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Research idea: Many steel culverts have their steel bottom or lower radiuses on pipe arches corroded to the point where holes in the steel and the section are very thin. This allows water to flow under the steel culvert, causing erosion and scour and weakens the structural integrity of the culvert. Many counties pour a concrete floor in the bottom of the culvert about six inches thick and shape the concrete to rise up the sides of the culvert one to two inches. This seals the holes to prevent water from flowing under the culvert but the question arises about the structural integrity. 

Research could include documenting existing culverts where concrete has been added to the bottom, field testing them for deformation/deflective, and documenting the results. Also a lab study is suggested for additional tests.

Summary: Typical rehabilitation or repair measures undertaken with culverts include the following: Install a reinforced concrete invert to repair or replace a deteriorated invert in a corrugated metal culvert pipe; there are situations where the damage or deterioration to the culvert is limited to the invert. The remainder of the culvert is in good shape and is in satisfactory structural condition. The culvert is sometimes salvaged by adding a reinforced concrete floor. This research is important because it could prevent weak culverts from being overlooked, and as a result affect the safety of the public in Ohio’s cities, counties, and townships.

After a thorough review of transportation databases, very few research reports were located that mention steel culverts with poured concrete floors as a rehabilitation technique. The majority of the research located focuses on fully lined steel pipe/culverts, and methods of predicting remaining service life of the culvert. All studies that were close to the research idea have been included. It is suggested that the reference or bibliography section of the research reports be reviewed for additional resources of value to the research going forward.

Corrugated Metal Pipe Culvert Performance. Final Report.
Culvert examinations were conducted in ten counties across the state of Kansas. A total of 103 corrugated metal pipes (CMPs) and a smaller number of concrete crossroad pipes were examined. Of the 103 CMPs, 36% were rusty, with 24.3% heavily rusted or otherwise seriously compromised. Only one CMP had damage adequate to be classified as failed. The only problems noted on the reinforced concrete boxes (RCBs) and pipes (CPs) were caused by faulty installation or improper grades. No CP or RCB failures were found at the limited number of locations observed. However, District engineers indicated that erosion caused displacement of CP end sections was a significant problem. It was concluded that, within the next 10 to 15 years, over 50% of the CMPs examined will be rust perforated and some of them possibly collapsed. Although without proof, the rust was probably caused by some form of strong acidic drainage which etched the zinc film away from the pipe surface. There is an abundance of agricultural chemicals available which may react with this galvanized layer, and these chemicals are probably used on adjacent or nearby farm land. Silting and poor drainage at some locations may have contributed to the early severe rusting of the CMPs. Even under ideal installation and maintenance conditions, an estimated 11% of the pipes would still show rusting. It is recommended that an increased emphasis on the design, installation and maintenance of crossroad structures should be promoted. Also, a method of maintenance repair, i.e., slip liners or invert paving, should be developed and implemented to extend the life of the severely rusted CMPs.
Kansas Department of Transportation
Docking State Office Building
Topeka, KS 66612 USA

Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 USA
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Culvert Repair Best Practices, Specifications and Special Provisions – Best Practices Guidelines

http://www.lrrb.org/media/reports/201401.pdf

This document contains the results of Task D, Best Practices Guidelines for the Culvert Repair Best Practices, Specifications and Special Provisions Guidelines Project. These guidelines will provide guidance to Minnesota Department of Transportation (MnDOT) engineers in making better decisions on culvert repairs. New materials specifications, special provisions, and standard details will ensure adherence to standardized practices and increase the effectiveness and longevity of repairs. Focus is on repair of centerline culverts of 24 inches to 72 inches in diameter. This Task D document contains the best practices guidelines for replacement, rehabilitation and repair methods for deteriorating culverts. An overview of replacement methods is provided. Rehabilitation and repair methods are discussed in more detail. The methods discussed are the most common culvert rehabilitation and repair methods identified during governmental and industry surveys conducted during Tasks A and B. The final list for inclusion in this guideline was chosen by the authors and the Technical Advisory Panel (TAP). Special provisions and standard details were prepared for the following methods: paved invert, cured-in-place pipe liner (CIPP), slip lining culvert pipe, centrifugally cast concrete culvert lining, spall repair, joint repair, and void filling outside the culvert.
CNA Consulting Engineers
2800 University Avenue Southeast
Minneapolis, MN 55414 United States
Minnesota Department of Transportation
Research Services and Library
395 John Ireland Boulevard
St Paul, MN 55155 USA
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Experimental Examination of Deteriorated and Rehabilitated Corrugated Metal Culverts Subjected to Service Load


Many culverts in North America are in various states of deterioration resulting in diminished structural and/or hydraulic capacities. A culvert’s failure could result in road subsidence or even collapse, leading to serious consequences for vehicular traffic and public safety. The goal of this research is to establish distress and failure mechanisms for rehabilitated culverts made from corrugated metal and concrete pipes, as well as liner-culvert-soil interaction mechanisms, in support of the development of sound design methodologies for these repairs. A series of tests were performed on deteriorated 24-inch metal culverts prior to and following rehabilitation using various trenchless lining methods. This research employed either exhumed deteriorated corrugated metal pipe culverts or corrugated metal pipes deteriorated mechanically by removing 25 percent of the metal within a pre-determined arc along the lower half of the culvert. Culvert specimens were carefully bedded, backfilled, and compacted in soil within a test chamber, and then loaded using a pneumatic loading system to simulate deep burial conditions. Deformation and strains were measured at multiple locations around the circumference of the culvert’s structure during application of load, while earth pressure cells recorded stresses in the embedment zone. The deformed culvert was then rehabilitated using a cured-in-place liner, a slip liner, or a spiral-wound liner, and external load was re-applied. Numerical simulation of culvert was also performed using ANSYS. Responses of the deteriorated and rehabilitated soil-pipe systems were recorded and compared. The results revealed that the degree of compaction of the bedding materials plays a critical role in determining the stress distributed on the culvert.
Alam, Shaurav
Sayem, Sarkar
Aaron, Steven
Pierce, Jacob
Allouche, Erez N.
McKim, Robert
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Transportation Research Board 93rd Annual Meeting 
Location: Washington DC
Date: 2014-1-12 to 2014-1-16
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Rehabilitation of Large Diameter Steel Culverts. Final Report.
Most of the large culverts in Maine are galvanized steel structural plate pipes and many of these are nearing the end of their service lives. In the past, these culverts have usually been replaced with new structural plate pipes. Rehabilitating culverts in place instead of constructing new pipes would save inconvenience and danger to the public during construction as well as construction costs. This study investigated the feasibility of rehabilitating structural plate pipes as well as alternative designs and materials for new or replacement culverts that would economically offer extended service lives and thus reduce the future need for culvert replacement. The study involved a literature search and a survey of state departments of transportation as well as receiving information from trade associations, suppliers, and contractors engaged in culvert rehabilitation. Using this information and current construction costs and estimated service lives, the economic feasibility of various rehabilitation methods and alternatives for new construction of large culverts were evaluated. Recommendations based on the material prices, construction costs, and expected service lives used in the study are as follows. If possible, pipes should be rehabilitated by lining the inverts with reinforced concrete. If the cross sectional shape of the existing culvert is distorted or corroded to the extent that the culvert cannot continue to support the applied loads, the culvert should be rehabilitated by slip forming. When rehabilitation is not practical because of advanced pipe deterioration, reduced hydraulic capacity or increased elevation of the invert, the pipe should be replaced with an aluminum structural plate pipe or aluminum structural plate arch. These recommendations are valid only for the material prices, construction costs, and service lives used in the economic analysis. The designs for rehabilitating or replacing deteriorated culverts in the future should be based on similar analyses incorporating the best current estimates for costs and service lives.
University of Maine, Orono
Department of Civil and Environmental Engineering, Boardman Hall
Orono, ME 04469-5711 USA

Maine Department of Transportation
Technical Services Division, 16 State House Station
Augusta, ME 04333 USA
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Condition and Corrosion Survey on Corrugated Steel Storm Sewer and Culvert Pipe. Second Interim Report.
In 1986 the National Corrugated Steel Pipe Association undertook a five year program to gather service life information on 125 to 135 Corrugated Steel Pipe (CSP) installations. To facilitate this endeavor, Corrpro Companies, Incorporated was retained to develop a detailed program of inspection, testing and evaluation. The first report, published in 1987, reviewed data on 21 sites. This second report provides data on 32 additional sites. From an interior corrosion standpoint, site data indicate that typically, significant interior corrosion is limited to the invert of the pipe. This is generally a corrosion/erosion phenomena affected by bed loading, flow velocity and flow frequency as well as site chemistry. This study and others indicate that concerns for premature invert loss can be alleviated by paving the invert. Pavements such as asphalt or concrete not only provide corrosion protection but also protect the invert from abrasive bed loads. To date, the data collected indicate CSP installation can be designed for a useful service life of 100 years in varying site conditions. This second report uses data from 18 sites which were not coated to address unprotected exterior galvanized coating life. It provides an initial means of (1) predicting the probable life of unprotected exterior galvanized coatings, and (2) estimating the current condition of the external galvanized coating on in-service pipes.
Corrpro Companies, Incorporated
755 West Smith Road
Medina, OH 44256 USA
National Corrugated Steel Pipe Association
2011 I Street, NW
Washington, DC 20006 USA
1988
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Use of CANDE and Design Codes to Assess Stability of Deteriorated Metal Culverts



Three design cases are used to study the effects of corrosion, burial depth, and staged construction on the capacity of steel culverts. The finite element packages CANDE and ABAQUS are used to perform the numerical investigation. The results of these numerical models are compared to current and proposed design methods to determine which approach gives the most conservative estimation of thrust force for both new and corroded culverts. Simple ring compression theory (springline thrust equal to half the soil prism load) produced thrusts that were 42%, 16% and 7% lower than those based on “staged construction” finite element analysis for the 4m diameter example culvert buried 1.5m, 3m, and 10m respectively. The American Association of State Highway and Transportation Officials (AASHTO), Canadian, and proposed design equations all underestimated thrust compared to those finite element results (by 46%, 22% and 24% respectively for 4m diameter culvert at 1.5m burial depth, and with 12.5% wall thickness remaining). Thrust forces obtained using CANDE were slightly lower than those produced by ABAQUS, and it appears that CANDE can be used to estimate thrust forces after corrosion, even though the CANDE analysis featured uniform wall loss around the whole pipe circumference and ABAQUS was used to model wall loss across the invert only.
18p.
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Transportation Research Board 91st Annual Meeting 
Location: Washington DC
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Condition Assessment of Highway Culverts and Determination of Performance Measures. Volume 1: Final Report

http://utah.ptfs.com/awwe...chive?type=file&item=45723
The Utah Department of Transportation (UDOT) installed and manages over 47,000 culverts but has no comprehensive, quantitative method for evaluating the performance of these culverts. UDOT contracted with Simpson Gumpertz & Heger Inc. to 1) determine the condition of highway culverts with spans from 2 feet to 5 feet, 2) develop a system of culvert performance measures, 3) support UDOT in modifying and populating a culvert inventory and inspection database, and 4) recommend implementation of performance measures for future UDOT procedures. 272 culverts were inspected under this contract. Culvert barrel materials consisted primarily of steel, concrete, and polyethylene. Most inspected culverts had barrel span less than five feet. Culvert inspections were conducted in all UDOT Maintenance regions, in all major surface and deep soil zones, and at most elevations. UDOT culverts are performing well overall. Inspection results indicate no significant performance differential between the different barrel materials. Available data includes many concrete and metal barrels that were installed before thermoplastic barrels were used, that is, thermoplastic barrels have a shorter service life history for comparison. The problems unique to each type of culvert pipe material are discussed. Performance measures were adopted from available references and further developed to assist in assessing both the waterway and the barrel condition of each culvert installation. Inspection results were used to determine performance ratings for culvert structural and hydraulic condition. A rating modifier for culvert importance (Importance Modifier) is proposed as a method to reduce the number of culverts that require routine monitoring and to prioritize culvert maintenance. The numeric performance ratings give equal consideration to all culvert barrel materials. This project also evaluated, modified, and used the UDOT Culvert Database, which is composed of a database with inventory and inspection datasets and a Form program used to interface with the database. Through a cooperative effort with Utah State University the database and Form Program were upgraded to improve functionality and usability for this project. This project also provides recommendations to improve UDOT culvert installation and maintenance procedures. The UDOT Culvert Database was also evaluated and recommendations are provided to make the Database usable by UDOT maintenance personnel for future work. References are provided to assess the different expected service life of various metal culverts and coatings.
Simpson Gumpertz & Heger Incorporated
41 Seyon Street, Building 1, Suite 500
Waltham, MA 02453 USA

