Failure of a Large Diameter Steel Culvert Located
Beneath a Major Forestry Road

Victor A. Sowa, Ph.D., PEng., P.Geo. 1

Proceedings of the 1ith
Vancouver
Geotechnical Society
Symposium - Forestry
Geotechnique and
Resource Engineering

30 May 1997

Abstract

A major forestry supply road in northern Alberta
crosses two large creeks using large diameter
multi-plate steel culverts which were construcied in
1972, Four years after construction one of the cul-
verts collapsed.

The deformation of the culvert that failed was mon-
itored prior to collapse. The maximum measured
deformation was between 650 mm to 860 mm
which is about 10.7 to 13.9 percent of the 6.1 m
height of the culvert. These deformations far
exceed the value of 58 mm that was estimated dur-
ing the original design, based on the properties
assumed for the calvert backfill. The design defor-
mation is the expected value associated with the
normal performance of a culvert, while the larger
measured deformation is associated with the cul-
vert failure.

Compacied clay backfill was used around both cul-
verts and it is believed that a significant deteriora-
tion of the quality of the clay backfill after con-
struction was respoensible for the culvert failure.
Exceptionally high water levels during spring
floods allowed water to seep through the culvert
multi-plate seams into the clay backfill. The clay
backfill softened due to the presence of water, but
the degree and rate of softening was acceleraied
when the backfill around the culvert was exposed
to freezing and subsequent thawing. It is believed
that the weakened clay backfill eventually yielded
sufficiently to canse failure. It is also believed that
the nse of well compacted free-draining granular
backfill within the zone of frost penetration would
have prevented the culvert failure.

Following the culvert failure, the owners of the
forestry road were concerned with the security of
the road access and, as a result, undertook remedi-
al measures for the second large diameter culvert.
The remedial measures consisted of replacing the
clay backfill with compacied granular backfill, and
some structural strengthening of the culvert with

two reinforced concrete beams and a concrete cap

on the upper part of the culvert. The modified cul-
vert has performed well for 20 years.

Key words: Flexible culvert, large diameter, fail-
ure, culvert backfill

Introduction

In the early 1970°s one of the world’s largest pulp
and paper mills at that time was constructed by
Procter and Gamble Cellulose Ltd. (now
Weyerhaeuser Canada Ltd.) on the banks of the
Waptti River, in northern Alberta, just south of
Grande Prairie. The pulp mill also constructed
major access roads to the timber and pulpwood
stands in the foothills to the west and the south.
Corrugated steel culvert pipes were used to provide
drainage beneath the access roads. The majority of
the culverts were in the size range of riveted and
the helical Corrugated Steel Pipe (CSP). Structural
Plate Corrugated Steel Pipe (SPCSP) was used
when larger culverts were required for crossing
several larger streams and the performance of two
of these large culverts is the subject of this article.

Two of the larger streams were the Big Mountain
Creek and the Bald Mountain Creek which were
located about 33 km and about 27 km respectively
southwest of the mill site. The culvert at Big
Mountain Creek was a horizontally oriented ellipti-
cal culvert with a major horizontal axis span of 9.1
m and a minor vertical axis span of 6.1 m, and with
a soil cover of 2.2 m and about 36 m in length. The
culvert at Bald Mountain Creek was a vertically
ariented elliptical culvert with a vertical major axis
span of 8.5 m and a horizontal minor axis span of
7.8 m, and with a soil cover of 3.0 m and about 68
m in length.

The maximnm loads imposed on the road over the
culvert were applied by the timber haul trucks. The
total haul truck weight was typically 1500 kN. The
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maximum wheel load combination was a load of
about 400 kN supported by dual wheels and dual
axles spaced 1.8 m apart.

Both culverts were designed for maximam stream
flows of 128 cubic meters per second. Both cul-
verts also carried unusuvally large spring runoffs
during the first and second years of operation that
were well in excess of the design 100-year flood,
and both the cuiverts performed well.

Photographs of the Big Mountain Creek culvert
during construction is shown on Figure 1 and the
completed Bald Mountain Creek culvert is shown
on Figure 2.

Culvert Construction and Performance

Both culverts were constructed in the spring of
1972, with the Bald Mountain Creek culvert con-
structed in late March and early April, and the Big
Mountain Creek culvert constructed in April. The
specifications required that the backfill be com-
pacted and allowed the use of either clay or granu-
lar soil as the backfill. The geotechnical firm ini-
tially involved with this project recommended that
granuiar backfill be used. The suitability of the
type of backfill material was discussed at length
and in the end the contractor was allowed to use a
clay backfill, provided that the contractor provided
a 5-year performance bond. The Bald Mountain
Creek culvert was constructed first and it was dur-
ing the construction of this culvert that the detailed
construction procedures were established and the
construction problems were resolved. The proce-
dures used during the construction of the Big
Mountain Creek culvert were similar.

Construction of cach culvert commenced by divert-
ing the creek. The bottom of the original creek bed
was excavated to a depth of about 1.0 to 1.3 m,
with the base of the excavation being shaped
roughly to conform to the bottom of the culvert. A
150 mm thick layer of crushed gravel was placed
on the prepared subgrade of the excavated creek
bottom prior to placing the bottom section plates of
the culvert. The relative position of culvert and the
surrounding backfill at the end of construction is
shown on Figure 7b for the Big Mountain Creek
culvert.

The clay soil that was used as backfill was obtained
from borrow areas located on the creck banks near
each of the culverts. The clay soil was a stiff
clayey till material and was placed around the cul-
vert from the level of the original creek bed to the

final grade. The upper 0.6 m of the fill just below
the crest of the road over the culvert consisted of
crushed river gravel. The clay backfill was placed
in 150 to 200 mm thick lifts and compacted with a
DW20 seli-propelled taper foot roller. In areas
inaccessible for the compactor, especially under the
hannches of the culvert, the clay fill was graded
into the area and then compacted with either the
rubber tire of a road grader or a vibratory hand tam-
per. The compaciion specified for the clay backdill
was a miniroum of 100 percent of the maximum
dry density obtained from the standard Proctor
compaction test at the optimum water content.
Compaction control was provided during the con-
struction of the Big Mountain Creek culvert. No
records of compaction control for the Bald
Mountain Creek culvert were obtained.

