjusted with each layer

O H I O | Ohio Research Institute for Transportation and the Environment
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Construction sequence FEM

Simulating excavation

* Excavation is the reverse of embankment
— Create initial mesh
— Remove a layer of soil from the mesh

— Adjust material properties following nonlinear constitutive
relations

— Iterate by removing layers and adjusting properties until
excavation is complete

~ O H I O Ohio Research Institute for Transportation and the Environment
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Interface elements

* |nterface elements are crucial in soil-structure interaction
problems

* Interface elements are located where one material is
adjacent to another
— For example pipe (e.g. thermoplastic) and soil
* Interface elements are nonlinear
— Allow separation of materials

— Allow slippage

~ O H I O Ohio Research Institute for Transportation and the Environment
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Create

for Good.




CANDE 2007 TUTORIAL

STATEMENT OF THE PROBLEM




PROBLEM DETAILS

= Height of soil cover
ft

Trench width = & fi

/ | Trench depth = 4.67 fi
Bockfil |
In Situ
Bedding—. J

1

Bedding Thickness = 6 in.
} (Requires modifying the defoult
* mesh using extended level 2)

7= Fracame ol v
T bt M
¥

S P R P P

-

CANDE AUTOMATED MESH
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STATEMENT OF THE PROBLEM

INTERFACE ELEMENTS
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Node i ]
X-coordinate | Y-coordinate

22 0
23 12.47
24 28.19
25 47 .99
26 72.95
27 104.38
28 144

NODE CHANGES

Element . Const.
Node! Node Node K Node Material step

18 49 46 31 2 5 1

30 31 5 1

46

L2 43
ELEMENT CHANGES
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STATEMENT OF THE PROBLEM

STATEMENT OF THE PROBLEM
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! Main Input Control Parameters

Type of analysis
® Analysis
O Design
Method of analysis/design
O LRFD
® Service
Solution level
O Basticity {Level 1)
(®) FEM-auto mesh (Level 2)
(O FEM-user mesh (Level 3)

Use the auto-generate option for

Control Information
Level 2 Specific
Canned mesh type Soil mesh pattem
(®) Pipe mesh () Embankment
(O Boxmesh (® Trench
(O Archmesh () Homogenous
Interface elements (pipe only)
®) Pipe-soil
O Trenchinsitu
) MNone

[] MOD-Make changes to the basic mesh

CANDE

2007
Input Wizard

Welcome to the CANDE input A
Wizard!

You will enter some basic information

about your model and CANDE will

prepare a starter input document that you
can customize for your particular model.

the interface elements 7 '+ Number of nodesto change After you complete the input for each
5 [ screen in the Inp_ut Wizard, press the
il Number of elements to change ‘Next' button until you have reached the
e 0 = MNumber of new loading/boundary conditions end. Once completed, press the ‘Finish’
1 * feve 3°n‘;}’e emem groups button to enter the CANDE input menus.
Control Information
On the control information screen, enter
New Input fil Heading . A . N
w nput 18 adnglor output key information regarding the type of v
mandnl mathad af analusin ate
8! Main Input Control Parameters - [m] X
Pipe Material 1
Ap— CANDE
O Aluminum Re
| 2007
(O Concrete Ellipt
= Input Wizard
0 fe nput Wizar
- Number of . . .
1 = connegbed Peam Pipe Material Information ~
elemerts Enter information on this screen related to
) the Pipe Matenal chosen. For Level 1 and
Steel speciic input 2 type models, only one pipe material is
Joint slip el le entered.
@ No e le
For Level 3 models, this screen will be
() Yes

O Yes, show trace

94

repeated N times, where N is the
“Number of pipe element groups™ entered
on the “Control Information” screen.

As you change your input on this screen

input will be enabled or disabled

depending on the applicability for the v
matenal chosen.




85! Enter the soil material information

Soil Properties
Sol histedal Madel m{s‘?‘ T 3%%5 only)
P Soil 14n situ 4-Overburden dependent ~ | Canned v
Soil 2bedding | 4Overburden dependent v [Canned -
Soil Jbackdil 4.Qverburden dependent + |Canned -
4Overburden dependent Canned

CANDE

2007
Input Wizard

Enter information on this screen related to

the Soil Properties. This screen is only
applicable for Levels 2 and 3.