Utah Department of Transportation
Research and Development Division, 4501 South 2700 West, P.O. Box 148410
Salt Lake City, UT 84119-8410 USA
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A Comparative Study of Aluminum and Steel Culverts

http://www.virginiadot.org/vtrc/main/online_reports/pdf/70-r38.pdf

Virginia Highway Research Council
Virginia Department of Highways
University of Virginia
Charlottesville, Virginia

May 1971
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Synthesis of Information Related to Highway Problems. Topic 45-01. Service Life of Culverts
Research in Progress Project 37754
http://apps.trb.org/cmsfe...Display.asp?ProjectID=3578
This study will update Synthesis 254, Service Life of Drainage Pipe (1996), which in turn updated National Cooperative Highway Research Program (NCHRP) Synthesis 50, Durability of Drainage Pipe (1978). The culvert industry and research community has produced in the last 15 years significant developments in plastic pipe, fiber-reinforced concrete pipe, polymeric-coated metal pipe, recycled materials, larger and more diverse structures, and sophisticated analytical soil-structure interaction modeling. As such, there is a growing need for a new study of the service life of culverts. For the purposes of this study, service life is the time duration during which a culvert is expected to provide the desired function with a specified level of maintenance established at the design or retrofit stage. The selection of alternate culvert or materials for a particular site is based on the material's ability to satisfy the requirements of five selection criteria: (1) Structural design, (2) Hydraulic design, (3) Environmental and site considerations, (4) Joint performance, and (5) Service life (durability). Significant published works provide guidance for the first three criteria and NCHRP Project 15-38 and American Association of State Highway and Transportation Officials (AASHTO) 20-07 Task 347 address joint performance. Service life is the remaining criterion that will be addressed by this synthesis study. No consensus exists among the state departments of transportation (DOTs) on the definition of service life and/or the required time frame of service. Predictive models are often parameterized to specific geographic and environmental considerations. Design service lives range from 15 to 100 years based most often on site conditions, traffic volume, or functional classification of roadways. Material service life models developed for different pipe materials are inconsistent and do not relate to limit state (failure mode) or service distresses adversely affecting both structural and hydraulic performance, including cold-weather induced distresses. The following information will be gathered and synthesized: (1) the required service life for the culvert in varying conditions, including the basis for determining the service life (e.g. average daily traffic (ADT), accessibility, cost of future repair) and any additional design parameters based on the service life. (e.g. oversizing for slip-lining). This will include considerations of maintenance. (2) The conditions constituting the end of useful service life for various culvert installations, including but not limited to materials, soil/backfill properties, hydraulic performance, and appurtenances. (3) The time for a particular material to reach the end of its useful service life, and (4) Information on the how the following are correlated and/or implemented- a. Material service life, and b. Culvert failure limit states This synthesis final report will do the following: (1) Update NCHRP Synthesis 254, Service Life of Drainage Pipe; (2) Build upon the significant start of AASHTO 20-07 Task 264, Guidance for Design and Selection of Pipes; (3) Review AASHTO/DOT, TRB/NCRHP, industry, and other published literature for methodologies used to establish service life and material service life; (4) Provide definitions of the end of useful service life for culvert materials in a rational and implementable form; (5) Provide a catalog of models for determining service life of culvert materials; (6) Provide an example of how the material in the report might be used to predict service life of a hypothetical culvert selection; and (7) Identify gaps in knowledge and future research needs, which may include preparation of a formal NCHRP research problem statement. Information will be gathered by literature review and survey of state transportation agencies, including Canadian provinces (See NCHRP 10-86 for possible survey recipients). An initial screening survey will be sent to the AASHTO Highway Subcommittee on Maintenance to determine who are the most appropriate recipients of the survey (100% response is required).
Federal Highway Administration
1200 New Jersey Avenue, SE
Washington, DC 20590 United States

American Association of State Highway & Transportation Officials
444 North Capitol Street, NW, Suite 225
Washington, DC 20001 United States

National Cooperative Highway Research Program (NCHRP) Synthesis
Transportation Research Board
500 Fifth Street, NW
Washington, DC 20001
Start Date: 2013-11-02
=====================================================================================
Finite Element Study of Stability of Corroded Metal Culverts


The development and the use of finite element analyses in the 1970s and 1980s changed the nature of culvert assessment because they permitted consideration of the geometrical and material details of the burial condition, as well as the construction process, culvert geometry, and earth and vehicle loads. While these procedures have been used to study a wide range of new culvert and pipe structures, there has been little consideration of the structural deterioration that is precipitating most current infrastructure investments. This study therefore examines the influence of corrosion on the stability of corrugated steel culverts. Corrosion in the lower half of the structure is considered, including a range of losses in wall thickness and lateral extents. Changes in the factor of safety against yield are assessed as corrosion develops, as are changes in culvert resistance to buckling failure. For the five specific design cases considered, the governing design criterion was stability against yield, and the factor of safety against yield was found to decrease almost in proportion to wall thickness (when maximum wall thrust within the corroded zone was considered). This decrease occurred because the corroded metal culverts experienced little change in the distributions of thrust or moment as a result of local losses in wall thickness. While the results presented are purely theoretical, they provide a starting point for an appreciation of the influence of metal culvert deterioration and can guide future research, including physical test programs.
El-Taher, Mohamed
Moore, Ian D.
P.157-166
2008
Transportation Research Record: Journal of the Transportation Research Board 
Issue Number: 2050
Publisher: Transportation Research Board
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Use of CANDE and design codes to assess stability of deteriorated metal
culverts
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ABSTRACT

Three design cases are used to study the effects of corrosion, burial depth, and staged
construction on the capacity of steel culverts. The finite element packages CANDE and
ABAQUS are used to perform the numerical investigation. The results of these numerical models
are compared to current and proposed design methods to determine which approach gives the
most conservative estimation of thrust force for both new and corroded culverts. Simple ring
compression theory (springline thrust equal to half the soil prism load) produced thrusts that
were 42%, 16% and 7% lower than those based on “staged construction” finite element analysis
for the 4m diameter example culvert buried 1.5m, 3m, and 10m respectively. The AASHTO,
Canadian, and proposed design equations all underestimated thrust compared to those finite
element results (by 46%, 22% and 24% respectively for 4m diameter culvert at 1.5m burial
depth, and with 12.5% wall thickness remaining). Thrust forces obtained using CANDE were
slightly lower than those produced by ABAQUS, and it appears that CANDE can be used to
estimate thrust forces after corrosion, even though the CANDE analysis featured uniform wall
loss around the whole pipe circumference and ABAQUS was used to model wall loss across the
invert only.

INTRODUCTION

The United States, Canada, and other countries are facing a buried infrastructure crisis. Much of
the infrastructure that was built last century is now coming to the end of its service life.
However, there are limited public funds with which to replace this infrastructure and there is a
need to develop assessment strategies so that investments are made in the most vulnerable
installations.

Use of corrugated steel culverts has been common, and many are now suffering noticeable
deterioration. Surface corrosion is common on the inner wall of the pipe, particularly in the
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vicinity of the normal waterline, and decisions must be made about whether they should be left
alone, repaired, or replaced. The cost associated with repair and replacement is significant as are
the costs associated with failure if the correct action is not taken. Unfortunately, the current
approach to managing these assets is to use qualitative, often subjective, assessments based on
visual inspection (e.g. (1)). While El-Taher and Moore (2) provided the first known study
examining the stability of deteriorated structures, their work was based on finite element analysis
using ABAQUS which is not commonly available. Public domain culvert analysis software like
CANDE, however, was developed for assessment of new rather than deteriorated structures, and
there is a pressing need for guidance on how to use CANDE and other available software to
evaluate corroded structures. The ultimate objective is to base management decisions regarding
remediation or replacement on rational, computational assessments, to support optimized
infrastructure investments.

One potential approach to assessing the structural capacity of a deteriorated steel culvert is to use
measurement data from a non-destructive test investigation to establish the level of corrosion in
the culvert, coupled with numerical analysis of the structure. The goal of this investigation is to
determine which of the techniques available to engineers for the assessment of corroded culverts
gave the most appropriate results. Two finite element programs are evaluated: (i) CANDE-2007
(3) and (i1) ABAQUS version 6.9 (4). CANDE is a specialized culvert analysis program that has
been employed in the culvert design community for decades and is relatively straightforward to
use. If it could be extended to assess deteriorated culverts, this would be an ideal solution.
ABAQUS is a more versatile finite element package and so may be able to capture the affects of
corrosion more accurately, but it is substantially more difficult to use. For both programs, two
levels of analysis complexity are considered, the first involving stresses applied to the external
boundaries of the block of soil surrounding the pipe (the finite element analysis equivalent of the
approach introduced by Burns and Richard (5) and denoted hereafter as the “block of soil”
approach), and the second featuring staged construction (modeling progressive burial as layers of
soil that are activated in the manner reported by Katona (6); this is subsequently denoted as the
“staged construction” approach).

Comparison of these two solutions is used to determine the level of analysis complexity required
to assess the stability of a deteriorated culvert (e.g. whether explicit modeling of the burial
process is required). The finite element results are then compared to calculations based on three
different metal culvert design approaches: the current LRFD Bridge Design Specifications of the
American Association of States Highway and Transportation Officials (11), the current Canadian
Highway Bridge Design Code (12), and proposed changes to AASHTO practice described by
McGrath et al. (13). Those comparisons indicate whether the culvert design guidelines can be
used to obtain useful estimates of deteriorated culvert capacity.
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The first section of this paper introduces the finite element models and assessment cases. The
results of the finite element investigation will then be presented and discussed with comparisons
to the results from the design codes. Finally the salient conclusions from the investigation will be
drawn as well as suggestions for further work in this area.

GEOMETRY AND PROPERTIES

Design Cases

The numerical investigation being undertaken considers three of the design cases introduced by
El-Taher and Moore (2), so that the effects of corrosion, burial depth, and construction sequence
on the thrust forces can be assessed, and thus their influence on the capacity of typical steel
culverts. Four-meter diameter culverts at three different burial depths, as shown in Figure 1a,
will be considered. While the number of culverts with this large diameter is limited compared to
the great number of structures with diameters less than 1m, say, it is considered to be more
typical of the high cost structures that warrant the more rigorous assessment being investigated
here.

Each culvert has a corrugation profile of 152 x 51 mm and an uncorroded nominal wall thickness
of 3mm. The impact of corrosion will be studied by imposing a uniform reduction in wall
thickness as discussed in the culvert properties section. As per the introduction, this investigation
examines two types of numerical model: (i) a solid block of soil subjected to earth pressure on
each external boundary, where those stresses are equivalent to the geostatic stresses that would
act at the level of the culvert crown, and (ii) analysis modeling staged construction where the soil
is placed in a nominal layer of 0.3 meters (1ft.) from the pipe invert up to the crown, and then on
to the desired depth of fill in ABAQUS and using the default burial method in CANDE (as
discussed later).
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Case 1 Case 2 Case 3
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FIGURE 1 a. Three design cases and b. Invert corrosion of an idealized corrugated steel
culvert [after EI-Taher and Moore (2)]

Soil Properties

A typical culvert backfill material, SW95, is chosen to provide an indication of the effects that
corrosion, burial depth, and construction sequence will have on culvert capacity. Two types of
constitutive model are used to approximate the soil behavior: (i) linear elastic and (ii) elastic-
plastic. The linear elastic model has elastic modulus of 16.9 MPa (2,450 psi), Poisson’s ratio of
0.25, coefficient of earth pressure at rest of 0.33, and soil unit weight of 22 kN/m® (140 1b/ft’).
The elastic-plastic model employs an elastic modulus of 16.9 MPa (2,450 psi), Poisson’s ratio of
0.25, and soil unit weight of 22 kN/m® (1401b/ft’). A constant elastic modulus with depth is used
for the backfill in this investigation. While the use of a depth dependant soil modulus may be
more realistic, it will be shown in subsequent sections that the use of a constant modulus leads to
simpler calculations and conservative estimates of the thrust force in the culvert, which is the
main focus of this investigation.