Several months after the construction of the Big
Mountain Creek culvert was completed and before
the haul road was used by the logging trucks, a con-
crete slab as shown on Figure 7b was constructed
over the culvert. The concrete slab was construct-
ed 0.6 m below the top of the road and the purpose
of the slab was to distribute the dynamic wheel
Ioads more uniformly. The concrete slab was 200
mm thick and was reinforced with wire mesh. The
concrete slab extended across the width of the road
crest, and was 11 m wide, extending about 1.0 m
past the spring line on each side of the culvert. No
concreie slab was constructed for the Bald
Mountain Creek culvert.

Both culverts had performed well until the Big
Mountain Creek culvert collapsed on May 31,
1976, about 4 years after construction. The col-
lapse was preceded by a distinct dip in the road as
can be detected on the photograph in Figure 3. The
dip in the road developed a few days before the cul-
vert collapsed.

The crown of the culvert also deformed signifi-
cantly downward as can be seen in the photograph
in Figure 4. The amount of deformation was mea-
sured inside the culvert by surveyors using boats
for access. The collapse of the culvert was a pro-
gressive failure, commencing with an initial
reverse curvature of the crown of the culveri. The
reverse curvature can also be detected by careful
examination of the photographs in Figures 3 and 4.
The culvert collapse was essentially symmetrical
about the centerline of the crown. The collapsed
Big Mountain Creek culvert, which was a snap
through type of failure, is shown on the photograph
in Figure 5.
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Failure of a Large Diameter Steel Culvert

Figure 1. Big Mountain
Creek cubvert - assembly
of culvert.

Figure 2. Bald Mountain
Creek culvert - after
completion of construc-
tion.

The g engineering firm which
empioyed the writer was requested by
Weyerhaeuser Canada Lid. in June, 1976 to inves-
tigate the cause of the culvert failure. This geot-
echnical firm had no previous involvement with
both of these culverts. The investigation was com-
pleted and a report with possible causes of failure
identified was submitted to Weyerhaeuser.

The owner then became concerned with the securi-
ty of the Bald Mountain Creek culvert. While the
Bald Mountain Creek culvert was showing some
signs of deformation, the deformation did not
appear o be sufficiently excessive to suggest that
failure was imminent. Nevertheless, the owner
could not risk the possibility of a culvert failure
that would jeopardize access to their timber supply,
which if extended for a significant period, could
have resulted in a mill shutdown.

Creek culvert failure, the owner decided to become
proactive and undertake remedial measures to
strengthen the Bald Mountain Creek culvert.

The remedial measures for the Bald Mountain
Creek culvert consisted of excavating the existing
compacted clay backfill to about 6.7 m below the
crown of the culvert (within about 1.8 m of the
invert) and replacing with compacted granular
backfill. The photograph in Figure 6 shows the
Bald Mountain Creek culvert while the clay back-
fill was being excavated. Reinforced concrete
beams were constructed at approximately the 10:00
and 2:00 ¢’clock positions along the length of the
cnlvert, and a thin concrete cap was constructed
over the top portion of the culvert between the
beams. The Bald Mountain Creek culvert has per-
formed adequately to date for 20 years

The owner requested that the actual condition of
the existing backfill should be investigated while
the baclkdfill for the Bald Mountain Creck culvert
was being excavated. This investigation provided
the opportunity to examine certain aspects of the
compacted clay backfill that was not possible for
the Big Mountain Creek culvert because the upper
portion of the culvert backfill had collapsed during
faiture.

The results of the investigations for both the Big
Mountain Creek and the Bald Mountain Creek cul
verts are reported in this article,
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Basic Approach Used In The Investigations

The design and performance of a steel culvert
structure is very much a soil-structure interaction
problein. T Failure of the Big Mountain
vert could have been caused by a variety of factors
and two likely factors are structural failure of the
steel culvert, and failure of the compacted backfill
around the culvert. The structural aspects of the
culvert design was examined by others and writer’s
firms’ terms of reference was to examine the geoi-
echnical aspects of the design, and in particular the
compacted backfill. It is the results of the geotech
nical investigations that are described in this arti-
cle.

Creelr cul-
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The main focus of the geotechnical investigation
was on the quality and the condition of the backfill,
The investigations were directed towards establish-
ing the quality of the backfill in the general vicini-
ty of the culvert, and in particular the quality of the
backfill that was located immediately adjacent to
the culvert. The investigations were also directed
towards assessing the quality of the backfill at the
end of construction and the possible deterioration
of the backfill with time. The backfill in the imme-
diate vicinity of the cuivert was the area of greatest
interest since it is this backfill that has the greatest
influence on the performance of the culvert and
may have had a major impact on the failure of the

cu]ven

Figure 3. Big Mountain
Creek culvert - culvert
deformation prior fo
failure.

Figure 4. Big Mountain
Creek culvert - deforma
tion of crown of culvert
prior to failure
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Figure 5. Big Mountain
Creek culvert - After fail-

ure.

Figure 6. Bald Mountain
Creek culvert - excava-
tion of clay backfill prior
to placing granular
baclkfill,

The investigations commenced with site inspec-
tions to examine the condition of both culverts, and
the general condition of the site in the vicinity of
each culvert. The overall situation at the site gov-
erned the specific direction of each site investiga-
tion. The approach was different for the Big
Mountain Creek culvert compared to the Bald
Mountain Creek culvert since the Big Mountain
Creek culvert had failed. The approach to the site
investigations evolved and was modified as it
appeared that certain aspects seemed more likely to
lead to the camse of the failure. Nevertheless the
overall thrust was focused on the early observa-
fions that the deterioration of the compacted back-
fill was likely a major contributing cause of the
failure of the culvert.

