INVESTIGATION AND ASSESSMENT OF LONG-SPAN
CORRUGATED STEEL PLATE CULVERTS

By R. G. Moore,! Member, ASCE, P. R. Bedell,2 and
I. D. Moore,> Member, ASCE

AssTRAacT: A scheme for reviewing the condition of long-span corrugated metal
culverts is outlined. The scheme assesses the significance of observed pipe defor-
mations. The scheme has been used successfully in Elgin County, Ontario, to assess
culvert performance and to assist in the management of repair and rehabilitation
work. Specific measurements are given for 39 culverts with a range of spans, heights,
and culvert shapes. Details are given of the culvert ranking, and the courses of
action for structures judged to be in need of treatment.

INTRODUCTION

The present paper outlines the methodology used for and the results of
studies to investigate the present condition of long-span corrugated steel
plate culverts. The studies were concentrated in the County of Elgin, which
borders the north shore of Lake Erie, some 25 km south of London, Ontario
(midway between Detroit and Toronto).

The purposes of the studies were

1. To develop a reliable method of quantitatively documenting the ex-
isting shape and condition of the structures

2. To assess the techniques available for analyzing the stability of the
structures

3. To combine the result of 1 and 2 to provide a rational system for
identifying and prioritizing structures that could be in a dangerous condition
and would be in need of repair or replacement

The studies were carried out in response to concerns for the safety of the
traveling public using roads on which long-span corrugated steel plate cul-
verts are located in the County of Elgin. The studies were initiated following
the sudden collapse of one of three 9.75-m-span horizontal ellipse culverts
on County Road 30 (Patterson) and the observation of severe deformations
and several cracked plates in three 11.28-m-span horizontal ellipse culverts
on County Road 45 (Kettle Creek).

BACKGROUND

Corrugated steel plate culverts are soil-steel structures that develop much
of their strength from the soil surrounding the relatively thin metal structure.
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Following the development and widespread use of small diameter, light-
gauge culverts for many years, the range of size and shape increased dra-
matically, particularly in the 1960s and 1970s when the structures were found
to be a cost-effective alternative for short-span bridges and concrete culverts.
Structures having spans of as much as 15 m were constructed and often
included multiple installations at a site. Postinstallation maintenance was
typically minimal and normally involved only the removal of debris to main-
tain the waterway opening. Routine inspections by technical staff, similar
to bridge-condition surveys, were not usually done.

In the late 1970s and the 1980s, several corrugated steel plate culverts
collapsed catastrophically without any apparent warning. In some cases,
investigations of varying extent and technical detail were carried out to
attempt to determine the cause(s) of the failure. In general, these investi-
gations were not conclusive and frequently did not specifically identify the
actual cause or failure mechanism. However, some aspects, such as ques-
tionable installation were noted. Conventional analyses of the culverts using
ring-compression theory and failure mechanisms involving wall crushing and/
or seam failure due to excessive thrusts did not explain the observed de-
formations and the collapses. In some cases, the failures were attributed to
the presence of poor-quality backfill adjacent to the culvert that resulted in
increases in the horizontal diameter, flattening, and collapse of the culvert.
Other failures remained unexplained.

A number of road authorities became increasingly concerned with the
relative stability of structures and implemented a program of visual inspec-
tions. Such a program was initiated by the County of Elgin and involved a
complete inventory and appraisal of all corrugated plate culverts in the
county.

These visual inspections were carried out on an ongoing basis and indi-
cated that an increasing number of pipe-arch culverts particularly in the
2.5-5 m span range were developing signs of distress. This distress included
crimping; bolt-hole tears and cracking through the bolt line across corru-
gations; and general joint failure in areas of maximum curvature. The most
serious distress was the cracking across the corrugations along the valley
bolt line at the top of the corner (or haunch) plate of pipe-arch culverts.
This nearly always occurred on the side of the culvert where the valley bolt
line was remote from the top of the plate. [{See Bakht and Agarwal (1988)
and Mikhailovsky et al. (1992) for further discussion.]