Since the goal of this research is to investigate the accuracy of simplified models created in
programs that designers are familiar with (i.e. CANDE), the use of an elastic soil model is
preferred over more complicated elastic-plastic soil models. However, to ensure that this
simplifying assumption would still produce reasonable and conservative results, an investigation
using elastic-plastic soil models was also undertaken. Elastic-plastic soil behavior was performed
in the staged construction analysis by using the Mohr-Coulomb model from ABAQUS library
and compared with elastic soil behaviour analysis. A friction angle of 48" and cohesion of 7 kPa
(1 psi) were employed. Use of the Mohr Coulomb plasticity model requires specification of a
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dilation angle (which defines how volume changes during plastic shearing). A dilation angle of
45" was employed for the calculations reported here, close to the friction angle of the soil.
Calculations were also performed with lower dilation angles, and these had little effect on the
results (thrust only changed by a few percent).

Culvert Properties

The section modulus, E,, and the structural properties (cross-sectional area per unit length, A,
and second moment of area per unit length, I,) of the culvert wall in the circumferential direction
influence the stability against yield of the culvert (2). Two-dimensional plane strain analysis is
being employed, based on the assumption that the culvert is long and ground support and earth
loads do not vary along the deepest sections. Two-dimensional analysis of a corrugated structure

requires the culvert to be modeled as a plain shell, with equivalent section modulus, £ , and

equivalent wall thickness, 7, converted from the section modulus and the wall thickness of the
corrugated steel culvert using the following equations (2):

- [12E,1,

EpAp (1)
E= Ep_Ap s

4 (2)

The properties of a 152x51x3 mm corrugated section are E, = 200GPa, I, = 1057.25 mm*/mm,
Ap,=3.522 mm?/mm (7), hence the properties of the equivalent uncorroded plain cylindrical shell
are:

. M2ET
[ vy _ [12QE+8)A057.25) _ o oc 60 pm = 2.36 in
E A (2F +8)(3.522)

_ E A
E=—2"r g (2E+86)(§3'522) —11.74 GPa = 1,700 ksi
t

All calculations reported in this paper are based on elastic structural response, including those
corresponding to severe corrosion where yield would almost certainly occur. However,
consistent with current approaches to culvert design, calculations for expected values of thrust
are elastic, and the potential for failure is assessed by comparing those elastic structure
calculations to the crushing load (yield stress times cross sectional area of the corrugated plate).
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Modelling of Corrosion in Corrugated Steel Culverts

Corrosion in corrugated steel culverts generally occurs at or near the invert and stretches up both
sides of the structure towards the springlines. The height to which corrosion occurs varies
depending on the level of water flow in the system. Even though the level of corrosion varies in
actual structures (8), it should be conservative to assume that the corrosion is uniform. EI-Taher
and Moore (2) evaluated three potential extents of corrosion, quantified as extending over angles
of 90°, 135°, and 180°about the invert (as indicated by the angle o shown in Figure 1b). They
found that 180° corrosion centered at the invert (i.e. from springline to springline) was the most
critical case. Hence, only the 180° corrosion case with uniform remaining wall thickness will be
evaluated in this investigation.

Most computer analyses of metal culverts have been performed using two-dimensional plane
strain finite element analysis, such as those available in CANDE and ABAQUS. The current
investigation uses two approaches to represent the structure: (i) modeling the pipe with rings of
solid elements, the approach used by El-Taher and Moore (2) because it permits simulation of
loading of the intact structure followed by corrosion, where there is explicit representation of
removal of part of the wall thickness, and (i1) modeling with beam elements, the approach used
to model thin shell structures in CANDE. ABAQUS will be used to undertake calculations with
both structural representations, since this facilitates direct comparisons of one with the other.

For the solid element approach (used in some of the ABAQUS calculations), the plain
representation of the shell structure employs four equal thickness layers of solid elements. The
corrosion is simulated by removing one layer of solid elements from the model (from springline
to springline) at a time. However, removing a 15mm thick layer of solid elements (one quarter of
the overall thickness) is not the same as removing one quarter of the thickness of the corrugated
structure, since the relationship between the corrugated section thickness and the equivalent shell
element thickness is non-linear (equation 1). El-Taher and Moore (2) found that remaining wall
thicknesses of 100%, 75%, 50%, and 25% of the initial value for a plain shell structure are
equivalent to 100%, 42%, 12.5%, and 1.5% remaining wall thickness for a corrugated structure
respectively. Now, while perfectly uniform wall loss is considered in the current study, natural
variations in wall thickness would occur in the field and the case of 1.5% ‘average’ remaining
wall thickness would feature perforations. These are neglected hereafter, since El-Taher (8)
examined local wall thickness changes and found that ‘average’ wall loss is effective at
characterising culvert stability. However, deterioration mechanisms like erosion may then
govern the capacity of the culvert (these were also examined by El-Taher (8)).

When the beam element approach is used to represent the structure used in some of the
ABAQUS calculations and all of the CANDE calculations, the equivalent modulus and wall
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thickness of the plain shell structure are calculated from the corrugated structure’s properties by
using equations 1 and 2.

Table 1 gives the bending stiffness and hoop stiffness for both approaches for the four levels of
remaining corrugated wall thickness: (1) 100%, (i1) 42%, (iii) 12.5%, and (iv) 1.5%. The bending
stiffness is accurately estimated by both approaches. However, it can be seen from Table 1 that
the solid element approach overestimates the hoop stiffness of the culvert when compared to the
properties of the corrugated section. The effect of these excessive values of hoop stiffness will be

discussed later.

TABLE 1 Bending Stiffness and Hoop Stiffness of Corrugated and Plain Shell Section

% thickness of corrugated 100% 42% 12.5% 1.5%
plate remaining
Solid £ (MPa) 11,740 11,740 11,740 11,740
Element { (mm) 60 45 30 15
Approach EI Nm>m) | 211,400 89,100 26,420 3,300

EA (N/m) 704.4x 10° | 528.3x10° [3522x10° |176.1x10°
Beam £ (MPa) 11,740 4,933 1,468 176
Element ; (mm) 60 60 60 60
Approach EI (Nm’/m) | 211,400 88,800 26,430 3,180

EA (N/m) 704.4x 10° | 296 x 10° 88.05x 10° | 10.56 x 10°
Corrugated | £ (MPa) 200,000 200,000 200,000 200,000
Section ¢ (mm) 2.84! 1.19 0.355 0.0426

EI (Nm°/m) | 211,400 88.8 x 10° 2643x10°  [3.180x 10°

EA (N/m) 704.4x 10° | 296 x 10° 88.05x 10° [10.56 x 10°

' While the nominal thickness of the corrugated plate is 3mm, the actual thickness is 2.84 mm.

NUMERICAL MODELING

Finite Element Analysis

As mentioned previously, finite element analysis packages ABAQUS and CANDE are used to
perform the two-dimensional deteriorated steel culvert assessment. Perfectly bonded culvert-soil
interface behavior was modeled in all the analyses, an approach which simplifies the calculations
and produces values of thrust that may exceed those that develop if the interface angle of friction
is less than the angle of internal friction of the soil (9). In the ABAQUS analyses, both
constitutive models were considered for the soil (linear elastic and elastic-plastic), while only
linear elastic behavior was considered in CANDE. Although these assumptions and models are
not fully representative of the behavior of buried culverts, previous research has suggested that
the elastic solution for thrust in buried culverts produces reasonable estimates ((5) and (9)). The
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results from the numerical analyses will also be verified against an elastic solution reported by
Moore (9).

For both the solid element and the beam element models in ABAQUS, symmetry about the
centerline of the culvert is assumed, and this reduces the number of elements and the associated
analysis time. The soil is represented by CPE6M elements, which are two-dimensional six-node
quadratic elements with hourglass control. The culvert in the solid element model is represented
using CPE8R elements, which are eight-node quadrilateral elements. The culvert in the beam
element model is represented using B22 elements, which are three-noded planar quadratic beam
elements. All of these elements are available in the standard ABAQUS element library.

Two CANDE solution levels, Level 1 and Level 2, are used in the investigation. Level 1 analysis
in CANDE is based on a closed form solution (5). The Level 1 solution is limited to round pipes
buried in homogenous soils with the soil-pipe interface being either bonded or frictionless. While
the Level 1 solution is suggested for use only when the fill height above the crown is equal to or
greater than two pipe diameters (3), it will be used to evaluate all three cases in this
investigation. Since the Level 1 analysis is more straightforward to use, it is evaluated here to see
if it produces results similar to more comprehensive models.

Level 2 analysis uses beam elements and provides an automated mesh, while allowing the user to
specify (i) variations in material distributions (bedding, backfill, and overfill), (ii) construction
increments, (iii) more complex pipe-soil interface behavior, and (iv) different culvert shapes. The
elements used in the CANDE Level 2 solution are two-dimensional four-node elements. The
Level 1 and Level 2 analyses in CANDE allow the user to define only one thickness of beam
element and so the reduction in wall thickness is applied to the whole culvert (versus ABAQUS
modeling that reduces wall thickness over the lower 180° section). Beam elements were used in
all the CANDE analyses, so the culvert wall thickness is taken as 2.84 mm, 1.19 mm, 0.355 mm,
and 0.0426 mm (once again corresponding to 100%, 42%, 12.5%, and 1.5% thickness remaining
in the corrugated steel culvert respectively).

Boundary and loading conditions

For the “block of soil” approach in ABAQUS, only vertical load and horizontal load are applied
to the soil while horizontal movement is restrained along the line of symmetry. For the “staged
construction” approach, vertical displacement is restrained along the bottom boundary, and
horizontal movement is restrained along the left and right vertical boundaries.

In CANDE, the Level 1 analysis has similar boundary and loading conditions to the “block of

soil” approach in ABAQUS. The Level 2 analysis is similar to the “staged construction”
approach in ABAQUS, but the thickness of the backfill layers is set to the default backfill
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loading for CANDE and is thus different from ABAQUS. In CANDE there are five initial steps
for backfilling: Step 1 — in-situ soil and bedding, Step 2 — fill soil to the pipe’s springline, Step 3
— fill soil to the pipe’s crown, Step 4 — fill soil to a depth above the crown equal to one quarter of
the pipe’s diameter, and Step 5 - fill soil to the remaining depth above the crown.

RESULTS AND DISCUSSION

Comparison for Intact Structures

To verify the accuracy of the results from the numerical analyses, the results from the analyses
for an uncorroded culvert without considering “staged construction” are compared to a closed-
form solution (9). A culvert’s stiffness relative to the soil can be defined by calculating stiffness
parameters C and F, as suggested by Hoeg (10). Culverts in this investigation are all considered
to be flexible based on this classification. The closed-form solution is also based on the
assumption that the culvert is flexible.

Both the CANDE Level 1 and the ABAQUS “block of soil” approach indicate that the maximum
thrust is located at the springline. The maximum thrust force from the ABAQUS analyses for all
cases (as illustrated in Figure 1a) is within 5% of the closed-form solution. The maximum thrust
force from CANDE Level 1 analyses are all within 7% of the closed-form solution. Since all of
the analysis methods seem to be in reasonable agreement with the closed-form solution, the
models will now be used to assess the impact of staged construction on the thrust forces in the
culvert.

Figure 2 shows the thrust force around the circumference for an uncorroded corrugated steel
culvert for design case 2 and elastic finite element analyses. For the “block of soil” analysis, the
maximum thrust force is located at the springline. However, the maximum thrust force is located
20 degrees below the springline for the “staged construction” analysis. This figure also indicates
that the thrust force from the “staged construction” analysis is 42% higher than the thrust force
from the “block of soil” analysis when the culvert is at a burial depth of 1.5m (4.9 ft).
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FIGURE 2 Thrust force along the culvert, case 2 with 100% thickness remaining.