For Level 2 models, the number of soil
models is predetermined by CANDE.
For Level 3 models, the number of soil
models is input on the "Level 3
Information” screen.

Set the Soil Material Model type along
with information related to the type
chosen. Specific soil names and
properties will input on the main CANDE
input screens once the input wizard has

P S ) s Suppy T

85 Input complete

Input Complete!
Click 'Finish’

«Prev || Moo | | Amsh || Cancel Press F1'for help

CANDE

2007
Input Wizard

You have completed vour input ~
document with the CANDE i
Wizard!
Click on the ‘Finish’ button to enter the
CANDE input screens.
- ) .
1] Solution Level Statements - C
|| Control Parameters [Level 2-Box)
Control Vanables and Installation Dimensions (L
Parameters for Changes to Nodes, Eler
| R . € 1 E ls W v
< >
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g Co\Users\Kevin\Desktop\Level2-ANALYS-WSD-TREN- Pipe-STEEL - [Input Commands: C:\Users\Kevin\Desktop| Level2-ANALYS-WSD-TREN-Pipe-STEEL cid]
& Fle Edit Run View Window Help

Control Parameters for Changes to Modes, Bements and Boundary Condbions

|| Material Control Parameters(Matesial 5
| Material Definition & {interface 2}
~|_| Matenial Controd ParametersiMatenal )
| Intedface Angles

(X B ing for Embank Mesh/Trench Dimensions for Trench Mesh (Level 2-Fipe)

Menu Selected: Master Control 1 [Done

Master Control A-1

1 3| Mumbe vert slement groups

— T

—— T
B ] el
(1]

ID {Process 12-50)

| Acceptiput | | Cancel

CANDE INTERFACE

Tnlchod fins bibwsa ars Cartes| Bt | sty v
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CANDE INTERFACE

7
Lavsl 1Pes)
b arc Leaceg Farmramrs s 3 Pl

g
- || Vil St € e 1
| Wt e
g [

Fi ChUsers\Kevin\Desktop' Level2-ANALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C\Users\Kevin\Desktop' Level2- ANALYS-WSD-TREN-Pipe-STEEL cid] - u] x

@ File Edit Run Miew Window Help

=] Solution Level Statements - C
Cantrol Parameters (Level 2-Pipe)
1] Major Geometry and Loading Parameters (Level 2-Fipe)
+ | Control Variables (Level 2-Pipa)

X B for Embank Mesh:/Trench Di for Trench Mesh (Level 2-Fipe)
+_| Cortrol Parameters for Changes to Nodes. Elements and Boundary Condiions
%] Nodal Point Changes
~ | Blements Changes
=_| Matenal Defintion Statements - D
=+_| Matesial Definition 1 i stu)
U] Material Control ParametersiMaterial 1)
2| Matesial Definition 2 fedding)
] Matesial Cortrol Parameters(Matesial 2)
=-_| Matesial Definition 2 (backfil)
1| Material Control Parameters(Matenal 3)
-] Matesial Defintion 4 foveri)
T[] Material Cantrol Parameters{Matesial 4)
=] Matesial Defirdion 5 (ntedface 1)

+_| Matenal Controd Parameters{Matenal 6)
e | Interface Angles

Menu Selected: Steel Material and Control P, |Resming menus

o 0 Material (Steel) B-1
Material Properties and Control
Young'smoculs fo el (25000000 |
R
Ve sresacfope (3000 | o
" of o def P
Denatycfstedt (022 Jiom's
Modulus of upper portion of bilinear model I:lﬂi
Joint sip
No
Yes, show trace
Material behavior
(®) Linear stress/strain
() Bilinear stress/strain
Large deformation mode:
@ Small deformation
() Lange def bucking
Accept Input Cancel
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Fi Chllsers\Kevin\Desktop' Level2-ANALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C\Users\Kevin\Desktop\ Level2- ANALYS-WSD-TREN-Pipe-STEEL.cid] - u] X
@ File Edit Run  Miew Window Help