Site Inspection and Field Investigations
Big Mountain Creek Culvert

A site visit to the Big Mountain Creek culvert was
undertaken on June 29, 1976 at the time that
drilling of test holes had commenced. The site visit
occurred about one month after the collapse of the
culvert. The photograph given on Figure 5 illns-
trates that the culvert is in a complete state of col-
lapse. The photograph also shows a broken portion
of the concrete slab that was constructed above the
culvert lying exposed on surface of the fill remain-
ing on top of the collapsed culvert. Subsequent
investigation revealed that the slab would not have
acted monolithically, but instead as a number of
small individual slabs because formwork was left
in place during construction of the slab.
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Cne of the major items investigated during the site
visit was the condition of the bolts which joined the
individual culvert plate sections. Except where
necking of the steel had occurred around a bolt
opening along a line where the culvert steel had
actually torn as a result of the failure, only one bolt
was found which was not tightened completely.
Based on the site inspection there was no evidence
to suggest that the construction of the bolted seams
led to failure of the cuivert.

Another major item investigated during the field
inspection was the condition of the clay backfill. A
distinction should be made between the condifion
of the general backfill within the general vicinity of
the culvert, and the condition of the backfill that is
located immediately adjacent to and directly
behind the cuivert plates. The compaction of the
clay backfill in the general vicinity of the culvert
would not have been affected by the presence of the
culvert, and this backfill will be referred to in the
future as the general clay backfill. The compaction
of the clay backfill immediately adjacent to the
culvert would likely have been affected by the pres-

mam v nF tlaa sxlu rxez e o 1
ence of the culvert during and after construction,
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and this backfill will be referred to in the future as
the culvert clay backfill.

The field investigation included drilling of eight
test holes at the locations shown on Figure 7a using
a truck mounted hollow stem drill rig. Three test
holes were drilled parallel to and as close as possi-
ble to the spring line on each side of the culvert.
However, because the culvert had collapsed and the
reinaining collapsed fill sioped up from the culveri
to the crest of the road as shown on Figure 7b, the
location of the closest test hole was about 5 m from
the spring line. Information available later estab-
lished that these test holes were not close enough to
provide information on the specific condition of the
culvert clay backfill adjacent to the culvert. Three
other test holes were drilled some distance from the
culvert to provide information on the condition of
the general clay backfill far enough away not to be
influenced by the presence of the culvert.
Continnous undisturbed sampling using Shelby
tubes was undertaken in Test Holes 2 and 6.
Undisturbed Shelby tube samples were obtained in
the remaining test holes at 1.5 m intervals followed

by a standard penetration test.
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Figure 7. Big Mountain
Creek culvert - plan, test
hole locations and soil
stratigraphic profile.
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Figure 8. Big Mountain
Creek culvert - test hole
logs and test results.
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The condition of the general clay backfill within
the general vicinity of the culvert was examined in
test pits which showed the clay backfill was of very
stiff to hard consistency. A careful examination of
the compacted clay backfill revealed that there was
a noticeable blocky structure. It was evident that
the compaction process had not compietely pulver-
ized the clay lumps of the excavated clay obtained
from the clay borrow area. This is not unusual for
stiff overconsolidated clay soils.

In addition to examining the condition of the gen-
eral clay backfill in the vicinity of the culvert, sev-
eral test pits were excavated immediately behind
the spring line of the culvert. The test pits were
specifically located in areas behind the culvert
where the backfill appeared not to be disturbed by
the failure of the culvert. Although the Big
Mountain Creek backed-up and flooded the area
after the calvert collapse, the clay soil examined in
the test piis should not have been in direct contact
with the backed-up water because it was either cov-
ered by at least 0.3 m of clay, or by the culvert
plates.

The strength of the clay backfill exposed in the test
pits was measured with a pocket penetrometer. In
addition, four Shelby tube samples were obtained
at the spring line in the soft zone of clay backfill
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directly behind the culvert walls at the approximate
locations shown on Figure 7a as D1 to D4 inclu-
sive. The clay soil immediately behind the walls of
the culvert was too soft to allow obtaining tube
samples, however it was possible to obtain tube
samples within 300 mm to 600 mm behind the
walls of the culvert.

Bald Mountain Creek Culvert

The Bald Mountain Creek culvert site was visited
on April 15, 1977, about one year after the Big
Mountain Creek culvert failure. The purpose of the
site visit to examine the general condition of the
culvert and the compacted clay backfill,
Weyerhaeuser had decided that while there was no
indication of imminent failure of the Bald
Mountain Creek culvert, remedial measures were
being undertaken since they could not risk the pos-
sibility of a future failure which could restrict
access to their timber supply. The remedial mea-
sures included excavation of the clay backfili and
replacement with compacted granular backfill.
The field investigations for the Bald Mountain
Creek colvert were undertaken concurrently with
the backfill excavation operations. Consequently,
it was necessary to plan and execute the field inves-
tigation program to minimize interference with the
remediation work which had to be completed prior
to the spring flood.
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The field investigation included drilling of four test
holes from April 16 to 18, 1977 with a hollow stem
auger on the road centerline at the locations shown
on Figure 9. Two test holes were drilled as close as
possible to the culvert, without penetrating the cul-
vert, with one test hole on each side. The other two
test holes were drilled 3.66 m further from the cul-
vert, Test Holes 1 and 2 were drilled so that at the
closest point, the test holes were 022 mand 038 m
respectively from the culvert spring line. These
two test holes were drilled adjacent to the culvert to
provide information on the quality of the compact-
ed culvert clay backfill adjacent to the culvert. The
other two test holes were drilled further from the
culvert to provide information on the general clay
backfill.

Shelby tube samples were taken at (.75 m intervals
in Test Holes 1 and 2 for the upper 3 m and below
3 m Shelby tube samples were taken continuously.
In Test Holes 3 and 4, Shelby tube samples were
taken at about 1.5 m intervals followed by standard
penetration tests. The shear strength was measured
in the field using a pocket penetrometer on the ends
of most of the Shelby tube samples.

Eight test pits were excavated adjacent to the cul-
vert at the locations shown on Figure 9 while the
culvert backfill was being excavated. Detailed soil
sampling and testing was undertaken at various
levels in the test pits. Pocket penetrometer tests
were undertaken to determine the strength of the

clay backfill and samples were taken for water con-
tent tests. The strength and water confent tests
were taken, starting directly behind the culvert
walls, and extending from the culvert walls at about
150 mm intervals to a distance of about 900 mm.
Based on the observations made during the site
visit, it appeared that any significant softening of
the clay backfill eccurred within about 1.0 meter
distance from the culvert walle, Some Shelby tube
samples were also obtained by pushing or driving
the tubes into the sides of the test pits. In addition,
several bulk soil samples were taken at various
locations to undertake compaction tests in the lab-
oratory.