The higher thrust forces that result when “staged construction” analysis is considered are partly
associated with the weight of the soil surrounding the culvert (in the “block of soil” analysis the
soil is essentially weightless and the force is applied at the model boundaries), and partly because
the soil support develops progressively as load also develops. This means that the effects of
arching are distinctly different in the two analyses. In the “block of soil” analysis where the
weight of the soil is applied away from the culvert and the soil support is fully in place before the
loads are applied, positive arching action will take a greater percentage of this load resulting in
lower thrust forces. Additionally, the “block of soil” analysis does not take into account the
weight of soil over the shoulders of the pipe. On the other hand, in the “staged construction”
analysis, the soil placed beside and immediately over the culvert must be carried by the culvert
(it is placed before soil fully envelopes the culvert to aid in positive arching). The weight of soil
above the shoulders also increases the thrusts. The thrust forces from the “staged construction”
analysis are 16% and 7% higher than the thrust forces from the “block of soil” analysis when the
culverts are at 3 m (9.8 ft.) and 10 m (32.8 ft.) burial depths respectively. Not surprisingly, the
effect of staged construction on thrust force has a greater effect on the thrusts that develop at
shallow burial depth, and this effect will be discussed later in this investigation.
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Figure 2 also shows that there is good agreement between CANDE and ABAQUS for both the
“block of soil” and “staged construction” models. Even though the CANDE Level 1 solution is
based on a closed-form approximation (5), it provides a result which is within 2.5% of the
ABAQUS solution because the value of the coefficient of earth pressure at rest Ky (used in the
ABAQUS “block of soil” analysis) is calculated from the Poisson’s ratio of 0.25 used in the
CANDE analysis (Ky=v/(1-v)) for an elastic solid). The thrust force from the CANDE Level 2
solution is also within 6% of the ABAQUS solution. Thus, it can be concluded that there is little
difference between the CANDE and ABAQUS analyses for uncorroded corrugated steel culverts.
The use of CANDE and ABAQUS for modeling corroded steel culverts will now be
investigated.

Solid versus Beam Element Modeling

The relationship between thrust force and angle from the crown is given in Figure 3 for a
corroded culvert at a burial depth of 1.5m with only 1.5% average remaining wall thickness. The
figure gives results for the same 6 models that were used earlier to estimate the thrust forces in
the uncorroded section (Figure 2). There is no data in the region from 85° to 95° from the crown
for the ABAQUS - Solid Element analysis. This region is at the culvert’s springline, where thrust
calculations are influenced by the stress concentrations that occur at the sudden transition in the
number of solid elements from the intact section to the corroded section. The sudden change in
wall thickness would not occur in practice, and to avoid confusion, spurious stress concentrations
at this location and the associated thrusts have not therefore been calculated or plotted, since the
transition region in an actual structure would be much smoother and local stresses in the
corrugated plate would in any case be different to those calculated using the equivalent plain
structure.

Figure 2 shows that the thrust forces from the ABAQUS - Solid Element analysis are 56% and
53% higher than the thrust forces from the ABAQUS - Beam Element for the “block of soil” and
“staged construction” approaches respectively. This overestimation in thrust occurs because, as
mentioned previously and illustrated in Table 1, the solid element model significantly
overestimates the hoop stiffness of the corroded culvert. Thus the erroneously stiffer culvert
attracts more load than models with more consistent estimates of the hoop stiffness. In the
subsequent discussion, therefore, only the ABAQUS — Beam Element and CANDE analyses are
used (avoiding overestimations due to excessive hoop stiffness in the solid element calculation).

The ABAQUS - Beam Element analyses reported in Figure 3 are based on corrosion of the
complete pipe (from the crown to the invert). Even for this extreme level of corrosion (1.5% wall
thickness remaining), CANDE’s results are within 18% and 2% of ABAQUS’s results for the
“block of soil” and “staged construction” approaches respectively. This reconfirms the earlier
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observation that thrust from “staged construction” analysis exceeds thrust from the “block of
soil” analysis.
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FIGURE 3 Thrust force along the culvert, case 2 with 1.5% thickness remaining.

Erosion across the Invert versus Erosion around the Complete Circumference

Figure 4 once again plots the relationship between thrust force and angle from the crown for a
burial depth of 1.5m (4.9 ft.). In this figure, the ABAQUS results are for the top half of the
culvert intact, and the bottom half of the culvert with a wall thickness of either 12.5% or 1.5% of
the original thickness. In the same figure, results from a CANDE Level 2 analysis with 12.5%
and 1.5% remaining wall thickness around the complete circumference are also plotted. It can be
seen that the results from both finite element models agree for the 12.5% remaining wall
thickness analysis. However, the thrust force when only 1.5% of the wall remains in the lower
half (calculated using ABAQUYS) transitions from high values across the intact region over the
top of the culvert (like those for the 12.5% case) to low values across the bottom like those from
CANDE, and the springline thrust from ABAQUS is 40% higher than the CANDE results. In
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deep burial case (case 3), the thrust forces from ABAQUS are 10% and 39% higher than the
CANDE results when 12.5% and 1.5% wall thickness remains, respectively.

When the top half of the culvert is modeled as intact, the stiffness of the top half is much higher
than the stiffness of the bottom half (as indicated by the effective modulus values of 11,740 MPa
compared to 176 MPa). The top half of the culvert then attracts more load, and it leads to higher
thrusts compared to those obtained using CANDE. Hence, CANDE produces a reasonable
distribution of thrust when the remaining wall thickness is 12.5% or more, but thrust across the
crown may be unconservative for the case where 1.5% wall thickness remains.

Now 1.5% average remaining wall thickness represents an extreme level of corrosion that would
result in perforations in the field and potentially lead to failure of the culvert due to erosion (as
discussed earlier). For this case, however, the culvert is still carrying more than 50% of the thrust
force that it did when it was intact. This means that the hoop stresses would exceed the yield
stress (use of elastic structural analysis for the current study is discussed in an earlier section).

Sy 12.5% Remaining 1.5% Remaining 4
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FIGURE 4 Thrust force along the culvert, case 2 with staged construction.
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Finite Element versus Design Code Calculations

To determine the effectiveness of the tools available to engineers hoping to assess corroded
culverts, the results of the numerical investigation were also compared to calculations using the
AASHTO Specifications (11), the CHBDC (12), as well as the proposals of McGrath et al. (13).
Figure 5 compares the analyses based on a section with 12.5% remaining wall thickness
(corroded from the crown to the invert). The horizontal axis in Figures 5 indicates three levels of
burial depth (1.5m, 3m, and 10m) based on the cases proposed in Figure 1a. The vertical axis
indicates the thrust force divided by half the soil prism load (the weight of soil over the pipe
from the crown up to the ground surface). This illustrates what proportion of the soil prism load
is being carried by the culvert versus the surrounding soil, as a function of culvert stiffness.

The AASHTO LRFD Bridge Design Specifications (11) define springline thrust as equal to half
the soil prism load in accordance with ‘ring compression theory’:

S
r-p @ 3)
where:
T  =factored thrust force per unit length, N/mm;
S = span length, m; and
P = factored crown pressure, kPa.

This is an unconservative result since the soil weight acting on the shoulder and the effects of
soil-structure interaction during staged construction are not considered.

The CHBDC thrust equation, the design equation proposed by McGrath et al. (13), the CANDE
(Level 2) analysis and the ABAQUS result all take into account the weight of the soil above the
shoulder and soil-pipe interaction that develops during “staged construction”. The thrust force
per unit length from the CHBDC is calculated using the following equation (12):

T=0.5(1.0-0.1C5) AW 4)

where:

T = maximum thrust in a conduit wall per unit length, kN/m;

Cs = the axial stiffness parameter;

Ar = factor used to calculate the thrust due to dead load in a conduit wall; and

W = the weight of the column of earth above the conduit, kKN/m.
McGrath et al. (13) include explicit consideration of the soil weight above the shoulder and it

incorporates a vertical arching factor (VAF) to include the effect of the hoop stiffness of the
culvert on the thrust. VAF is a function of the normalized backfill width, W/S, a culvert shape
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factor, S/R, and a burial depth ratio, H/S. It is equal to 1.1 for all the cases considered in this
investigation. The thrust force per unit length is calculated by the following equations:

VVsp =7s (H+ K,,rR, )S (5)
Wg=VAF W, (6)
where:

Wg = total springline thrust (the sum of the thrust force at both springlines), kN/m;
VAF = vertical arching factor;

W, = soil prism load, kN/m;

H = depth of fill over the top of the culvert, m;

¥, = unit weight of soil, kN/m3;

Kvar = factor to account for span/rise ratio;

S = culvert span, m; and

Ry, =upper rise, m.

For new corrugated steel culverts, the results from ABAQUS and CANDE produce more
conservative estimates of the thrust forces, especially for shallow burial depths. However, in the
numerical analysis, the modulus of elasticity of the soil was not assumed to change with depth.
While this will not have a significant impact on the estimates of thrust for the culverts with burial
depths of 1.5m or 3m, it will result in the relative stiffness of the culvert being too high for the
10m burial depth case, so that the finite element approaches provide higher thrust forces than the
code approaches.

Also plotted in Figure 5 are the ABAQUS results calculated using an elastic-plastic soil model. It
was found that for all burial depths and corrosion levels, the results using the elastic-plastic
model were 10% lower than the results from elastic calculations. As such, use of an elastic soil
model appears to be both reasonable and conservative, and so the discussion that follows
considers only results obtained using the elastic soil model.

Figure 5 compares the calculations from the various approaches for a culvert with 12.5%
remaining wall thickness. It can be seen that since the AASHTO design equations and the
proposals of McGrath et al. (13) were developed only for use with new culverts, the results for
the corroded culvert are unchanged from the uncorroded culvert. While the CHBDC does allow
for corrosion (or at least a reduction in wall thickness) to be considered, it still produces values
that are unconservative compared to the finite element analyses. The AASHTO (11), CHBDC
(12), and McGrath et al. (13) design equations underestimate the thrust force when compared to
the finite element analyses by 46%, 22%, and 24% for 4m diameter culvert at 1.5m burial depth
with 12.5% remaining wall thickness.
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The percentage of the load that transfers from the soil to the culvert is affected by the burial
depth as illustrated in Figures 5. As the burial depth increases, positive arching is enhanced and
less force is transferred to the culvert. Overall, analyses performed using CANDE produced
results that were within 10% of the results from ABAQUS (except when the level of corrosion
was extreme). This suggests that engineers trying to assess the capacity of corroded culverts
could do so by conservatively assuming a reduced wall thickness equal to the average wall
thickness in the area with the most critical level of corrosion.

2.4
—e—— AASHTO
224 O CHBDC
——-%-—— NCHRP Report 473
2.0 4 —-—A-—--  ABAQUS-Elastic Soil
— & —  ABAQUS-Elastroplastic Soil
I8 - i — —0—— CANDE
=
T 1.6 - N
= N
2 o N
1.4 H Y. T —
N e
=L@ T
1.2 - e
——-v
1.0 4 — o °
0.8 T T T T T
0 2 4 6 8 10 12

Burial Depth (m)
FIGURE 5 Normalized thrust versus burial depth for D = 4m with 12.5% remaining wall
thickness (calculations based on “staged construction”).

CONCLUSIONS

Three design cases were used to study the effects of corrosion, burial depth, and staged
construction on the capacity of steel culverts. Two types of analysis were performed,
considering: (i) pipe in a “block of soil” where earth loads develop after the pipe is buried, and
(i1) a “staged construction” approach, featuring the progressive development of soil load and
stiffness. Two types of material models were considered for the backfill in this investigation: (i)
linear elastic and (ii) elastic-plastic. Finite element packages, CANDE and ABAQUS, were used
to perform the numerical investigation. The results of these numerical models were also
compared to design methods (i.e. AASHTO (11), CHBDC (12), and the proposals outlined by
McGrath et al. (13)) to determine which approach gives the most conservative estimation of
thrust force for both new and corroded culverts.
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This investigation indicated that analyses based on elastic-plastic soil behaviour produced lower
thrust forces in the culvert when compared to analyses based on elastic soil behaviour. However,
the difference in thrust force was less than 10% and since the elastic approach was conservative
there seems to be little benefit to using a more complex elastic-plastic model (at least for cases
where only earth loads are considered).

Before considering the effects of corrosion, the extent to which calculations based on the “block
of soil” simplification are less conservative was established relative to results considering
“staged construction”. For the 4m diameter culvert considered in this study, the “block of soil”
simplification lead to estimates of springline thrust that were 42%, 16% and 7% lower than those
based on “staged construction” analysis for burial depths of 1.5m, 3m, and 10m respectively.