[ Show Help [ Show npet o0 Material (Steel) B-2
Section Properties
= L VoGt & : -
f El_l Cortrol 1 Area of pipe wall / unit langth in“24n
i T | Master Control 2 Moment of inertia of pipe wall / unit length 'n"Mn
. : Sectin oo i wal /e ogth (0967 g
Cantrol Parameters (Level 2-Pipe)
X | Major Geometry and Loading Parameters (Level 2-Fipe)
“ Corllnl\"aid:laﬂ].ﬂdZ—Ppe]
e ing for Embaniment Mesh/Trench Dimensions for Trench Mesh (Level 2-Pipe)

Cortrol Parameters for Changes to Nodes_ Elements and Boundary Conditions
1| Nodal Point Changes

.U_JMamdDd’ﬂnn'lhdu-]

] Material Control Parameters{Material 1)
njmunﬁmzw [ o]
| Material Control ParametersiMaterial 2)

a_l Matesial Definition 3 (backfil)

| Matena Control Parameters(Materal 3)
=8 _J Matesial Definition & {overil)

] Material Control Parameters{Material 4)
] Matesal Defrdon 5 (rterface 1)

=_| Matenial Definition 6 (nterface 2)
i1 | Materal Control Parameters(Matedial 6)
Interface Angles

Menu Selected: Steel Section Properties [Resetting menus

E Chllsers\Kevin\Desktop' Level2-ANALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C\Users\Kevin\Desktoph Level2- ANALYS-WSD-TREN-Pipe-STEEL.cid] - u] X
ﬂEIeiditRunL’pMW‘indew l_-lelp - & x

o0 Level2-C-2
Major Geometry and Loading Parameters
Pipe Mesh

=[] Master Cortrol - A otical s e ]
| B Master Corral 1 b SLree b
]

)
T ] Master Contral 2 Rt of hor ertical dameter |1
| &[] Ppe Defintion 1 Height fsodcover [0 |
| 7] Steel Material and Cortrol Parameters
i { St Soch . Density of soil above truncated mesh bA"3

Cortrol Parameters (Level 2-Pipe)

Corllol\"md:laﬂi].ﬂdZ—Ppe]
X B ing for Embankmentt Mesh/ Trench Dimensions for Trench Mesh (Level 2-Pipe)

Cortrol Parameters for Changes to Nodes. Elements and Boundary Condtions
~ X Nodal Port Changes
- | Blements Changes
+|_| Material Defnion Statements - D
U_Juamlrmm1ham
] Material Control Parameters(Material 1)
l‘]jﬂdmdDd‘rinanedﬁv}
Material Control Parameters(Matenial 2)
E}_IMuu\dde:ibaddi} E
| Matenal Cortrol Parameters(Matenal 3)
U_Jhulall)dimnd{wedl]
] Material Control Parameters{Material 4)
1] Matesial Defirition 5 (interface 1)

Menu Selected: Major ry and Loading P |Ilesming menus

98



[Cm Cr\Users\Kevin\Desktop) Level2-AMALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C\Users\Kevin\ Desktop\Level2- ANALYS-WSD-TREN-Pipe-STEEL.cid]

@ File Edit Run View

[ Show Help [ Shew input 2| (1] Level 2 -C-3
Integer Control Variables
Pipe Mesh
Numbercfload steps |10 [5]
Response data cutput
) Mnimal
®) Standard
() Pius Duncan
) Phus intedace
x| ing for Embankment Mesh/Trench Dimensions for Trench Mesh (Level 2Pipe) | | Mesh outot
Cortrol Parameters for Changes to Nodes_ Elements and Boundary Conditions ) Control
| %] Nodal Point Changes ) Mimer
- X| Elements Changes
=] Matenal Defintion Statements - D ®) Created data
-] Matenial Definition 1 fn stu) ) Masimum
T ] Material Cortrol Parameters{Material 1)
-] Material Definition 2 fbedding)
L] Material Control ParametersiMaterial 2)
] et b 3 b comtrou | [ Come |
| Materal Control Parameters(Materal 3)
2| Material Defirdtion 4 joverid)
T ] Material Cortrol Parameters{Material 4)
-] Matesial Definiion 5 (interface 1)
=_| Matenial Definition 6 (nterface 2)
7| Material Control Parameters{Material 6)
L. Interface Angles
Menu Selected: Control Variables (Level 2-Pipe} [Resetting menus
I8 C\Users\Kevin\Desktop)\Level2-AMALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C:\Users\ Kevin\Desktop\Level2- ANALYS-WSD-TREN- Pipe-STEEL.cid] - o X
-5 X

