DESIGN AND IMPLEMENTATION OF REPAIRS TO
CORRUGATED STEEL PLATE CULVERTS

By R. G. Moore,! Member, ASCE, P. R. Bedell,?
and L. D. Moore,®> Member, ASCE

AssTRACT: The successful rehabilitation of three corrugated steel plate culverts
consisting of 11.28-m-span horizontal ellipses is described. When constructed in
1970, the culverts were the longest-span horizontal ellipse culverts in the world.
The original construction is described, with a summary of the discovery and site
investigation. The nature of the structural distress and the identification of the
cause is discussed. The design of an effective repair is described in addition to the
requirements for construction monitoring. Measurements of culvert response are
given for pipe excavation and subsequent reburial. Details of the rehabilitation
process are provided with a discussion of the structural and backfill design. The
total project cost is included.

INTRODUCTION

In Elgin County, Ontario, a number of long-span corrugated metal cul-
verts have been identified as needing rehabilitation (Moore et al. 1995).
Techniques were developed for the rehabilitation of the long-span culverts
at a fraction of the cost of replacement of the culverts with conventional
bridges. The present paper describes the rehabilitation by the County of
Elgin, Ontario, of three 11.28-m span horizontal ellipse culverts.

GENERAL BACKGROUND

This paper deals with the rehabilitation of three horizontal ellipse culverts
known as the Kettle Creek culverts, located on Elgin County Road 45 in
Lots 6 and 7, Range 2, east of the River Road in the Township of Southwold
in the County of Elgin. These culverts are located approximately 33 km
south of London, Ontario (which is midway between Detroit and Toronto).

The Kettle Creek installation comprised three horizontal elliptical cul-
verts, each 11.28 m wide by 8.08 m high, installed orthogonal to the Elgin
road 45 alignment. The bottom centerline length was 74.4 m long and the
top centerline length was 53.6 m, the ends being slope beveled at 2 to 1.
The culverts were designed to provide for a 4.6-m flood rise and a hydraulic
flood capacity of 340 m%/s.

At the time of installation in 1970, at 11.28 m, they were the longest span
horizontal elliptical culverts in the world and consequently attracted con-
siderable engineering attention in both Canada and the United States [see
for example Selig (1971, 1973)].

The culverts were constructed by county forces on a new road alignment.
The culverts were composed for 1, 3, 5, and 7 gauge corrugated steel plates
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with standard 150 X 50 mm corrugations. The center 18 m of the structure
had a 1-gauge top and 3-gauge sides and bottom, the adjacent 7.3 m had a
3-gauge top and 5-gauge sides and bottom and the outside 10.4 m (ends)
had a 5-gauge top and 7-gauge sides and bottom. The 2 to 1 slope-beveled
ends were 10.4-m long and of 7-gauge steel, and were flush with the side
of the embankment. The slope was faced with reinforced concrete to the
top of the thrust beams, thus being above the high-water line. The area
between the culverts was also concrete faced, and the concrete extended 3
m past the culverts on approach-fill side slopes. Concrete thrust beams (1.37
m wide and 1.01 m high) were placed on the center 47.5 m of each culvert
(to within 3 m of the end of the full ring of the culvert).

The completed roadway embankment over the culverts had a final grade
averaging 7.9 m above the culvert obvert with a top width of 12.8 m and
side slopes of 2 horizontal to 1 vertical.

The culverts were founded on 0.3 m of granular bedding material bearing
on the native hard silty clay till and were contained in an engineered en-
velope of granular fill extending from about 2.4 m east of the spring line
of the east culvert to about 2.4 m west of the spring line of the west culvert.
This granular envelope extended to about 0.6 m above the obvert of the
culverts. The remaining portion of the embankment was constructed mainly
from clayey fill obtained from a cut at the west end of the installation.

DISCOVERY AND INVESTIGATION OF PROBLEM

During an inspection by the County of Elgin in January 1987, some
deformations in the upper arch plates in the ends of two of the culverts
were noted. These deformations consisted of buckling waves typically lo-
cated in the second plate 3 m from the end of the culverts and extending
over most of the upper portion of the arch.

Inspections continued on a biweekly basis. However, early in April of
1987, significant changes were noticed in the south end of the west culvert
and the north ends of the central and east culverts. The deformations in
these three locations had increased significantly. Some cracking in the valley
bolt line of 12 o’clock plate of the second ring had occurred in all three
locations. In the south end of the west culvert, a large buckle was also noted
running from spring line to the obvert.