Results obtained using the AASHTO (11), CHBDC (12), and proposed design equations were all
unconservative compared to the results from the numerical analyses. CHBDC (12) and the
proposals of McGrath et al. (13) producing thrust estimates for the 4m diameter culvert that were
about 24% lower at burial depth of 1.5m, and 15% lower at 3m burial depth, while the current
AASHTO equation provided thrust values about 46% and 35% lower at those burial depths.
Although the thrust forces from CANDE were slightly lower than those produced by ABAQUS,
the two programs were in reasonably good agreement suggesting that CANDE could be used to
estimate the reduced thrust forces due to corrosion. This demonstrated that reasonable estimates
of stability can be obtained for a structure with wall loss around part of the circumference, using
calculations like CANDE where the wall loss is assumed to occur around the whole pipe
circumference.

All results reported here consider earth loads only, and further work is needed to examine the
stability of deteriorated metal culverts under vehicle loads. Future research in this area should
also investigate the impact of using a depth dependant elastic modulus rather than the constant
soil modulus used in this investigation. The results obtained in this study also need to be
evaluated using experiments on both new and corroded culverts.
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Finite Element Study of Stability
of Corroded Metal Culverts

Mohamed El-Taher and lan D. Moore

The development and the use of finite element analyses in the 1970s and
1980s changed the nature of culvert assessment because they permitted
consideration of the geometrical and material details of the burial con-
dition, as well as the construction process, culvert geometry, and earth
and vehicle loads. While these procedures have been used to study
a wide range of new culvert and pipe structures, there has been little
consideration of the structural deterioration that is precipitating most
current infrastructure investments. This study therefore examines
the influence of corrosion on the stability of corrugated steel culverts.
Corrosion in the lower half of the structure is considered, including a
range of losses in wall thickness and lateral extents. Changes in the
factor of safety against yield are assessed as corrosion develops, as are
changes in culvert resistance to buckling failure. For the five specific
design cases considered, the governing design criterion was stability
against yield, and the factor of safety against yield was found to decrease
almost in proportion to wall thickness (when maximum wall thrust
within the corroded zone was considered). This decrease occurred because
the corroded metal culverts experienced little change in the distributions
of thrust or moment as a result of local losses in wall thickness. While
the results presented are purely theoretical, they provide a starting point
for an appreciation of the influence of metal culvert deterioration and
can guide future research, including physical test programs.

The development of linear and nonlinear finite element analyses in the
1970s and 1980s greatly enhanced the rational calculation of thrust,
moment, and deformation in culverts and buried pipes [e.g., the finite
element procedure of Katona (/)], as well as stability assessments
associated with limit states such as buckling reported by Moore (2).
Through use of these procedures, a comprehensive series of studies
was undertaken on new metal culverts [e.g., Chang et al. (3) and
Katona and Akl (4)], new concrete culvert structures [e.g., Heger
etal. (5)], and new thermoplastic culverts [e.g., Katona (6) and Dhar
etal. (7)]. The resulting advances in engineering practice have been
considerable and have addressed most of the important challenges
associated with the understanding and implementation of design
practice for new highway culverts and sewers.

However, most current expenditures on culvert and sewer con-
struction are associated with repair and replacement of existing
infrastructure. While infrastructure replacement can of course be
undertaken by completely rebuilding the existing system by using
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design that is based on conventional cut and cover techniques, funding
available is rarely sufficient to permit extensive rebuilding efforts,
and engineers representing infrastructure owners need to prioritize
specific culvert and sewer structures for rehabilitation. Some of the
many new challenges associated with determining when rehabilita-
tion work is needed include performance of safety evaluations to
prevent yield or buckling of corroded structures. In the absence of
explicit guidance on the effect of culvert deterioration on stability,
most culvert and sewer repair and replacement decisions are based
on qualitative assessments of current condition. Rational methods
of considering the effect of corrosion geometry on culvert stability
under different burial conditions could introduce quantitative assess-
ments and greatly improve the effectiveness of investments in infra-
structure rehabilitation. Studies of deteriorated culverts can also form
the starting point for effective rehabilitation treatments, for example,
studies considering the effect of corrosion geometry on liners placed
within the pipe.

This paper presents the results of a computational study to provide
guidance on the acceptable limits of culvert corrosion. The study
examines corrosion across the invert, a configuration that is common
in areas of acidic surface water. Idealized corrosion geometries are
defined, and two-dimensional finite element analysis is used to assess
the impact of wall thinning on thrusts in five culvert examples. Factors
of safety are calculated against yield (crushing) and buckling under
the compressive hoop thrusts that develop. While this study could
be used to provide preliminary guidance on the stability of existing
structures with corrosion damage of this kind, such guidance should
be followed by experimental studies to assess the reliability of the
computer analysis and to determine how culvert corrosion, soil
erosion, and other aspects of the deterioration control pipe stability.

GEOMETRICAL AND MATERIAL PROPERTIES
Design Cases

Five specific design cases were chosen for assessment. Each was
manufactured from 152- X 51-mm corrugated steel plate, with the
spans and burial depths outlined in Figure 1. The objective was to
undertake a parametric study that considered three culvert spans
(2.0,4.0, and 6.0 m) and three depths (1.5, 3.0, and 10.0 m) as shown
in Figure 1. This first study of the stability of corroded culverts
focused on circular structures, although future studies should consider
noncircular, arch, and box culvert structures.

Soil Conditions

Well-graded granular soil SW was considered as the backfill material.
While culverts have historically been erected in a range of different
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FIGURE 1 Five design cases considered.

backfill soils, this choice is considered sufficient for this preliminary
computational assessment of change in stability that results from
structural deterioration. Design values of soil modulus at different
levels of effective vertical earth pressure consider density at 95% of
the peak values obtained from a standard Proctor test, according to
McGrath et al. (8).

Structural Properties

The elastic modulus of pipe wall, E,, and the structural (geometri-
cal) properties in the circumferential direction of the culvert control
the stability against yielding and buckling. These structural proper-
ties include cross-sectional area per unit length, A,, and the second
moment of area per unit length, /.

To facilitate the process of removing thickness during the two-
dimensional finite element analysis, the corrugated steel plate was
modeled as a plain structure with equivalent properties—equivalent
thickness, 7, and an equivalent Young’s modulus, E—to take the
effect of the corrugation into consideration.

- [12E, "
EA,

_ EA

E=—r g 2)

T

For a 152- % 51-x 3-mm corrugated steel section, E,=2E + 8 kPa
(2.9E + 7 Ibffin.%), I, = 1,057.25 mm*.mm™" (0.0645 in.*.in.”"), and
A,=3.522 mm’mm™ (0.1387 in.%.in.™"), so that

T

JRESXIOS12S 06 10 60 s (2.3622 )

2E8x3.522

2E8x3.522
60

E= =1.174E+7 kPa (1.7E +6 Ibf/in.*)

H=1.5m

H=10m

Corrosion in Corrugated Metal Culverts

Figure 2 shows a typical pattern of corrosion in a corrugated metal
culvert. This particular structure is in eastern Ontario, where the
Canadian Shield produces somewhat acidic surface water and ground-
water. Corrosion is largely focused across the invert, stretching
between the usual waterlines on either side of the structure. While
there are variations in corrosion depth across this invert, this pattern
of corrosion will be approximated as a uniform reduction in thickness.
Three corrosion geometries will be evaluated, where the thickness
reduction occurs over an angle o of 90° (from haunch to haunch),
135°, and 180° (i.e., from spring line to spring line), as shown in
Figure 2. Corrosion can concentrate at the waterline when the water
remains within the culvert over extended periods of the service life.
However, investigation of the effects of variations in thickness
reduction will be left for future studies.

Corrosion depth will be quantified by using remaining wall thick-
ness. Values of 100%, 42%, 12.5%, and 1.5% of the original thick-
ness are considered (the first of these representing the uncorroded,
as-designed structure).

Most culvert analysis is performed by using two-dimensional
plane-strain finite element procedures (with codes like CANDE, for
example), so corrosion will be represented as reduced culvert wall
thickness in two-dimensional analyses. The easiest manner to model
reducing wall thickness during such two-dimensional analysis is to use
aplain (not corrugated) structure built from a number of rows of finite
elements and progressively to excavate or to remove rows of elements
on the inside of the structure (over the corrosion zone). By using plain
elements, it is possible to undertake nonlinear analysis in which the
buried structure is considered in its initial uncorroded condition
and then parts of the structure are removed. If analysis is linear, then
this deterioration history does not need to be explicitly treated, and
either beam elements or plain elements can be used to represent the
properties of the corroded plate. However, once the analysis becomes
materially or geometrically nonlinear, then the corrosion history needs
to be treated explicitly. Future components of the authors’ study of
deteriorated metal culverts include treatment of erosion voids and
elastic—plastic modeling of the backfill, so that progressive removal
of the structure is also used in the present analysis.
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FIGURE 2 Typical invert corrosion of corrugated metal culvert (eastern Ontario)
and idealization used in analyses.

Unfortunately, reductions in the thickness of a plain structure
produce different reductions in equivalent wall thickness for a cor-
rugated plate. Therefore, the effect of reduced equivalent thickness
on the corrugated plate must be calculated. The relationships between
changes in section properties for the 152- X 51- X 3-mm corrugated
plate and for the plain structure are presented in Table 1. Figure 3
shows the percentage of the flexural rigidity remaining after model-
ing wall thickness loss due to corrosion of specific amounts of the
equivalent plate thickness. For a plain structure, the flexural rigidity
varies as a cubic function of thickness, while, for a corrugated struc-
ture, it is almost linear with thickness. As a result, the relationship
between thickness reduction for the analysis that uses a plain structure
and the actual corrugated structure is quadratic. Figure 3 provides
polynomial expressions for flexural rigidity, where the cubic coef-
ficient of 10~ is dominant (when remaining thickness is represented
as a percentage); this is much larger than the other coefficients and
forms a quadratic expression relative to the almost-linear change in
flexural rigidity with wall thickness reduction that is calculated for
a corrugated structure.

NUMERICAL MODELING
Program Used

The general purpose finite element code ABAQUS, version 6.5, was
used to perform the two-dimensional analyses for the corroded metal
culverts. All analyses undertaken considered linear-elastic system
behavior. While this behavior is not fully representative of buried
pipe behavior, elastic solutions for thrust and moment and elastic
buckling calculations provide reasonable estimates of buried pipe
behavior [e.g., Moore (2) and Dhar and Moore (10)], which are suf-
ficient for a general assessment of the impact of reductions in plate
thickness. Furthermore, current design methods essentially employ
elastic methods.

Half the problem geometry is meshed, given the line of symme-
try about the vertical pipe diameter (Figure 4). The soil and the
pipe are modeled by using CPE8 elements that are available in the

ABAQUS element library. These elements are two-dimensional,
eight-node quadrilaterals based on biquadratic shape functions and
full integration (nine integration points). The use of full integra-
tion eliminates the possibility of the hourglassing problems asso-
ciated with the use of underintegrated elements in relatively coarse
meshes (/1).

To verify the accuracy of the finite element analysis, Table 2
presents the results of test analyses and compares the finite element
solutions to closed-form results. The numerical solutions for change
in vertical pipe diameter AD,, crown moment M., extreme fiber stress
at the crown G, and critical wall thrust N, are within 2% of the
closed-form results for the pipe considered under parallel plate load-
ing, the pipe buckling under external fluid load, and the buried pipe
buckling problem. For the buried pipe analysis, the calculated value
of spring line thrust N, is 8% less than that calculated from the closed-
form solution. In each case, these are considered sufficient to proceed
with the study of corrosion effects.

Numerical Modeling of Pipe Corrosion

Pipe corrosion is simulated by element removal from the inner sur-
face of the pipe. The culvert structure was modeled with four rings
of elements, so that reductions of zero, one, two, and three layers of
elements produced the corresponding amounts of the remaining thick-
ness for the equivalent plain structure as noted above in the section
on corrosion in corrugated metal culverts.