There appeared to be no direct relationship between the distress observed
and the culvert type, manufacturer, years of service, size, height of earth
cover, or theoretical structural capacity.

Based on the data compiled for the pipe arches, it was suggested that the
distress observed and possibly the cause of the previous failures was related
to loss of adequate soil support at the haunches of the structures. Detailed
site investigations and monitoring of selected culverts indicated that usually
such was the case. The initial cause of distress was improper installation
techniques and lack of adequate granular backfill.

Contributing to this loss of support were seasonal fluctuations in the
ground-water level in the supporting fill. This was often related to the effects
of frost penetration, ice lensing, and subsequent void creation within the
critical area of the backfili.

In April 1987, the center culvert of a three-culvert installation collapsed
without warning while routine headwall maintenance was being undertaken
(Elgin County Road 30, Patterson Culvert over Kettle Creek, 5 km northeast
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of St. Thomas, horizontal ellipse of 9.75-m span). This collapse triggered
detailed studies of all of the county’s long-span culverts and, in the process,
an assessment of similar studies in other jurisdictions. This assessment iden-
tified several structures located in the County of Elgin and elsewhere ex-
hibiting distress typically in the form of visually deformed cross sections
and/or cracked plates.

While some of the existing culvert design codes outline methods to analyze
corrugated steel plate structures, most of these analyses have been limited
to simplistic ring-compression theory and generally ignored horizontal buck-
ling considerations because the analytical method suggested was perceived
to provide ultraconservative results that had previously been largely dis-
counted by the culvert designers. More recently, in the late 1970s and early
1980s, new concepts relating to the failure mechanisms involving buckling
and bending of the culvert plates have been postulated (Duncan 1979; Seed
and Raines 1988; Moore et al. 1988; Bakht and Agarwal 1988). These failure
mechanisms and the related analyses provide an improved understanding
of culvert performance, and aid in the explanation of the culvert distress
and culvert collapses experienced to date.

The results of initial analyses of several failed or excessively deformed
structures together with the nature of the witnessed collapse of one large
culvert suggested that the failure mechanism was probably related to buck-
ling of the upper arches of the culvert (Moore et al. 1995).

CULVERT INVESTIGATION

A review of design and construction records available from the County
of Elgin and numerous other roadway authorities indicated that very limited
information, if any, was available pertaining to construction deformations
and the actual ‘“‘as constructed” shape of the structures. This was due, in
part, to the difficulty of accurately measuring the curved cross-sectional
shapes involved and the generally accepted views that some deviation from
the design shape of the culvert was quite acceptable and would not impair
its structural integrity.

During the literature search, a number of reports prepared by Bowser-
Morner Associates, Inc., of Dayton, Ohio were reviewed (Bowser-Morner
1984a,b,¢; 1986a,b). These reports included a manual that outlined a pro-
cedure for dimensioning and evaluating in situ structures concentrating on
the upper arches, which, as noted previously, were suspected to be the
critical zone. In addition, the Bowser-Morner reports provided a database
for structures of a similar size in reasonably similar geologic and climatic
conditions, which could be expanded to include the County of Elgin data.
Fig. 1 outlines the geometric parameters for a typical horizontal ellipse
culvert. Of particular interest are the midordinates of the top, left side, and
right side, designated K, L, and M, respectively.

Detailed field surveys were subsequently carried out on the long-span
culverts within the County of Elgin. The cross-section profile measurements
were obtained by using standard survey equipment to determine vertical
offsets to the culvert plates from a horizontal baseline at regular intervals
along the baseline. In addition, the limited data from the central Patterson
culvert (which had collapsed in April 1987) was included with the Bowser-
Morner data. Additional data from other sites have been added to the tables
as it became available.