In the interest of public safety, the roadway over the culverts was closed
to traffic because of the fear that the culverts could suddenly collapse in a
manner similar to the Patterson Culvert [Moore (1988); Moore et al. (1994)].
A geotechnical investigation and detailed assessment was carried out to
ascertain if the culverts could be repaired or if a bridge would have to be
constructed to replace the culverts.

A detailed search of many transportation authorities through Canada and
United States failed to find any authority who had successfully repaired a
large-span culvert that had shown severe deformation and/or cracking in
the upper arch. Thus, there was no previous experience available from any
other authorities to draw on for engineering assistance.

If the culvert were to be repaired, it would be necessary to correctly
identify the cause(s) of the distress and related deformations to properly
redesign the culvert instaliation in order to remove the potential for future
instability and develop a strategy for carrying out the rehabilitation work.
Further, the requirements of the Ontario Highway Bridge Design Code
pertaining to culverts that had been developed since the initial installation
of the culverts in 1970 would have to be adhered to, not only for the safety
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of the repaired structures, but also to obtain provincial (Ontario) financial
assistance.

GEOTECHNICAL INVESTIGATION

Corrugated metal plate culverts are often referred to as soil-steel struc-
tures, since it is the composite action of the structural plate and the soil
surrounding it that dictates the culvert performance. While the geometry
and specification of the steel plates can be readily ascertained, a detailed
geotechnical investigation is necessary to determine the dimensions of the
granular envelope surrounding the culverts. Reports of other culvert failures
often described poor quality or poorly compacted backfill materials [e.g.,
Duncan (1988)] so that it was important to ascertain the nature and condition
of the backfill envelope surrounding the Kettle Creek culverts (Golder
Associates 1987, 1988).

The fieldwork for the geotechnical investigation was carried out between
June 8 and June 16, 1987, during which time seven boreholes were drilled
at the locations shown on Fig. 1. All of the boreholes were drilled using a
track-mounted drilling machine operated by a specialist drilling contractor.

Standard penetration testing and sampling was carried out at regular
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intervals in each of the boreholes using 35-mm inside diameter split spoon
sampling equipment. In situ vane tests were also carried out within the
softer cohesive soils to determine the undrained shear strength of these
strata. All of the samples obtained were brought to the laboratory for further
examination and representative classification testing. An inferred strati-
graphic section across the site is shown on Fig. 2.

Groundwater levels were observed in the open boreholes during drilling
and perforated standpipes and piezometers were installed in selected
boreholes. The measured water levels are included in Fig. 2.

It was found that the upper embankment fill generally consisted of silty
clay and extended from the existing ground surface to the upper surface of
the lower embankment fill or the granular fill surrounding the culverts. The
lower embankment fill consisted of silty clay or clayey silt and extended
from the upper fill to the native undisturbed soils. The native soils underlying
the embankment fill generally consisted of occasional layers of granular
material overlying strata of silty clay till and clayey silt till.

Based on the results of the investigation, it appeared that the culverts
had been constructed with an envelope of backfill and consisted of a dense
to very dense granular material. The granular envelope was found to extend
to about 0.6 m above the culvert obverts and at least 1.8 m from the outer
spring line of the east and west culverts. The granular material was found
to be in a relatively dry state and appeared to be performing as a strong,
relatively free draining material.

The general embankment backfill adjacent to the granular envelope sur-
rounding the culverts was found to be a stiff cohesive material with relatively
consistent properties. The upper embankment fill, above the granular en-
velope, consisted of a firm silty clay fill that also had relatively consistent
properties.

The results of the site investigation indicated that there was not sufficient
variation in either the nature or condition of the culvert backfill to account,
in themselves, for the distress observed in the culverts. Furthermore, the
ground-water levels measured during the investigation indicated that there
was not sufficient differential or unbalanced hydrostatic forces to create the
culvert distress. Clearly the problem was not simply due to poor construction
practice, and a more detailed stability investigation was required.

ASSESSMENT OF STRUCTURAL STABILITY

A stability analysis of the Kettle Creek culverts was conducted. That
investigation was based on the results of the geotechnical investigation dis-
cussed earlier, together with calculations of factor of safety with respect to
hoop crushing and elastic buckling. In summary, the investigation found
that there was a very adequate factor of safety against hoop crushing but
that the culverts were barely stable with respect to elastic buckling.