Conventional excavation procedures are used (like those used in
simulation of ground excavation), in which elements are deactivated
(so they no longer contribute to the stiffness of the system). Because
nonlinear finite element analyses like ABAQUS consider total stress
equilibrium of the system, equilibrium calculations can be used
to calculate the incremental response of the remaining parts of the
structure as the stresses in the excavated element are removed (and
the system comes back into equilibrium). ABAQUS stores the forces
from the region to be removed that were acting on the remaining part
of the model at the nodes on the boundaries between them. These
forces are gradually reduced to zero, to ensure that element excavation
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TABLE 1 Wall Losses in Orthotropic Corrugated Plate from Loss of Equivalent Thickness

%Equivalent Thickness Left

100 75 50 25 0
Plain Shell Theory
7 (mm) 60 (2.36 in.) 45(1.77 in.) 30 (1.18 in.) 15 (0.59 in.) 0
1 (m*/m) 18E — 06 7.59E — 06 22.5E - 07 2.8E-07 0
(1.098 in.*/in.) (0.463 in.*/in.) (0.137 in.*/in.) (0.017 in.*/in.)
E (kPa) 1.174E + 07 1.174E + 07 1.174E + 07 1.174E + 07 0
(1.7E + 6 Ibf/in.%) (1.7E + 6 Ibf/in.%) (1.7E + 6 Ibf/in.2) (1.7E + 6 Ibf/in.2)
EI(KN-m) 211.32 89.15 26.415 3.3 0
(1.87E + 6 Ibf/in.) (0.79E + 6 Ibf/in.) (0.23E + 6 Ibf/in.) (0.29E + 5 Ibf/in.)
%E T left 100 42.1875 12.5 1.5625 0
Orthotropic Corrugated Plate Theory
f (mm) 2.84 (0.11 in.) 2.13 (0.08 in.) 1.42 (0.06 in.) 0.71 (0.03 in.) 0
fors, (M) 43 (1.69 in.) 43 (1.69 in.) 43 (1.69 in.) 43 (1.69 in.) 0
Eou (kPa) 4.29E + 07 3.22E +07 2.15E + 07 1.07E + 07 0
(6.22E + 6 Ibf/in.%) (4.67E + 6 Ibf/in.%) (3.12E + 6 Ibf/in.?) (1.55E + 6 Ibf/in.?)
I, (M*/m) 6.6E-06 6.6E — 06 6.6E — 06 6.6E — 06 0
(0.4 in.*/in.) (0.4 in.*in.) (0.4 in.*in.) (0.4 in.*in.)
Eorndorn (KN = m) 284 213 142 70.9 0
(2.5E + 6 Ibf/in.) (1.89E + 6 Ibf/in.) (1.26E + 6 Ibf/in.) (0.63E + 6 Ibf/in.)
Do E ol oren left 100 75 50 25 0

NoTE: Moore and Taleb (9) provide the following expressions for properties of corrugated plate:

t,

orthotropic =
n’d? J

7d* \| 2 n°d® 2
+ —| 1+
8n? )| 3 4b*

b =half wave length of corrugation =76.2 mm (3 in.)

d = depth of corrugation =50.8 mm (2 in.)

E = Young’s modulus =2E + 8 kPa (29E + 6 Ibf/in.?)
t = thickness of corrugated plate

E,

orthotropic —

where

100¢
80 - —s— Orthotropic corrugated plate theory
—e— Plain plate theory
$ 60 y=x
-
i
°\o 40 B
20 y = 1E-04 x® + 2E-15 x? - 6E-14 x - 3E-12
0 I \T\ *
100 75 50 25
%t Left

FIGURE 3 Relationship between orthotropic corrugated plate and plain shell theory.
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FIGURE 4 Typical finite element mesh (for Design
Case 2) used in the study.

has a smooth effect on the incremental response of the remaining
elements during the removal step.

The effectiveness of analysis based on removing (or excavating)
rings of elements was demonstrated by analyzing a buried pipe model
with exactly the same dimensions of those considered in the test
analysis (Table 2). Starting with an equivalent wall pipe thickness
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of 75 mm instead of 60 mm, a layer of elements of 15-mm thickness
was then removed from the inner surface along the entire circumfer-
ence. This change produced the same deformations and stress resul-
tants (thrust and moment) as the structure evaluated with 60-mm
initial wall thickness.

Because the corrosion extends only partway around the circum-
ference, there is a point of connection where the thinner material
meets the mesh from which no elements have been removed. No
evaluations of yield (a local stability measure) were made directly
at this connection, to avoid any spurious effects on the factor of
safety as a result of stress concentrations at or close to this thickness
transition.

Description of Buckling Analyses

Eigenvalue buckling analyses were performed to assess stability
against elastic buckling and to evaluate the likely failure mode of
the structure. In ABAQUS, an incremental loading pattern, denoted
QN, was defined in the eigenvalue calculation step. The loading mag-
nitude is not important (unity as a vertical earth pressure and 0.35
as a lateral earth pressure were used in all the eigenvalue buckling
analyses in this study) because the static culvert response (distribution
of thrust and moment) for this unit value of vertical pressure is scaled
by the critical load multiplier A; found in the eigenvalue calculation.
Through use of the lowest critical load multiplier A, the critical thrust
or elastic buckling loads are scaled from A; QN. The critical thrust
corresponding to elastic buckling is therefore obtained by multiplying

TABLE 2 Properties and Results of Verification Assessments

Input for Closed Form Solutions

Input for 2-D FE Model

Pipe Properties
D (m) 4.06 (159.84 in.) 4.00 (157.48 in.)
¢ (mm) 2.84 (0.11in.) 60.00 (2.36 in.)
I(m*-m™) 1057.25E — 9 (0.0645 in.".in.”") 18.00E — 6 (1.0984 in.*.in.™")
A(m*-m™) 0.003522 (0.139 in.%in™") 0.060000 (2.362 in.”.in™")
E (kPa) 2.000E + 8 (29E+6 Ibf/in.?) 1.174E + 7 (1.7E + 6 Ibf/in.?)
EI(kN - m) 211.45 (1.87E+6 Ibf.in.) 211.32 (1.87E + 6 Ibf.in.)
EAKN-m™) 7044E + 2 (4.022E+6 Ibf.in.™") 7044E + 2 (4.022E + 6 Ibf.in.™")
Soil Properties
¥ (kN/m?*) 22 (140 Ibf/ft) 22 (140 Ibf/ft’)
H (m) 3(9.84 ft) 3(9.84 ft)
Vg 0.25 0.25
K 0.35 0.35
M, (MPa) 20.38 (2955.7 Ibf/in.?) 20.38 (2955.7 Ibf/in.?)
E (MPa) 16.9 (2451 1bf/in.?) 16.9 (2451 1bf/in.?)
Parallel plate loading for pipe alone [50.00 kN/m 2-D FE model results
(285.49 1bf/in.)]: Solution of Young and Trott (/2)
M.(kN-m-m™) 32.3(7260.95 Ibf.in.in.™") 31.7 (7126.07 Ibf.in.in.™")
G (MPa) 776.6 (112.63E + 3 1bf/in.%) 765.7 (111.05E + 3 1bf/in.%)
AD,(m) —0.2943 (-11.59 in.) —0.2942 (-11.58 in.)
Static loading for buried pipe: Solution of Moore (/3) 2-D FE model results
Ny (KN-m™) —191.4 (-1092.86 Ibf.in.™") —175.36 (—1001.28 Ibf.in.™")
Buckling of pipe alone: Solution of Lévy (/4) 2-D FE model results
Nerigea (KN - m™") —153.84 (-878.4 Ibf.in.™) —-156.1 (=891.3 Ibf.in.™")

N, critical (kN . m_l)

Buckling of buried pipe: Solution of Moore (2)
—4361.65 (—24904.36 Ibf.in.™")

2-D FE model results
—4362.24 (-=24907.72 Ibf.in.™")
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the eigenvalue of interest by the thrust value from the static finite
element analysis for that specific problem geometry (diameter, depth,
and so on).

The same technique used to check the performance of the numer-
ical simulation of corrosion in the section on numerical modeling
was again employed, where critical thrust for a reduced thickness
structure provided the same critical thrust as a structure that originally
featured that reduced thickness.

RESULTS
Stability Against Yield

The largest thrust values calculated for each of the structures occur
at the spring line, and these values have been compared with the
yield strength of the corrugated plate to calculate the factor of safety
(F of S) against wall crushing:

G A

FofS=—22" 3

sp

Figure 5 presents plots of the local factor of safety against yield
for design Case 2. In each case, the reductions in wall thickness on
either side of the invert lead to local reductions in the factor of safety.
For the uncorroded structure, the factor of safety reaches a minimum
value at the location of maximum thrust, that is, at the spring line in
the circular culverts considered in this study. For corroded struc-
tures, the factor of safety reaches a minimum either (a) the location
of maximum thrust or (b) just below the transition between corroded
and uncorroded plate (where the thrust is highest within the corroded
zone). Initially, as corrosion commences, the spring line remains
the most critical location. Eventually, the transition point becomes
more critical.

4
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Stability is lowest for the case involving the widest zone of
corrosion (from spring line to spring line) because, in this case,
the reductions in plate thickness occur where the thrust reaches a
maximum, the spring line.

Table 3 contains details of the minimum factor of safety against
yield around the entire pipe circumference for each of the five dif-
ferent design cases, the four levels of wall corrosion (thickness loss),
and the three invert corrosion geometries. In Table 3, the intact pipe
factors of safety have been calculated at the transition point, so
appear to differ for each width of corrosion. In fact, the minimum
factor of safety for the uncorroded structures is always at the spring
line and is recorded in Figure 5 for the case of 180° corrosion.

Figure 6 shows factors of safety for invert corrosion angle of 135°,
demonstrating that the factor of safety drops steadily as the wall
thickness is lost. Both Table 3 and Figure 6 have zero values for the
factor of safety for thickness reduced completely to zero by corrosion.
These values are based on extrapolation of the results for higher thick-
nesses. In fact, a structure without thickness would have all thrusts
released, so the factor of safety cannot theoretically be calculated
(because it involves dividing a thrust capacity value of zero by a
zero value of the expected thrust).

Factors of safety for the uncorroded structures range from 1.85
(Case 5) to 10.00 (Case 1). For corrosion across an angle at the invert
of 135°, the factors of safety drop to values of 0.22 (Case 5)to 1.16
(Case 1) when the wall thickness drops to 12.5% of its original
dimension. Figure 6 shows that there is an almost linear reduction in
the factor of safety with wall loss (given that these factors of safety
are all calculated just below the transition point). This reduction
occurs because the changes in wall thickness across the invert have
modest effects on the distribution of circumferential thrust acting
around the structure. Corrugated metal culverts buried in good gran-
ular soil have bending stiffness that is already negligible compared
with the surrounding soil, so that reductions in flexural rigidity main-
tain that flexibility relative to ground support. The hoop stiffness

N,

\ LQ:\

© NN
L
[
¥

(b) (V]

FIGURE 5 Variation of factor of safety against yield around circumference (Design Case 2) with four distributions
corresponding to 100%, 42%, 12.5%, and 1.5% of original thickness at invert: (g) 90° invert corrosion, (b) 135°

invert corrosion, and (¢) 180° invert corrosion.
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TABLE 3 Factor of Safety Against Yield
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% of Thickness H=3m(9.84 ft)

H=3m(9.84 1)

H=3m(9.84 ft) H=1.5m (4.92 ft) H=10m (32.8 ft)

Remaining D=2m(6.56f) D=4m(13.12f) D=6m(19.69f) D=4m(13.12ft) D=4m(13.12ft)

90-degree corrosion 100 12.2 5.34 2.96 7.66 3.86
at invert 42.0 4.88 2.24 1.27 3.19 1.62
12.5 1.45 0.66 0.39 0.94 0.48
1.5 0.18 0.09 0.05 0.12 0.06

0 0 0 0 0 0
135-degree corrosion 100 10.08 4.63 2.58 6.96 3.22
at invert 42.0 3.79 1.87 1.11 2.78 1.29
12.5 1.16 0.56 0.33 0.83 0.38
1.5 0.15 0.07 0.04 0.11 0.05

0 0 0 0 0 0
180-degree corrosion 100 9.8 4.62" 2.67 7.34" 3.08°
at invert 42.0 3.65 1.84 1.13 2.89 1.21
12.5 1.13 0.55 0.34 0.86 0.36
1.5 0.15 0.07 0.04 0.11 0.05

0 0 0 0 0 0

“Extrapolation of figure (not calculated).