Lahoratory Investigations

A range of laboratory tests were undertaken to pro-
vide information on the strength of the clay back-
fill, the compressibility, and various other parame-
ters. The laboratory tests included the following.

- Water content tests

- Atterberg Limit tests

- Pocket penetrometer tests

- Unconfined undrained compression strength
tests

- Imsitu dry density of block samples or tube sam-
ples

- Standard Proctor Compaction Density tests

- Cyclic triaxial compression tests to determine
the modulus of elasticity of the compacted
clay soil for the short term conditions

Figure 9. Bald Mountain
Creek culvert - plan and
test hole locations.
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- One dimensional load deformation creep tests
(consolidation tests) to provide the modulus of
deformation of the compacted clay soil for the
long term conditions

The results of these laboratory tests are summa-
rized in vartous tables and figures which will be
referred to in the subsequent discussions. It should
be noted that to provide a common basis, the
strength results obtained from either the pocket
penetrometer tests or from the unconfined com-
pression tests are given as the undrained shear
strength. Also, the maximum undrained shear
strength that can be measured with the pocket pen-
etrometer is 216 kPa, and when the strength is larg-
er than 216 kPa, the result is given as PP, = 216+
kPa.

Evaluation of the Results of the Field and
Laboratory Investigations

Big Mountain Creek Culvert

A simplified profile illustrating the general stratig-
raphy is shown on Figure 7b and simplified logs for
four typical test holes are shown on Figure 8§, The
general soil stratigraphy shows that the soil con-
sists of compacted clay fill overlying the insitu “till
like” material. In Test Holes 4 and 8 a thin stratum
of alluvial sand and gravel was encountered imme-
diately beneath the fifl. A thin layer consisting
lIargely of crushed gravel was encountered in Test
Hole 2 and this layer is likely a part of the gravel
fill used as bedding material for the culvert. The
naturai soil at the base of the creek valley consist-
ed of a dark grey till-like clay. This stratum
extended to the maximum depth drilled of 17.8 m
and is a medium to high plastic clay soil of stiff to
very stiff consistency, with silt and sand lenses.
This material is very similar to the soil excavated
from the borrow area which was used as backfill
around the culvert. The fill, consisting of a medi-
um fo high plastic clay to silty clay, was encoun-
tered in all the test holes.

Groundwater was encountered in Test Holes 2, 4
and § and the water level stabilized at approxi-
mately the elevation of the sand and gravel seams
while the other test holes were effectively dry. Ttis
believed that the stabilized groundwater elevation
corresponds to about the mean creek surface eleva-
on.

Compaction control during the original construc-
tion consisied of undertaking insitn density tests
and the results are summarized in Table I. The
maximum standard Proctor compaction dry density

is 18.84 kN/cu.m and the optimum water content
corresponding to the maximum dry density is 17.1
percent.

The minimum specified compaction density was
100 percent of standard Proctor dry density at the
optimum water content. The insitu densities mea-
sured during the construction that are given in
Table 1 are based on three Shelby tube samples and
three chunk samples taken from the compacted
clay backfill. The location of these samples is not
known except that they were in the vicinity of the
culvert. The insitu densities from these six samples
ranged from 95.4 to 100.1 percent of the maximum
dry density, and the water content varied from -0.3
to +0.6 percent of the optimum water content. The
undrained shear strength measured from the uncon-
fined compression tests and the pocket penetrome-
ter tests ranged from 192 to 240 kPa, which means
that the compacted clay backfill was classified as
being of hard consistency,

The condition of the general clay backfill observed
from testing samples from the test holes drilled
after the culvert failed is described next. The
resnits of laboratory tests to determine the water
content, the dry density, the shear strength, and the
Atterberg Limits on Shelby tube samples are sum-
marized in Table 2 and on the simplified test hole
logs given on Figure 8 for four representative test
holes. The results of Atterberg Limit Tests suggest
that there are two basic clay soil types; a medium
plastic soil with a plastic limit which ranges from
about 15 to 19 percent and a liquid Limit which
ranges from about 43 to 49 percent, and a highly
plastic soil with a piastic limit of about 22 percent
and a liquid limit of about 69 percent.

The undrained shear strength measured from the
unconfined compression tests and the pocket pen-
etrometer fests are given in Table 2 and on Figure
8. The resulis show that the undrained shear
strength of the compacted general clay backfill in
the upper 1.5 m to 2.5 m below the top of the road
fill ranged from 50 to 120 kPa, compared to 192 fo
240 kPa at the time of construction. It is believed
that the reduction in strength is due to weathering
resulting from desiccation and from freeze-thaw
cycles. The undrained shear strength below about
the 2.5 m depth level was 216+ kPa, essentially the
same as at the end of construction. These results
indicate that general weathering did not affect the
compacted clay soil at depths greater than 2.5 m.

Test pits were excavated next (o the culvert and the
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results of pocket penetrometer iests undertaken in
the est pits on the compacted culvert clay backfill
adjacent to the culvert showed a significant reduc-
tion in soil strength. In the first 50 mm immediate-
Iy behind the culvert wall, the clay was so soft that
it was not possible to record a pocket penetrometer
reading. Between 150 to 200 mm behind the cul-
vert wall, the strength was in the order of 50 to 70
kPa, and at a distance of 300 to 380 mm, the
strength was in the range of 120 to 140 kPa. The
above results show that significant strength
decrease and softening had eccurred immediately
adjacent to the culvert wall, with the effect being
less pronounced as the distance from the culvert
wall increased. Tube samples of the very soft clay
soil next to the culvert wall could not be obtained
but a few tube samples were obtained within 300 to
600 mm behind the culvert wall.