Fig. 3 shows the distribution along the culvert of hoop thrust in the
structural plate (upper-bound and lower-bound estimates A and B and a
solution based on the response of an elastic embankment, C). Also shown
are “‘upper bound and lower bound” estimates of thrust capacity obtained
using the elastic buckling solution of Moore (1987) with expected maximum
and minimum soil modulus values. As shown, the central section of the
culvert was stable, but at the culvert ends the critical thrust was substantially
decreased by the reduced quantities of granular backfill, the proximity of
the weak clayey fill, and the light plate gauge. The zone of observed distress,
as shown in Fig. 3(b), closely matches that predicted using the elastic buck-
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FIG. 3. Schematic lllustrations: (a) Distribution of Hoop Thrust; (b) Cross-Section
of Embankment and Culvert

ling analysis. Clearly, the culvert ends were close to buckling failure in
addition to seam cracking associated with large plate deformations, which
would result in sudden collapse, and thus the road would have to remain
closed until remedial action was completed. The original design of the culvert
had not considered the potential for elastic buckling failure.

DESIGN OF REPAIR

The results of the analysis indicate that the distress and related defor-
mations near the ends of the culvert were due to insufficient resistance to
buckling. Thus, the culvert installation would have to be repaired or replaced

108 / J. OF PERFORMANCE OF CONSTRUCTED FACILITIES / MAY 1995



with a bridge as it was unsafe for use. To increase the factor of safety against
buckling near the ends of the culverts, substantial stiffening of the culvert
structure and improvements to the backfill were required.

As preliminary cost estimates to remove the embankment and the culverts
and replace the entire installation with a bridge were in excess of $3 million,
it was decided to seriously consider repairs to the culvert. As no transpor-
tation authority had been found that had carried out repairs to a culvert
even of a span considerably less than the 11.28-m span culverts, repair
methods would have to be developed by the County of Elgin engineers and
their consultants.

Ontario statute required that all repairs must conform to the Ontario
Highway Bridge Design Code or, not only would they be illegal, but the
Province’s 91% subsidy to the project would not be forthcoming.

The strengthening of the culverts from the inside was considered but was
ruled out not only as very costly (as most of the work would have to be
undertaken on scaffolding, since the culvert had a rise of 8.08 m to the
obvert) but also potentially unsafe as it was not known how rapidly the
deformation in the top arch might increase in severity, and if additional
plates cracked, this could jeopardize the entire structure and the safety of
any workers who might be inside the culvert.

After further calculations, it was felt that to strengthen the culverts ade-
quately, all embankment fill over the culverts and within the structural
backfill envelope area would have to be removed. It would also be necessary
to remove the somewhat questionable quality granular material from within
the structural backfill envelope area to 1 m below the spring line. This work
would require the removal of all fill materials above the culvert and an
excavation of at least 5 m wide at the spring line and tapering back at a 2
horizontal to 1 vertical slope in the approach embankment.

Heavy concrete end collars would be required over the ends of the cul-
verts. Reinforced concrete overlay placed over each culvert following the
contour of the pipe from spring line to spring line would be necessary. All
work would have to be done from the top. The work would have to be
staged so that a portion of the culverts would be available for use as an
equipment roadway. At least 2 m of backfill would be required over the
culvert to support construction equipment using the roadway. Great care
would have to be taken so as not to remove too much side support from
the culverts, as that would allow the exposed portion of the culvert to sag
under the weight of the thrust beams. This would be more difficult at the
ends, as these plates were a lighter gauge material than the heavier gauge
center plate.

An excavation plan was needed that would minimize further deformation
and prevent cracking in the top arch plates. To minimize vibrations, no
heavy-tracked equipment was used. It was felt that the placement of the
concrete overlay and end walls on both ends of the culverts would stiffen
them sufficiently to allow the center sections to be safety excavated and
rehabilitated. One end section would have to be excavated, the concrete
end collar and stiffening concrete overlay placed, then backfilled with com-
pacted granular below the culvert. This would be done using the center
section as an access roadway and work platform. After completion, the
other end section would be done similarly. A granular work platform and
roadway would then have to be built over one of the end sections so that
the center section could be excavated and necessary concrete placed to
complete the reinforcement of the culvert.
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CONSTRUCTION MONITORING

The primary requirement of the design was to ensure that repairs could
be made without causing any further damage to the culverts. To determine
the culvert deformation resulting from the remedial works and to detect
any ongoing deformations of the culverts that might result in culvert collapse,
a culvert monitoring program was carried out prior to, during, and following
the remedial works.