@ File Edit Run View

0 0 Level 2-C-4
o Embankment Mesh/Trench Mesh Dimensions
Pipe Mesh
5| Master Contral - A o =]
T B--J_Fl Control 1 Number of backpacking elements | J
T ] Master Control 2 Thickness of backpacking | 9" in
2 L —
Tenchweh 6 ln
Cantrol Parameters (Level 2-Pipe)
Major Geometry and Loading Parametens (Level 2-Fipe)
Control Variables {Level 2-Pipa)
- | Cortrol Parameters for Changes to Nodes. Blements and Boundary Conditions.
7] Nodal Peint Changes Aoceptbput | | Cancel

- | Blements Changes
=_| Matenal Defintion Statements - D
[ Material Defirition 1 fn stu)
U] Material Control ParametersiMaterial 1)
-] Material Defindtion 2 fbedding)
T ] Material Control ParametersiMeterial 2)
=] Matesial Definition 3 fbackdill
| Material Control Parameters(Matenal 3)
[ Material Definition 4 {overf)
T ] Material Cortrol Parameters{Material 4)
1] Matesial Defirition 5 (interface 1)

=_| Matenial Defirstion 6 (ntediace 2)
| Matenial Control Parameters{Matenial £)
1.7 Interface Angles

Saving input file [Resetting menus
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[Cm Cr\Users\Kevin\Desktop) Level2-AMALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C\Users\Kevin\ Desktop\Level2- ANALYS-WSD-TREN-Pipe-STEEL.cid] - n] *
@2 File Edit Run  View Window I-_Ielp

o Level 2 - CX-1
Nodes, Elements and Boundary Condition Changes
Extended

Number of nodes to be changed with new coordinates || =)
Number of elements to be changed with new properties 2 E‘.
Nuster cf new loardg/bourdary ecndiinmto be added |0 154
Note:
Decreasing any value on this menu

will resultin loss of data on subsequent
‘Extended’ manus.

:Ummsm D
u-__] Matesial Definition 1 fn stu)
- T[] Material Cortrol Parameters(Matesial 1}
EI__'_lhldmdan\nnZ
| Material Control ParametersiMaterial 2)

@ C\Users\Kevin\ Desktop'\Level2 - AMALYS-WSD- TREN- Pipe-STEEL - [Input Commands: C-\Users\Kevin\Desktop'Level2-AMNALYS-WSD-TREN-Pipe-STEEL cid]
o File Edit Run  View Window Help

o0 Level 2- CX-2
Nodal Point Number and Changed Coordinates.
Extended

Major Geometry and Loading Parameters (Level 2-Fipe)
Control Variables (Level 2-Pipe)

for Mesh, Trench Dk Trench Mesh (Level 2Pipe)
Control Parameters for Changes to Nodes, Blements and Boundary Condtions

| Matesial Control ParametersiMaterial 2)
JUWMmamm:
| Matesial Contral Parameters(Material 3)
Juumnmmnw\-um
| Material Control Parameters(Material 4)

TabMovetonestcel Flior keystroke)-Edi Cel
[ Concel | e Tib ove bock scel it Tob B dto g

100



_ci CA\Users\Kevin\Desktop' Level2-ANALYS-WSD-TREN-Pipe-5STEEL - [Input Commands: C\Users\Kevin\Desktop' Level2-ANALYS-WSD-TREN-Pipe-STEEL.cid] = O *

s File Edit Rum View Window Help -8 x
CG) Lavel 2 - CX-3
Element Mumber and Property Array
Extended

E1-_| Master Control - A Modied Const.