The results of the culvert surveys are summarized in Table 1. The mid-
ordinate dimensions determined using the method shown in Fig. 1 were
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POINT OF RADIUS POINT OF RADIUS
CHANGE CHANGE
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L = LEFT SIDE K = TOP M = RIGHT SIDE
MID-ORDINATE MiD—-ORDINATE MID—ORDINATE

TYPICAL CREEK WATER LEVEL

TR
/f\, FILLED AREA .
2 9.0.9.0:4

FIG. 1. Typical Culvert Cross Section (Horizontal Ellipse)

compared with the design midordinate dimensions, and the percentage de-
viations from the design dimensions were calculated for each culvert section.
The percentage deviations from the design midordinate dimensions K, L,
and M are referred to as K', L', and M’ respectively. When measurements
were taken at several sections within a culvert, the most critical, typically
the maximum, values of K', L', and M’ were selected, regardless of which
section they each represented. It should be noted that no data were available
giving the postconstruction shapes of the culverts. Since the postconstruction
shapes may have differed from the design shapes, the K’, L', and M’ values
should be considered approximate only in terms of assessing postconstruc-
tion movements. In addition, it is difficult to precisely survey these structures
so that some survey inaccuracy is unavoidable. Since the culverts studied
have various shapes and sizes, the midordinate values vary significantly
between structures. Therefore, caution is required when comparing values
for nonidentical structures.

ANALYSIS

To summarize the results of the 39 culverts studied, they were grouped
into four categories based on similarities in design and performance. Table
1 contains a summary of the culverts, their dimensions, and other relevant
data. Details of the structures can be found in the reports of Golder As-
sociates (1986, 1987, 1988a,b). Two modes of culvert deformation were
observed, namely flattening and peaking. Positive values for K’, L', and
M’ indicate that the culvert is flattening. This type of deformation is con-
sistent with the conventionally accepted development of stresses in relatively
deeply buried culvert structures and surrounding soils. The flattening mode
of culvert deformation is illustrated in Fig. 2(a).

Negative values for K', L', and M’ indicate that the culvert is peaking.
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FIG. 2. Modes of Culvert Deformation: (a) Flattening Mode; and (b) Peaking Mode

The peaking mode of culvert deformation is illustrated in Fig. 2(b). Peaking
of the culvert is often associated with waves or buckles developing in the
upper arch plates and frequently results in plate cracking in the upper arch
along bolt lines. The Patterson culvert measurements indicated an inward
buckling mode of deformation as outlined in Fig. 2(b). These changes,
designated by negative K’, L', and M’ values, were considered to be much
more critical than outward movements represented by positive values.
The following categories were used:

= Category I (Table 2) includes those culverts that were not rib rein-
forced and were peaking based on the calculated values of K', L',
and M’ (i.e., at least one of K', L', and M’ was negative).

« Category II (Table 3) includes those culverts that were rib reinforced
and exhibited peaking based on the calculated values of K, L', and
M'.

+ Category III (Table 4) includes those culverts that were not rib
reinforced and were flattening based on the calculated values of K’,
L', and M’ (i.e., K’, L', and M’ were all positive).

» Category IV (Table 5) includes those culverts that were rib rein-
forced and were flattening based on the calculated values of K, L',
and M'.

Tables 2—5 contain summaries of the midordinate deviations, values of the
various functions of the midordinate deviations, and the resultant rankings
of the culverts in decreasing magnitude of the particular function. In ad-
dition, the average ranking for each culvert is presented, and the culverts
appear in the tables in order based on the average ranking. A higher ranking
in these tables means that the culvert has experienced greater deformations.
For those culverts with both negative and positive values, the negative values
are ranked above the positive values as negative function values that are
indicative of culvert peaking and have been associated with the collapse of
the Patterson culvert (Elgin Road 30) and severe distress of the Kettle Creek
(Elgin Road 45) culverts 1-6 (Table 1). For those culverts that were sur-
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