The results of the insitu dry density tests of the
compacted general clay backfill determined from
tube sampies taken in Test Holes No. 2, 5, 6, and 7
are summarized in Table 2. These results indicate
that the dry density ranged from 16.60 to 18.90
kN/cu.m which is about 88.2 to 1060.3 percent of
the maximum Proctor dry density. The two densi-
ty values that were less that 16.60 kN/cu.m could
be for the material with a high plasticity and as a
resuli a lower standard Proctor demsity would
apply. The dry density of the two sampies of back-
fill, D2 and D4, located immediately behind the
culvert wall at the spring line was lower, and
ranged from 14.00 to 16.87 kN/cu.m, which is
about 74.3 to 89.6 percent of the maximum Procior
dry density. These results indicate that there was a
significant reduction of the density immediately
adjacent to the walls of the culvert.

The water content tests on the tube samples of the
general clay backfill from the Test Holes No. 2, 3,
6, and 7 are summarized in Table 2, and on Figure
8. These resuits show that the water content of the
general clay backfill ranged from about 15 to 25
percent. The range is due to the variability of the
water content during the construction, and partly
reflects whether the clay backfill could either be a
medium or high plastic clay.

The water content of one of the tube samples taken
immediately adjacent to the wall of the culvert at
the spring line at D4 was 30.8 percent which is con-
siderably larger than the optimum value of 17.1
percent. The larger water content corresponds to a
significant reduction in strength to a value of 56
kPa that was obtained during the confined cyclic
test.

The overall conciusion of the tests on the soil
strength, the density, and the water contents is that
there was significant deterioration of the compact-
ed general clay backfill within the depth of 2.5 m
below the road surface due to weathering, but with
essentiaflly no change below 2.5 m. There was
even a more significant deterioration of the com-
pacted culvert clay backfill adjacent to the culvert
walls which could be the result of weathering, or
lower compaction during the original construction,
or a combination of both factors.

The elastic properties of the compacted clay back-
fill soil were used in the determination of the soil-
structure interaction and in assessing the original
design of the culvert. The elastic properties were
determined from laboratory tests and the results are
summarized in Table 3.

Table 1. Big Mountain Creek Culvert - Summary of the Density and Strength of the Clay Backfill During Construction

Sample No. Undrained Shear Dry Unit Water Content Proctor Compaction i
Strength - kPa™  Weight - kN/m? % %o
Shelby Tube -
1 230 18.82 16.8 100.0
2 240 18.87 17.4 100.1
3 202 17.91 17.7 95.4
Chunk Samples
1 216 18.71 17.0 993
225 18.80 17.3 99.9
3 192 18.05 17.2 96.7

*  From unconfined compression tests on Shelby Tube samples and pocket penetrometer tests on chunk sam

pies.

t  Maximum Proctor Density = 18.84 kN/m3 at an optimum water content of 17.1%.

ﬂ
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Material TestHole Sample Depth{m) Water DOryUnit Plastic Liquid Speclfic _Undrained Shear Strength
Number Number Content  Weight Limit Limit Gravity Unconfined Confined
Compression Cyctic
(%) KNJm? (%) (%) {kPa} {kPa)
Test Holes

FiH 2 U3 1.8 9.5 17.19 57

Fili 2 Ug 46 6.7 17.66 340

Filk 2 A1) 49 146 189 14.8 436 2.7 398

Fill 5 U4 58 204 1686 312

Fill ] U4 2.4 155 181 249

Fill & us 55 17.6 16.83 19.1 48.6 2.68 307

Fill 1 15 14} 58 23.1 15.54 216

Fill 7 U4 55 218 168 201

Samples at Culvert Spring Line, (Test Pits)

Fill - D2 5.2 19.7 16.87 159 43.2 2.66 78
Table 2. Big Mountain Fill - D4 5.2 30.8 14 216 G8.8 273 55
Creek culvert - after fail-
ure - Suminary of  Foundation Soll Samples, (Test Holes)
Laboratory Testing on Till 2 w7 88 195 1695 67
Tube Samples Titl 6 U1 9.5 18.7 - ' 110

walls which could be the result of weathering, or
lower compaction during the original construction,
or a combination of both factors.

The elastic properties of the compacted clay back-
fill soil were used in the determination of the soil-

confining pressures approximately equivalent o
the soil pressure at a depth between the crown and
the spring line of the culvert. The confining pres-
sures selected took into account the larger soil pres-
sures adjacent to the sides of the culvert due 1o

arching as observed by Lefebvre et al. (1976) and
Byme et al. (1990}

stnicture interaction and in assessing the original
design of the culvert. The ¢lastic properties were
deterrined from laboratory tests and the resnits are
summarized in Table 3. Cyclic live load siresses were applied at two or
three axial compression stress levels to each of the
tnaxial samples. The comesponding ¢yclic modu-
lus of elasticity values, E_, are given in Table 3, and
typically range from 150 to 200 MPa for the gener-
al fill, and about 35 MPa for the detenorated back-

The live cyclic loading applied by the haut trucks
was approximated by cyclic triaxial compression
tests on the compacted clay backfill samples taken
during drilling. The cyclic tests were undertaken at

Table 3. Big Mountain TestHole Sample Sample Cyclic Triaxiaf™ Secant Modulus  Deformation Modulus (D m )
Creek culvert - aﬁerf az!—. Number Number Depth Traxial Consolidometer
ure - Summary of Moduli Ec* Average Es* Constrained Gomected v
of  Elasticity  and Compressive
; Pressure =13
Deformation. {m} {MPa) (kPa) {MPa) {MPa) {MPa)
General Fill
2 u10 49 203 69 34.4
189 103
532 i38
6 u9 85 28B4 34 ] 57 38
150 69
153 103
Deteriorated Culvert Fill
Spring
- D2 Line 376 63 1.8 46 31
52 103
Spring
- D4 Line 387 69 16 41 2.3
1.3 103

* E ¢ = Cyclic modulus of elasticity; D m= Deformation medulus

**Confining Pressure = 96 kPa

P e e e
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ble for the culvert lead applied by the back{ill at the
end of construction since the general fill has not
changed much since construction. The same type
of compression tests were undertaken on the dete-
riorated backfil! adjacent to the culvert and the cor-
responding considerably lower secant modulus val-
ues of approximately 1.7 MPa are given in Table 3.