-] Master Contrl 1 podfied Node| MNoded NodeK Nodel Moterel o
a0 P.beDIJ ﬁuml_c;mul 2 o e [ 3 2 5 1

&-_| Pipe Defnition 1 19 45 43 0 k] 5

[

Do you want the scil properties added?

| Steel Section Properties
] Sohtion Level Statements - C
~{__| Control Parameters (Level 2-Pipe) .
Major G and Par lLevel 2Ppe) o Add the soil properties?
Control Vanables (Level 2-Pipa) CANDE level 2 problems have a predefined number of soil
Er kment Mesh,/ Trench Dimensions for Trench Mesh (Level 2-Fipe) definitions

and preset material IDs fas defined in input Section D).
CANDE has detected material ID's on this command that are
not defaults for

this level 2 model. CANDE will add the following soil Material
075 to

section D of the input:

Control Parameters for Changes to Nodes, Bements and Boundary Conditions

1 new soil(s) added with material ID(s): 5,

This soils will be appended in the "Material Definition
Statements-D°

sedtion of the input. The user must define the soil properties
for these

mew materials.

i you dom't want these added, dodk "No'

| Material Control Parameters(Materal 5)
ntedace Anges
] s e e 2 ] [w ] r
} Material Control Parameters(Material &) cer Feior e
| teface Angles [Receptiput ] | Cane ™7 Shift-Tab-Move back a cel Cii-Ak-Tab-Ext data grid
Saving input file [Resetting menus E

O C:\Users\Kevin' DesktopLevel2-ANALYS-WSD-TREN-Pipe-STEEL - [Input C ; 8 phLevel2- ANALYS-WSD- TREN- Pipe-STEEL cid]
o File Edit Run  View Window Help

Material Definition - D-1
Material Control Parameters

Matedal ID 1

Model Type | 4 Overburden dependent |
Dy [ o3

| Steel Materal and Cortrol Parameters ? |Cohesive SolGood ¥|
| Steel Section Properties
Solution Level Statements - C
|_| Cortrol Parameters (Level 2-Ppe)
Major Geometry and Loading Parameters (Level 2-Pipe)
Cortrol Vanables: (Level 2-Pipe)
Backpacking for Mesh/Trench for Trench Mesh {Level 2-Pipe}
Control Parameters for Changes to Nodes, Bements and Boundary Condiions.

1| Matesial Control ParametersiMaterial 7)
| Isatropic Linear Blastic Parameters.

Menu Selected: Material Control P ial 1) [R
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@ C:\Users\Kevin' Desktop' Level2-ANALYS-WSD- TREN- Pipe-STEEL - [Input Commands: C:\Users\Kevin\Desktop'\Level2- ANALYS-WSD- TREN- Pipe-STEEL.cid]
o File Edt Run View Window nup

Material Definition - D-1
Material Control Parameters

Mateial ID 2
Model Type | 4Overburden dependert

| Steel Material and Control Parameters
Steel Section Properties
a8 '_Ism.nmuuusuu-m: c
Control Parameters (Level 2-Pipe}
Major Geometry and Loading Parameters (Level 2-Fips)
Cartrol Varables (Level 2-ipe)
Bach gfor Mesh/Trench Dk Trench Mesh (Level 2Ppe)
CmuﬂPmlw&mlon Blemants and Boundary Condtions

u_|mumm3udcﬂ:

| Matesial Control Parametera(Material 3)
& Jmmmwvam

| Matenal Control Parameters(Matenal 4)

Menu Selected: Material Control Parameters{Material 2) |Ruming MEnUs

E C\Users'Kevin\ Desktopi Level2-ANALYS-WSD-TREM-Pipe-STEEL - [Input Commands: C:\Users\Kevin\Desktop' Level2-ANALYS- WSD- TREN-Pipe-STEEL.cid]
of File Edit Run View Window Help