PFactor of safety for yield of the uncorroded structure is given at the springline for corrosion pattern over 180 degrees; factors of safety for uncorroded plates
recorded relative to 90-degree and 135-degree corrosion patterns are calculated at the transition points, 45 degrees and 22.5 degrees below the springline,

respectively.

E,A, of the corrugated structure relative to the surrounding ground
is reduced, but it remains high compared with the ground that sur-
rounds it, so there is no development of positive arching or other
response that would occur if the structure becomes circumferentially
compressible.

Figure 7 presents factors of safety normalized relative to the
factor of safety of the uncorroded structures for all 15 variations
of culvert geometry and extent of corrosion, and these show that the
almost-linear reduction in the factor of safety occurs consistently.
Estimates of the factor of safety against crushing at the point of
maximum thrust within the corroded zone (just below the transition
point) could be made simply by scaling down the original design
factor of safety by the percentage decrease in wall thickness.

Stability Against Elastic Buckling

Table 4 contains details of the calculated factors of safety against
elastic buckling, although these have not been reduced by performance
factors like the value of 0.55 calculated by Moore (2) from buried
pipe buckling experiments. The values correspond to the critical thrust

12

iy
o

FOS vielding
A O ©

calculated in the elastic buckling analysis divided by the maximum
critical thrust calculated during the static analysis of the problem.

For the culverts featuring plate 3 mm thick buried in good granular
soil, the factors of safety against elastic buckling are consistently high.
As wall thickness drops, the factor of safety also falls somewhat.
This is particularly true for corrosion spread across the lower half of
the culvert (corrosion angle of 180°). Figure 8 illustrates critical
buckling modes calculated for culvert design Case 2. The buckling
mode for the uncorroded structure is symmetric about the horizon-
tal pipe diameter. However, the reductions in wall thickness lead to
buckling modes concentrated in the zone of reduced wall thickness
in the lower half of the structure, where flexural stiffness is reduced.

Figure 9 presents the factors of safety for the corrosion angle of
135° as a function of remaining wall thickness. Stability reductions
are initially modest but accelerate as corrugated wall thickness drops
to 40% and below of the original thickness.

Figures 10a through 10c present factors of safety against elastic
buckling of corroded structures normalized relative to the initial fac-
tors of safety calculated for the uncorroded culverts. These curves
demonstrate that reductions in stability are delayed when the band
of corrosion is narrow, across an angle of 90° at the culvert. Wall

—eo— H=3.0m D=2.0m
—a— H=3.0m D=4.0m
—»—H=3.0m D=6.0m
—=8— H=1.5m D=4.0m
—6—H=10m D=4.0m

75

50

25 0

% t left

FIGURE 6 Minimum factor of safety against yield versus percentage of original
plate thickness across invert, 135° invert corrosion.
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—0—90° Invert Corrosion H=3.0m D=2m
—a—135° Invert Corrosion H=3.0m D=2m
—aA—180° Invert Corrosion H=3.0m D=2m
—>¢«—90° Invert Corrosion H=3.0m D=4m
135° Invert Corrosion H=3.0m D=4m
—#—180° Invert Corrosion H=3.0m D=4m

—o0—90° Invert Corrosion H=3.0m D=6m

1 —%—135° Invert Corrosion H=3.0m D=6m
180° Invert Corrosion H=3.0m D=6m

—0—90° Invert Corrosion H=1.5m D=4m
—o—135° Invert Corrosion H=1.5m D=4m
—aA—180° Invert Corrosion H=1.5m D=4m
—0—90° Invert Corrosion H=10m D=4m
-3 --135° Invert Corrosion H=10m D=4m
—3—180° Invert Corrosion H=10m D=4m
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FIGURE 7 Reductions in stability against yield versus percentage of original plate
thickness across invert.

TABLE 4 Factor of Safety Against Buckling (2]

% of Thickness H=3m(9.84 ft) H=3m(9.84ft) H=3m(9.84ft) H=15m(4.92ft) H=10m (32.8 ft)
Remaining D=2m(6.56 ft) D=4m(13.12 ft) D=6m(19.69 ft) D=4m(13.12 ft) D=4m(13.12 ft)
90-degree corrosion 100 81.84 349 11.6 46.06 135
at invert 42.0 78.22 34.6 11.62 46.02 13.18
12.5 64.97 282 8.53 43.28 11.45
1.5 334 14.4 2.44 2222 3.68
0 0 0 0 0° 0°
135-degree corrosion 100 81.84 349 11.6 46.06 13.5
at invert 42.0 74.62 31.25 10.63 44.14 12.17
12.5 50.57 21.6 6.12 32.1 8.61
1.5 22.85 10.4 1.32 16 3.09
0 0° 0 0 0° 0°
180-degree corrosion 100 81.84 349 11.6 46.06 13.5
at invert 42.0 63.55 26.78 7.39 37.17 9
12.5 41.67 17.5 2.85 24.17 5.89
1.5 19.92 8.52 0.64 8.18 1.35
0 0° 0 0 0° 0°

“Extrapolation of figure (not calculated).

(a) (b)

FIGURE 8 Buckling modes calculated for Case 2 with 135° corrosion zone at invert: () uncorroded
structure, (b) 42% of wall thickness remaining, and (c) 12.5% of wall thickness remaining.
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FIGURE 9 Variation in stability against elastic buckling with percentage
of original plate thickness across invert, 135° invert corrosion.
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FIGURE 10 Reductions in stability against elastic buckling versus percentage
of original plate thickness across invert: (a) 90° invert corrosion, (b) 135° invert

corrosion, and (¢) 180° invert corrosion.
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thickness must be reduced to 10% of the original thickness to produce
large decreases in elastic buckling stability. However, structures with
broader zones of corrosion have stability influenced once thickness
is reduced to 25% of the original value.

While these trends are interesting, the critical design condition is
yield; reductions in buckling stability are not likely important unless
the structure is buried in poor quality backfill soil. Of course, any
development of erosion voids in the soil as a result of water ingress
[like those modeled adjacent to rigid culverts by Tan and Moore (15)]
could dramatically influence elastic buckling strength, and this
condition is currently being investigated further.

CONCLUSIONS

A series of theoretical calculations based on finite element analysis
were reported to examine changes in stability as metal culverts cor-
rode. While these calculations are based on state-of-the-art analyses,
further work is needed to obtain physical evidence on the stability of
corroded structures before the assessments can be used with complete
confidence.

Five design cases were considered, whose stability was domi-
nated by considerations of hoop stress and the development of yield.
Reductions in wall thickness due to corrosion were found to produce
reductions in the factor of safety in proportion to the amount of wall
loss. The low flexural stiffness and high hoop stiffness of typical
corrugated metal culverts relative to the good granular backfill that
surrounds them mean that the changes in thrust and moment with
corrosion were negligible. The study considered neither the effect
of local variations in wall thickness reductions due to corrosion nor
the possibility of voids forming in the backfill around the culvert.
These are the subject of ongoing studies and will influence how
stability changes as corrosion develops. The results of the current
study are applicable in the early stages of culvert corrosion before
the structural plate is perforated and soil erosion commences.
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6 ABSTRACT

7  Many culverts in North America are in various states of deterioration resulting in diminished
8  structural and/or hydraulic capacities. A culvert’s failure could result in road subsidence or even
9  collapse, leading to serious consequences for vehicular traffic and public safety. The goal of this

10  research is to establish distress and failure mechanisms for rehabilitated culverts made from
11  corrugated metal and concrete pipes, as well as liner-culvert-soil interaction mechanisms, in
12 support of the development of sound design methodologies for these repairs. A series of tests
13 were performed on deteriorated 24-inch metal culverts prior to and following rehabilitation using
14  various trenchless lining methods. This research employed either exhumed deteriorated
15  corrugated metal pipe culverts or corrugated metal pipes deteriorated mechanically by removing
16 25 percent of the metal within a pre-determined arc along the lower half of the culvert. Culvert
17  specimens were carefully bedded, backfilled, and compacted in soil within a test chamber, and
18  then loaded using a pneumatic loading system to simulate deep burial conditions. Deformation
19 and strains were measured at multiple locations around the circumference of the culvert’s
20  structure during application of load, while earth pressure cells recorded stresses in the
21  embedment zone. The deformed culvert was then rehabilitated using a cured-in-place liner, a slip
22 liner, or a spiral-wound liner, and external load was re-applied. Numerical simulation of culvert
23 was also performed using ANSYS. Responses of the deteriorated and rehabilitated soil-pipe
24 systems were recorded and compared. The results revealed that the degree of compaction of the
25  bedding materials plays a critical role in determining the stress distributed on the culvert.
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1 INTRODUCTION
2 There are millions of culverts in North America, many of them in various states of deterioration.
3 Aging culverts underlying the road networks, i.e.; interstate system, state highways, and local
4  roads have diminishing structural and/or hydraulic capacities and pose an increasing risk to
5 pavement stability, adjacent properties, and public safety; a culvert’s failure could results in road
6  subsidence or even roadway collapse, leading to serious consequences for vehicular traffic. The
7  Trenchless Technology Center (TTC) in Louisiana Tech University (in conjunction with Queen’s
8  University and TRB) is conducting a research to evaluate structural and hydraulic capacity of
9  deteriorated culverts rehabilitated using different methods. Controlled laboratory tests were
10  performed by applying over burden pressure each time on a freshly installed new culvert,
11 deteriorated culvert, and rehabilitated culvert placed inside the TTC soil box. Deterioration of the
12 culvert was simulated by drilling holes and removing 25% of the materials based on the area at
13 30° on each side from the invert. Additionally, an array of soil tests were performed following
14 ASTM procedures to determine the characteristics of the soil materials identified to take place in
15  this study including specific gravity, cohesion, friction angle, grain size distribution, and
16  optimum moisture content. Earth pressure cells (EPCs) were placed at the vicinity of the culvert
17  to gain better understanding of bedding material reaction and stress distribution on the culvert.
18 LVDTs were installed inside the culvert to record deflection of the culvert due to the applied
19  over burden pressure. Results revealed compaction quality of bedding materials demonstrated
20  significant effect on the stress distributed on the culvert. Major reduction in deflection of a
21 rehabilitated culvert was also observed.
22 THEORY

23 Calculations were performed using the modified IOWA equation (Equation (1)), which estimates
24 the deflection of a buried flexible pipe under vertical load condition. Response of a flexible pipe
25  subjected to vertical load is shown in FIGURE 1.

Ay D,KP
b (Eéleq + 0.061E’ )
26 Where,
A, Vertical deflection of the pipe, in
D :  Outside diameter of the pipe, in
D, :  Deflection Lag Factor
E : Modulus of Elasticity of Pipe, psi
E' :  Modulus of Soil Reaction, psi
Er :  Modulus of Elasticity of Liner, psi
Ec : Modulus of Elasticity of Coating, psi

(EI)eq : Equivalent Pipe wall stiffness per inch of pipe length, in/lb = ET + E; I} +
Eclc
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I * Moment of Inertia of Pipe, in® = i—z

Moment of Inertia of Liner

Moment of Inertia of Coating

Bedding Constant

Pressure on the pipe due to soil load P, and live load P,, in
Pipe Radius, in

Thickness of Pipe, in

N YR &S

Vertical Load From Soil and Live Loads

TYYYIYYYYYYYYY

Horizontal Soil
Induced Force

RRNARN

FIGURE 1: Graphical representation of the response of a flexible pipe to vertical load

The results revealed that the degree of compaction of the bedding materials plays a critical role
in determining the stress distributed on the culvert. Significant reductions in the deflection of the
rehabilitated culvert structures compared with their pre-rehabilitation performance were

v b W NP

observed.

SOIL TESTS

[e)]

Soil tests were performed on silty-sand, a common bedding material in our region. The tests
included the determination of absorption, bulk and apparent specific gravity values (ASTM C
128), grain size distribution (ASTM C 136), cohesion, friction angle (ASTM D 3080) and
10  optimum moisture content (ASTM D 698). Results from the soil tests are summarized in TABLE
11 1.

12

13
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1  TABLE 1: Properties of Silty-Sand

Oven Dry | g,turated
Bulk . Friction
Surface Optimum
i Ab ti hesi
Soil Type | Spedific | pry gyl S";p on | \foisture | ©° ‘z“’“ Angle
Gravity | Specific ) Content P Deg.