The Iong term time dependent soil deformation
properties are more closely represented by the one-
dimensional load creep deformation test (consoli-
dation test). The consolidation test approximates
the long term vielding of the clay backfill caused
by the side pressure of the culvert on the backfili
due to the culvert overburden pressure. This test
also simulates, to some extent, the softening that
can gceur over time if water is allowed into the
backfill. Typical values of the deformation modu-
lus for the general fill and the deteriorated fill adja-
cent to the culvert are given in Table 3.
Representative suggested design values for the
modulus of elasticity and the long-term loading
modulus of deformation are given in Table 4, The
use of these values is illustrated later.

Bald Mountain Creek Culvert

The soil stratigraphy at the Bald Mountain Creek
site was very similar to the Big Mountain Creek
site. The compacted clay backfill extended to the
invert of the culvert as shown on Figure 10. The
backdill consisted of a medium to high plasiic clay
to silty clay. The foundation soil below the invert
consisted of sand and gravely sand which may have
been the bedding material for the culvert placed
during construction, Below the sand bedding the
foundation soil consisted of a very stiff natural clay
till. The groundwater levels measured in the stand-
pipes that were installed during the site investiga-
tion are shown on Figure 10.

On the basis of some of the earlier test results it
became apparent that there was some variability in
the clay soil used for the backfill. As a result a
number of Atterberg Limit Tests and compaction
density tests were undertaken. The results of all the
Atterberg Limit Tests on samples from the test pits
and the test holes are summarized in Table 5. The

results of the Atterberg Limit Tests on the test hole
samples are alse summarized on the test hole logs
on Figure 10. The resuits of the Proctor compaction
density tests are summarized in Table 6 and on
Figure 11. The Atterberg Limit Tests which specif-
ically correspond to the compaction tests are also
summarized in Table 6.

The Atterberg Limit Test results and the Proctor
compaction tests indicate that there are basically
two main soil types; a medium plastic clay with lig-
uid Himits in the 40 to 50 percent range and plastic
limits in the range of 15 to 18 percent. The other
group is a highly plastic clay with liquid limits in
the range of 50 to 70 percent and plastic limits in
the range of 19 to 24 percent. The results of com-
paction tests corresponding to the two main soil
types indicate that the maximum dry density and
the optimum water content for the medium plastic
clay was in the range of 16.8 kN/cu.m and 18.4 per-
cent respectively, and for the highly plastic clay,
15.6 kIN/cu.m and 22.5 perceit respectively.

The variability in the backfill soil type creates
some difficulty in assessing whether there is a
change in the quality of the clay backfill if the
assessment is nade on the basis of comparison of
water contents and backfill density values, or
whether the difference is due to different soil types.
For example, an apparently higher water content
which implies a lower strength may not necessari-
ly be a correct correlation if the clay is highly plas-
tic, since a higher water content can be associated
with the same strength that would be obtained for a
lower plastic clay with a lower water content.
Conseguently, comparison of the backfill density to
the standard Proctor density values can onty be
made if similar soil types are compared. This
means that backfill densities must be compared
with Proctor tests undertaken on the same samples,
or that other classification tests such as Atterberg
Limit Tests indicate that the soil types are similar
so that comparisons are valid.

Some comparisons of the change in quality of the
backfill soil can be made on the basis of indirect
evidence obtained from soil strength tests such as

Table 4. Big Mountain
Creek culvert -
Suggested Design Values
Jor Moduli of Elasticity
and Deformation.
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Table 5. Bald Mountain
Creek culvert - Atterberg
Limits.

Tuble 6. Bald Mountain
Creek culvert -Summary
of Proctor Compaction
Tests and Atterberg
Limits.

Sample  Sample Dapth Liquid Plastic  Plasticity
Location™ Number Limit Limit . Index
{m} (%) {2} ()
Test Holes
TH-1 ua 2.1 487 17 31.2
TH-1 us 3.4 i85 19.9 18.6
TH-1 ut7 7 43.8 19.6 24.2
TH-1 uza 0.7 55.7 203 354
TH-2 uz4 9.1 70 242 45.8
Test Pits*
28-3.66N §.8°* 61.3 20.4 40.9
1.8 (above culves
34.1-0.98 cfown) 41.6 15 26.6
27 7-14.08 0.6-1.2** 405 17.3 23.2
43.6-3,66N 2.9 50.8 18.1 32.7
43.6-2.13N 0.5 47 17.8 29.2
0.3-0.9 (above
43.6-0 culvert crown) 478 19.2 28.6

* Bample location - 28-3.66N indicates that the soil sample was taken at S
28m, 3.6Gm north of the centreline of the culvert. Depths are below cubve
crown, unless otherwise indicated.
** Depth below crown of culvert for samples in test pits.

means that backfill densitics must be compared
with Proctor tests undertaken on the same samples,
or that other classification tests such as Atterberg
Limit Tests indicate that the soil types are similar
s0 that comparisons are valid.

Some comparisons of the change in quality of the
backfill soil can be made on the basis of indirect
evidence obtained from soil strength tests such as
the unconfined compression tests and pocket pen-
etrometer tests. The unconfined compression tests
were undertaken in the laboratory only. The pock-
et penetrometer tests were undertaken in both the
field and the Iaboratory on the ends of the tube
samples.

The results of the pocket penetrometer tests (PP)
taken in the field, and the unconfined compression
tests and the pocket penetrometer iests done in the
laboratory, are summarized in Table 7 and on
Figure 10 for the test holes. The results of pocket

penetrometer tests undertaken on the soil samples
adjacent to the culvert are shown on Figures 12 and
13. Since the investigation was undertaken in mid-
April, the soil adjacent to the inside of the culvert
could be frozen and this could also apply for por-
tions of the test holes near the culvert, and the test
pits adjacent to the culvert. Consequently, the
pocket penetrometer tests resulis on the frozen soil
will be larger than for unfrozen soil. Pocket pen-
etrometer tests done in the laboratory and the
unconfined compression tests are not affected since
the tests were done on thawed samples.