Material Definition - D-1
Matenal Control Parameters

Matedd ID 3
Model Type | +-Overburden dependert. |

Densty 120 A3

w

-_dendi-msm D
a__]wsw-mwm}
| Matesial Corttrol Parameters(Materal 1)
=1{__| Material Defintion 2 (bedding)
| Matesial Control ParametersiMaterial 2)
_Imumm {backfil)

u_|mu[mm¢sm.m
| Matenial Control Parameters(Material 4)
E:,_Jmmmsu-u«mn

Menu Selected: Material Control P
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U C\Users\Kevin'\ Desktop! Level2-ANALYS-WSD-TREN-Pipe-STEEL - [Input Commands: C:\Users\Kevin\ Desktop\ Level2- ANALYS- WS- TREN-Pipe-STEEL cid]
L") En Edit Run View Window Help

Material Definition - D-1
Material Control Parameters

Material D 4

Model Type | 4Qverburden dependert
bty [ Jums
Material name | Cohesive SoiGoad -

mmmm?mw 2-Fipe)
Control Variables (Level 2-Pipe)

for Mesgh,/ Trench Dime fior Trench Mesh (Level 2.Pipe)
Control Parameters for Changes to Nodes, Bements and Boundary Condtions

| Matesial Cortrol Parametera(Material 3)

Matenal Defintion 5 (iesriace 1)
Material Control ParametamsiMatenal 5)
Intedace Angles

Materal Difintion & (interface 2
Matesisl Cortrol Parameters(Material €)

IMenu Selected: Material Control Parameters{Material 4) |Rsm.|ng menus

E C\Users'Kevin\ Desktopi Level2-ANALYS-WSD-TREM-Pipe-STEEL - [Input Commands: C:\Users\Kevin\Desktop' Level2-ANALYS- WSD- TREN-Pipe-STEEL.cid]
o File Edit Run  View Window Help

Material Definition - D-1
Matenal Control Parameters

Matedd ID 5
Model Type | +-Overburden dependert. |

Densty (120 BA"3

w

-_dendi-msm ]
B_JMebe‘aIDdiim1hﬁu}
~_| Matesil Control Parsmeters(Material 1)
h I

Menu Selected: Material Control P

103



I Alsers! i opiLevel- o -Pipe- = [Imy emmands: evin op' - - o -Pipe-! N
Ci\Users\Kevir\ Desktop\Level2-AMALYS-WSD- TREN-Pipe-STEEL - [Input C ds: C:\Users\Kevin! Desktop!\Level2-ANALYS-WSD-TREN-Pipe-STEEL.cid]
oy Fle Edit Run  View Window Help

o0 Maters fion (Interfce) - D-2
Interface Angle, Friction and Tensile Breaking Force

Aogefom xamtonomalrtedace (% degrees
Cocffert of et landd |5

S
Gapdstancemnomaldrecton 0 | i

| Matesial Cortrol Parametera(Material 3)
Material Defintion 4 (overfil
| Material Control Parameters(Matenal 4)
Matenial Defintion 5 (interface 1)
Material Control ParametersMatenal 5)
Interface Angles
Material Defintion 6 (interface 2)
Matesial Control Parameters(Materal 6)
| Intertace Angles
EH_| Matedal Defintion 7
T Matesial Cortrol Parameters(Material 7)

Saving input file
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O C:\Users\Kevin\Desktop\Level2-ANALYS-WSD-TREN- Pipe-STEEL - [Input Commands: C:\Users)\Kevin\Diesktop\Level2-ANALYS- WSD- TREN-Pipe-STEEL cid]

o0 Maters fion (Interfce) - D-2
Interface Angle, Friction and Tensile Breaking Force
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Waterial Defindion 6 [rteriace 2)
Matesial Control Parameters(Matedal §)

5 | Matesial Control Parameters(Material 7)

Saving input file

B Running CANDE C:\Users\Kevin\Desktop\Level2-AMALYS-WSD-TREN-Pipe-STEEL — O *
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Close the Analysis window to return to the CANDE interface.
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