The monitoring program consisted of measuring the culvert spring-line
diameters and culvert crown elevations at seven sections within each of the
three culverts. The three areas, I, II, and III, of construction activity and
the locations of the sections, numbered 1-21, are shown on the plan, Fig. 4.

The culvert spring-line diameters were determined by measuring the dis-
tance between pairs of symmetrically opposed bolts located inside the cul-
verts at the spring-line level using a surveyor’s steel chain. The culvert crown
elevations were measured using standard survey equipment to determine
the elevation of bolts located inside the culverts at the crown and were
referred to a temporary benchmark.

The initial crown elevations and culvert diameter measurements were
taken on July 14, 1987 and used as base data to compare subsequent mea-
surements. Subsequent measurements were taken periodically during and
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following completion of the remedial works. Typical results are shown on
Figs. 5-7. These show that little culvert deflection occurred during exca-
vation of the overlying embankment to the obvert (activity A), but that the
horizontal (spring-line) diameter increased and the obvert elevation de-
creased during excavation to the spring lines (activity B). Some additional
movements occurred during the concrete work and reconstruction of the
road embankment.

REHABILITATION PROCEDURE

It was considered that the embankment should be carefully removed with
a minimum of disturbance or vibration, as it was not known what effect
removal of some of the embankment or any vibrations from the construction
equipment would have on the culverts.

Small bulldozers were used to push the embankment soil to the disposal
area. These bulldozers worked parallel to the roadway removing the em-
bankment evenly so that differential loading was kept to a minimum. The
embankment and side slopes outside the original 7-m wide roadway were
removed to a 2-m depth before the central roadway area was removed using
the same method.

Larger bulldozers were used to level the material in the spoil area that
was at the southeast quadrant of the excavation. It was decided to uncover
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the north end of the culverts first, leaving an access road down the center
of the culverts. The access road elevation was left 2 m above the culvert
obverts until reinforcing work on both ends of the culvert had been com-
pleted. When the north end excavation was within 1.5 m of the culvert
obvert, the remaining clay fill and pit run material was excavated using a
dragline with a long boom located on the center roadway, with the excavated
material being moved to the spoil area by a rubber-tired loader and a small
bulldozer.

The granular material around the culverts was removed to the level of
the spring line by the dragline. A large backhoe was also used to remove
some of the material at the extremity of the beveled end of the culvert in
areas that the dragline could not reach.

The concrete aprons between the culverts and at each end of the instal-
lation were shored to hold them in place. Even though the aprons were
steel reinforced and fastened to the culverts, when originally constructed,
their main support was derived from the embankment behind them.

All three culverts were uncovered simultaneously, and great care was
taken to unload them evenly. Monitoring continued to ascertain that there
was no undue deformation or further cracking in the culverts. Fortunately,
the weight of the concrete thrust beams and the exposed culvert ends were
adequately carried by the restrained center section of the culverts that had
not been uncovered. If the steel plates or the center of the culverts had
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been a lighter gauge, such restraint might not have occurred. Approximately
21 m (top center tength) of the culverts was initially left covered.

The culverts were power washed to remove as much of the scale as
possible, as well as any granular soil that still adhered to them. As the
culverts showed signs of surface corrosion through loss of galvanizing, all
culvert surfaces above the spring line were sandblasted, and a red galvanizing
paint was applied immediately after cleaning to any areas showing a serious
loss of galvanizing.

To provide a connection between the culvert and the concrete overlay
12-mm-diameter, 100-mm-long shear connections were spot welded using a
TRW spot-welding system at a 0.6-m staggered pattern on the ridge of the
corrugations over the entire surface. The culvert was surface ground at each
stud-connection location prior to welding. Steel reinforcing bars were an-
chored in the concrete thrust beams using the Hilti system. The studs, anchor
bars, and thrust bars were useful as support for the reinforcing steel, which
was placed at 0.3-m centers, and they were also used to attach the concrete
formwork. Details of the concrete overlay are shown on Fig. 8.

Air-entrained high early-strength concrete was placed (in lifts) from the
spring line to the top of the thrust beams. Minimum cover over the culvert
varied from 150 mm at spring line to nearly 0.3 m at the thrust beam and
190 mm over the top arch of the culvert. Concrete was placed by crane
bucket in two lifts to the bottom of the thrust beams.
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