The maximum extent of frost penetration in Grande
Prairie typically occurs in March, and thawing typ-
ically commences in April. The specific condition
in mid-April at the time of drlling is uncertain, but
very likely much of the backfill extending about
1.5 to 2 m behind the culvert wall was still frozen.
Some thawing may have commenced for a rela-
tively thin zone of backfill immediately behind the

Sample* Depth*{m) Max. Dry Optimum Liquid Limit  Plastic Limit Plasticity
Moisture
Location Density kNim®*  Content (%) {%) [%) Index (%}
43.6-3.66N 29m 18.73 185 50.8 18.1 327
43.62,13N 08 m 16.81 18.8 47 17.8 29.2
0.3-0.8m
above cuivert
436-0 crown 16.73 18 478 19.2 28.8
28.0-3 66N 58m 15.52 23 613 20.4 40.9
15.9-3.665 43m 15.82 21.7
1.8 m above
34.1-0.95 culvert crown 17.08 16.5 416 15 26.6
27.7-14.05 0.6-1.2m 17.38 155 40.5 17.3 23.2

*Sample Location - 43.6 - 3.66N indicates that the soil sample was taken at Station 43.6 m, 3.66 m north of the
centreline of culvert, at a depth of 2.2 m below the crown of the culvert.

*Depth below crown at culvert.

- . _____________________
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these test holes measured with the pocket pen-
etrometer in the field were mostiy larger than the
maximum measurable strength of 216 kPa, given in
Table 7 and on Figure 10. The shear strength mea-
sured from the unconfined compression tests and
pocket penctrometer tests in the laboratory were
generally similar, and typically were about 150 to
200 kPa. It was concluded that the general clay
backfill located far enough away from the culvert
was compacted adequately during construction,
and at the time of drilling had not changed much
since construction.

The condition of the compacted clay backdill clos-
est to the culvert is of interest since it is the condi-
tion of this backfill which governs the performance
of the culvert. Test Holes 1 and 2 are located 0.22
and 0.38 m respectively from the spring line of the
culvert at the closest point. The central portions of
these test holes which are directly opposite the cul-
vert can be considered as being the culvert clay
backfill adjacent to the culvert, although the test
holes are not as close as the test pits. In view of the
close proximity of these test holes to the cuivert,
probably most, if not all, of the soil samples within
the height of the culvert were frozen. Consequently
the results illustrated on Figure 10 of pocket pen-
etrometer tests taken in the field on the ends of the

E.
Z

frozen tube samples will overestimale the shear
strength. Within the height of the culvert, the only
shear strength values that can be accepted with
confidence are the values determtined from uncon-
fined compression tests on the thawed tube samples
in the laboratory, and the corresponding laboratory
pocket penetrometer test results.

The shear strength values in Test Holes 1 and 2 are
evaluated, bearing in mind the preceding consider-

A

PRY DO
i

Figure 10. Bald
Mountain Creek culvert -
Soil stratigraphy, loca-
tion of culvert and test
resuits.

Figure 11. Bald
Mountain Creek culvert -
Standard Proctor
Compaction test resulls.
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Sample Sample Depth** Sail SHEAR STRENGTH Water Dry Wet

Location Number m Type Pelﬁ?z::eterumonﬁned Co;llenl Unit Unit
Yo Weight Weight

kPa kPa KN/m® KN/m®

Test Holes
TH-1 3 2.1 Clay 216+ 230 16.8 18.03 2107
Us 3.4 Clay 216+ 69 17.1 15.80 18.51
Us 4.6 Clay 158 58 23.0 15.44 18.99
ul4 6.1 Clay 105 81 24.3 16.46 20.47
ury 7.0 Clay 216+ 28 157 18.69 21.63
u22 8.5 Clay 154 32 17.5 15.80 18.57
29 10.7 Clay 168 67 283 14.89 19.10
TH-2 U13 53 Clay _— 145 16.1 17.25 20.03
uie .76 Clay 202 926 16.8 16.67 19.46
U224 9.1 Clay 154 28 26.4 15,25 19.28
Ti1-3 u3 4.3 Clay 154 76 20.3 17.07 20.55
Us 7.3 Clay 197 221 186 17.36 20.58
U7 104 Clay — 192 24.4 15.46 19.23
TH-4 U3 4.3 Clay 216+ 268 17.0 17.78 20.80
U5 73 Clay 216+ 196 15.4 18.08 20.88
u7 10.4 Clay 216 132 21.9 15.99 19.50
Test Pits Adjacent to Culver
15.9-3.665% Lo Clay 48 26 302 14,28 18.58
(0-0.3}

Table 7. Bald Mountain 53.4-3.665% aﬂ;;; Chay 34 29 26.0 15.40 19.39

Creek culvert - Summary

Of undrained  shear *Sample Location - 15.9 - 3.663 indicates that the soil sample was taken at Station 15.9 m, 3.66 m sowth of the
strength fmm unconﬁned centreline of the culvent, at 2 depth of 4.3 m below the crown of the culvert.
- **Depth below top of ground surface
compression lests and ++#Depth below cromn of culvert
pockef  penefrometer
tesis.

pocket penetrometer test results.

During drilling of Test Hole 1, free water was
observed at the 5.2 m depth which essentially cor-
1esponds to the 2:00 o’clock position, and as a

The shear strength values in Test Holes 1 and 2 are
evaluated, bearing in mind the preceding consider-

ations. The undrained shear strength results mea-
sured with a pocket penetrometer in Test Holes 1
and 2 are shown on Figure 10 and these were gen-
erally larger than the maximum measurable value
of 216 kPa, but most of these tests were likely on
frozen soil within the zone extending from the
crown to the invert of the culvert. The major
exception occurred in Test Hole 1 at a depth of
approximately 5 m below the ground surface and
opposite the 2:00 to 3:00 o’clock position. In that
location the undrained shear strength values from
the pocket penctrometer ranged from 70 to 120
kPa. The lower results mean that either the ground
was not frozen or that the amount of freezing did
not affect the strength of the soil significantly.

result the ground was not frozen in this arca,

The shear strength obtained from unconfined com-
pression tests in the laboratory on thawed tube
samples from Test Holes 1 and 2 is given in Table
7 and also shown on Figure 10. The shear strength
in Test Hole 2 was about 100 kPa and generally
ranged from 52 to 88 kPa in Test Hole 1. These
shear strength results are significantly smaller than
that obtained from the pocket penetrometer tests on
the frozen soil. The shear strength measured in
Test Holes 1 and 2 is also significantly smaller than
in Test Holes 3 and 4, and this provides evidence of
a reduction in the quality of the compacted backdill
adjacent to the culvert.
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location of the test pits is shown on Figure 9 and
each test pit is identified by the distance (Station)
from the western end of the culvert. Test pits were
excavated at Stations 15.9 m, 28.0 m, 43.6 m, and
53.4 m. A larger emphasis is placed on the test pits
at Stations 28.0 m and 43.6 m since these test pits
had the greatest depth of fill on the culvert.