Gravity

Silty-Sand 2.07 2.27 9.71 12.50 0.93 31.32

2  TEST SETUP I - Unlined Deteriorated Culvert (Bedding Material = Silty-Sand)

3 Preparation of the Culvert

The structural capacity of a 24” diameter 14 gauges thick corrugated metal culvert was degraded
by drilling holes at its invert following a pattern that result in the removal of 25% of the metal at
that region. After the holes were drilled the invert of the culvert was covered using geotextile to
ensure no soil entering the interior cavity of the pipe, as well as assist in developing a uniform
radial pressure at the invert zone as overburden pressure is applied (see FIGURE 2).
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FIGURE 2: Drill Hole Pattern (left) and Actual Specimen with Geotextile at Invert (right)

9  Fabrication of the Soil Box

10  The soil box was 6’-0” wide x 12’-0” long and 5°-0” deep. Two steel plates, each feature a 28”
11  diameter circular opening, were fabricated and inserted through a pair of collar on the opposite
12 short sides of the soil box. The inner surface of the soil box lid was coated using polyurea (SPI

13 Aqua seal) to ensure uniform contact area (see FIGURE 3).
14
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FIGURE 3: A 28” diameter opening — outside (left) and inside (right)

Next, the side walls and the bottom of the soil box were covered with three layers of
polyethylene sheets. Lubrication (AC Delco — Automotive Axle Grease) was applied between
the polyethylene sheets to minimize the frication angle between the soil and the chamber’s walls,
thus preventing the overburden load from been transferred to the stiff vertical walls. The soil
box was then filled with silty-sand in 6” lifts. Every lift was compacted using a plate compactor.
The process was repeated until the soil level reached one inch below the intended elevation of
the invert of the 24 in. diameter culvert (see FIGURE 4).

O 0O NOULL B WN B

L

FIGURE 4: Culvert Inside the Soil Box (right) and soil box side walls covered with
polyethylene sheet (left)

10  Placing of EPC, Strain Gauge, Strain Rosette, and LVDTs:

11 Five earth pressure cells (EPCs) were placed at the vicinity of the culvert structure as shown in
12 FIGURE 5. Each EPC was placed in a 2’-0” x 2°-0” x 6 cavity, lined using geotextile and filled
13 with uniform fine sand to ensure even contact surface. This process was used to prevent the
14  development of concentrated stresses at the locations of the EPCs, which could skew the results.
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n

2
EPC1

Culvert

EPC2

FIGURE 5: Location of Earth Pressure Cells (EPCs) and Placement of EPCS (right)

After the EPCs were placed, the soil chamber was filled with silty-sand, which was compacted as
per to a level equal to 90% Modified Proctor. Following filling of the soil chamber a rubber
bladder was placed on top of the soil surface to ensure uniform pressure. Next, a ¥2” x %2”
rectangular seal was glued to the lid and the lid was placed on-top of the soil box as to align the
holes used to inserting the bolts connecting the lid to the chamber’s main body. The lid was then
bolted using twenty-two ¥2” 13 TPI bolts. A low level of air pressure was applied and soap water
was applied along to the seal to check for any leakage. The step by step setup is shown in
FIGURE 6 and FIGURE 7.

oo NOOTULLE WN -

FIGURE 6: Rectangular seal glued to the lid (left); Lid being placed on top of soil
chamber (right)
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| TR
FIGURE 7: Placement of the lid on top of the soil box to align match the fabricated holes
for the bolts (left) and Checking for leakage (right)

Next, six strain gauges (SG) were installed at three cross-sectional locations; at the crown and
the invert. On the same planes, six strain rosettes (SR) were attached at the spring line (see
FIGURE 8). The objective of installing SGs and SRs was to record even minor strains resulting
from the service load on the culvert. After the strain gauges and rosettes have been installed, a
rigid frame with 12 LVDTs mounted on it was positioned inside the culvert following the way
shown in FIGURE 10.

5G: 1 @ Crown and 1 @ Invert - Total & LVDT: 1 @ Crown and 1 @ Invert - Total 6
SR: 2 @ Spring Line on Both Sides - Total & LVDT: 2 @ Spring Line on Both Sides - Total 6

AUk WN R

7107 -3 i

SR Sk SR <
T ClL [} U] [0}
+SG +SG LVDTo LVDTe LVDTo

| 5/_0* :|— 5/-0* >|7 I 6/—0" | 6/—0" |
¥ Culvert

FIGURE 8: Plan of Strain Gauges and Strain Rosettes (left) and Location of LVDTs inside
the culvert (right)

+SG

7  TEST SETUP II - Unlined Deteriorated Culvert (Bedding Material: SB2)

8  Preparation of the Culvert

9 The preparations of the corrugated metal culvert and soil box, including placement of
10  polyethylene sheet, EPCs, LVDTs and strain gauges, were similar these described above for
11 Testing Setup II, except for the fact that the bedding material used was SB2 to ensure a firm
12 ground condition. A 6 layer of SB2 soil was used to form a stiff base; above this level the test
13 chamber was filled with silty-sand, which compacted in lifts of 6” using a single direction plate
14 compactor up to an inch below the intended elevation of the invert of the 24" diameter culvert.

15
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G

FIGURE 9: Soil box filled with SB2 (right) and Culvert Inside the Soil Box (left)

1 TEST SETUP III - Deteriorated Culvert Lined with CIPP (Bedding Material SB2)

The culvert was lined using a 24” diameter, 12mm thick CIPP liner impregnated with epoxy
resin. The liner was inflated using a 185 cfm capacity air compressor (Model: SULLAIR 185
DPQ CA3).

u b wWwN

R /

FIGURE 10: Deteriorated Culvert lined with CIPP

6 TEST RESULTS
7  TestI- Unlined Deteriorated Culvert (Bedding Material = Silty Sand)

8 The stresses recorded by the EPCs are shown in FIGURE 11. EPC 1, located 4” above the
9  crown, registered lower stress values due to the arching effect as the load was partially carried by
10 the stiffer soil columns on either side of the culvert’s crown region. EPC 2, located at the spring-
11  line on the horizontal plane facing the culver’s outer wall, and 2” away from it, registered
12 stresses which were approximately one half of the vertical stresses at that elevation; these
13 stresses increased with increasing external load, corresponding to the horizontal reaction forces
14  resulting from the increase ovality of the culvert (also see Figure 22). EPC 3, located at the
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spring-line at the vertical plane, registered the highest geostatic pressure values, reinforcing the
notion of the arching effect which resulted in higher proportion of the applied load being carried
by the stiffer soil columns on either side of the culvert structure. EPC 4, placed under the invert,
also recorded relatively lower stress values, as the vertical reaction took place primarily at the
haunch areas (see EPC 5).

u b WN R

Stress on EPC's

30
M 5 psi
25 | ™10 psi
W 15 psi
20 | m 20 psi
15

Stress, psi

EPC_1 EPC_2 EPC_3 EPC_4 EPC_5

FIGURE 11: Stresses recorded by the EPCs

6  Test II — Unlined Deteriorated Culvert (Bedding Material — SB2)

Due to concerns associated with the global vertical movement of the culvert under the externally
applied load of 20 psi (about 108,500 1bf over the length of culvert, or 9,050 1bf per linear foot),
the test was repeated, this time using SB2 as the foundation bedding beneath the culvert invert
10  section, as described in Section 3.1. The over burden pressure that was applied to the culvert
11 structure was 24 psi (130,000 Ibf or 10,800 Ibf/ft). The stresses recorded by the EPCs are shown
12 in FIGURE 12. EPC 1, located 4” above the crown, registered relatively lower stress values,
13 possibly due to arching effect, as some of the load was transferred to the stiffer soil columns on
14  either side of the culvert. EPC 2, located on the spring-line was placed on the vertical plane,
15 registered the horizontal stresses resulting from the thrust forces acting on the culvert’s
16  springlines. Similarly to the previous test, EPC 3, located horizontally at the spring-line area, 2”
17  from the culvert’s outer wall, registered the highest stress, which increased with the increasing
18 load. The EPC 4, located under the invert, recorded significantly higher stresses (increase by
19  50% at 20 psi) compared with the previous tests, due to the stiffer foundation bedding provided
20 by the SB2. The stresses at the haunch area (EPC 5), exhibited a reduction of about 40%
21  compared to the tests values reported in Section 6.1, as now the reaction was dominated by the
22 support provided at the invert region.

O 00
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Stress on EPC's

25
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m 10 psi
20 | ®15psi
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m23.75psi
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Stress, psi

10

EPC_1 EPC_2 EPC_3 EPC_4 EPC_S

FIGURE 12: Stresses recorded by the EPCs

[

Test I1I - Deteriorated Culvert Rehabilitated using CIPP Liner (Bedding Material: SB2)

The culvert tested as described in Section 6.2 was relined using a 12 mm thick CIPP liner. The
felt was impregnated thoroughly using an epoxy resin. The hardening agent used was a
QuickFox 60, provided by the Pipelining Supply Company. The CIPP liner was inverted, pulled
through the CMP, and inflated using air pressure using large, custom made end plugs. The liner
was cured under ambient conditioned while pressurized over a period of 48 hours. The line CMP
was subjected to an over burden pressure of 25 psi (135,000 Ibf or 12,300 Ibf/ft). The stresses
recorded by the EPCs are shown in FIGURE 13. The stress recorded by the EPCs for all levels
of applied over burden pressure increased compared with the response of the non-rehabilitated
culvert, suggesting a stiffer response from the combined deteriorated culvert and CIPP liner. The
maximum stress increase was observed for EPC 3 and EPC 4, 26% and 18.2%, respectively.
Stress increased to 11% for the case of EPC 5 located at the haunch area.
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Stress on EPC's
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FIGURE 13: Stresses recorded by the EPCs
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NUMERICAL SIMULATION

A numerical simulation model is currently under development using ANSYS Parametric Design
Language (APDL) program (see Figure 31). The length and diameter of the culvert was kept as
variable inside the program. Initial deformation plot following the loading condition as shown in
FIGURE 1 is presented in FIGURE 14. The modulus of elasticity and Poisson’s ratio were
assumed 29x10° psi and 0.30. Length and thickness of the corrugated culvert was 480 in and
0.0747 in (equivalent to 14 gauges).

ELEMENTS

STEP=1
EEy 7 18:05:19
TIME=1 -

SEQV -~

M =.004

M =2. §260l

sMx =1788.8

NODAL SOLUTION

288.577 574.226 859.874
145.752 431.401 717.05 1002.7

2.92801

1145.52
1288.35

FIGURE 14: Development of Corrugated Culvert Model in ANSYS (left) and Preliminary
Deformed Plot (right)

COMPARISON OF RESULTS

A comparison of the calculated using theoretical and numerical simulation, and experimentally
measured deflections at the crown of the culvert is shown in FIGURE 15. The values used in the
modified [IOWA Equation are summarized in TABLE 2.

TABLE 2: Input values into the Iowa Modified Equation

Parameter Value Parameter Value
D, in 24 E', psi 1000
D, 1.0 E, psi 29000000
EI, in/lb 1007.346 I, in’ 3.4736E-05
E; I, in/lb 0 K 0.11
Ecl-, in/lb 0 R, in 12
(ET)¢q, in/lb 1007.346 t, in 0.0747

It can be seen that the experimental measurements closely follow the predicted (modified lowa
Equation and numerical simulation) deformation curve, an observation that provides a high level
of confidence in the results. It is important to note that the externally applied load was applied in
discrete increments of 5 psi, hence the lack of ‘smoothness’ in the curve representing the
experimentally measured deflection values. The culvert was not lined properly when the bedding
material was silty-sand and therefore, the test was not done. Successful installation of liner when
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1  the bedding material was SB2 type revealed around 50% reduction in deflection under the same
2 load.

3
Service Load-Deflection Plot
1.2
< W/O Liner - Silty Sand Bedding
{ W/O Liner - SB2 Bedding
o ¢ W/ Liner - SB2 Bedding g
M Analytical "
£ 0.8 - ,
7 A Numerical Simulation
S
g 0.6
=
a
0.4 -
0.2 +
o # ! |
0 5 10 15 20 25
Sevvice Load, psi
FIGURE 15: Comparison of Analytic and Experimental Deflection
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