Testing in the test pits consisted of taking pocket
penetrometer (tests and water comntent samples,
starting directly behind the culvert wall, and along
radial lines from the culvert walls at intervals of
about 150 mm from the culvert wall fo a maximum
distance of 900 mm. The shear strength results
observed from the pocket penetrometer tests and
the water content results are summarized on
Figures 12 and 13. Since there is some variability
of the type of clay backfill, samples were taken

from several locations adjacent to the culvert to
determine the Proctor density resuits and the results
are given in Table 6. The location of the Proctor
test samples is given in Table 6.

The compacted clay backfill adjacent to the inside
of the culvert walls was frozen since the test pits
were excavated in mid-April. Some thawing of the
frozen ground could have been occurring during
test pit excavation, depending on the length of time
that the test pit was open. The test pits could not be
left open long enough to allow complete thawing
because of the need to complete the remedial work
prior to the spring flood. Consequently, the pocket
penetrometer tests were undertaken on backfill
which could range from being frozen, partially
frozen, or thawed. Unfortunately, unless there is
specific evidence to the contrary, it is necessary to

Figure 12, Bald
Mouniain Creek culveri
- Summary of strength
and water contents
adjacent to the culvert
for Sta. 15.9 m and Sta.
28.0 m.
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Figure 13. Bald
Mountain Creek culvert
- Summary of strength
and water contents
adjacent to the culvert
Jor Sta. 43.6 m and Sta.
534 m.
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assume that the pocket penetrometer tests overesti-
mate the shear strength. The exceptions to this
assumption are considered below,

The results given on Figures 12 and 13 for the test
pits adjacent to the cuivert indicate that even if the
soil is frozen or partly frozen, the undrained shear
strength obtained from the pocket penetrometer
was less than for the unfrozen soil in Test Holes 3
and 4. The undrained shear strength from the pock-
et penetrometer tests on Test Holes 3 and 4 was
generally 200 kPa or larger, while only a few
results in the test pits reached 200 kPa. Most of ihe
results in the test pits were in the 100 to 200 kPa
range, but there are localized areas where the shear
strength was less than 100 kPa. There are other
examples when the shear strength determined from
the pocket penetrometer tests was so low that the

a0 NORTE & %,
aF LK &~

436 n

RORTH

SCALE

1] 0.5 1.0 Melres

{FOR TEST DATA)

clay could not be frozen, or if so, only slightly
frozen. For example at Station 43.6 m, north side,
just above the spring line and at Station 53.4 m,
north side, just below the spring line the shear
strength values measured with the pocket pen-
etrometer at & distance of 150 mm to 450 mm from
the culvert wall were in the 17 and 48 kPa range.

Unconfined compression tests were undertaken on
two thawed Shelby tube samples that were taken at
Stations 13.9 and 53.4 m, south side, at the spring
line within ¢ to 300 mm of the culvert wall. The
results are given in Table 7. The undrained shear
strength at Station 15.9 m was 26 kPa, at a water
content of 30 percent, and the shear strength
obtained from the pocket penetrometer test was 48
kPa. The shear strength for the Shelby tube sample
taken at Station 53.4 m was 29 kPa, at a water con-

L ]
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tent of 26 percent, and the shear strength obtained
with the pocket penetrometer was 34 kPa. These
results indicate that there has been a significant
localized deterioration and reduction in strength.

High water content values given on Figures 12 and
13 may be an indication that the actual shear
strength after thawing will be less. The term high
water content is a relative term. A water content of
about 25 percent for a medium plastic clay with an
optimum water content of about 17 percent may be
relatively high, but for a high plastic clay with an
optimum water content of 23 percent, a water con-
tent of 25 percent is not high. However, within the
range of the type of clay soil used for the backfill,
it is almosi ceriain that regardless of the soil type,
that when the water content is larger than 30 per-
cent, the shear strength is likely to be low. Either
the water content was initially too high to allow
suitable compaction during construction, or there
has been deterioration of the backfill since con-
struction, and the water content has increased. As
can be seen from Figures 12 and 13, water content
values higher than 30 percent were found at sever-
al focalized areas.

Summary of the Conclusions Reached from the

Field and Laboraiory Invesiigations

The field and laboratory results for both the Big
Mountain Creek and the Bald Mountain Creek cul-
verts showed that the compaction of the clay back-
fill constructed in the general vicinity of the cul-
verts was adequate at the time of construction, and
there did not appear to be any significant deteriora-
tion four or five years later. The backfill in the gen-
eral vicinity of the culvert was far enough away so
that the presence of the culveri did not affect the
compaction or cause deterioration of the backfill.
The only location where there was some indication
of deterioration was within the upper 2.5 m below
the road surface and this was due to the normal
process of weathering and frost action. In contrast,
the results have also shown that the quality of the
backfill adjacent to the culvert had deteriorated
considerably in comparison to the general backfill.
A comparison of the general clay backfill and the
culvert clay backfill properties is given in Table 8.
The results obtained from the Big Mountain Creek
culvert indicated that the density of compacted clay
backfill at the end of construction ranged from
about 95 to 100 percent of Proctor density. There
is a good possibility that the density immediately
adjacent to the culvert was less. The density of the
general backfill measured after failure indicated

e Mouniin Crevh Uglvert
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Table 8. Comparison of
the general clay backfill
and deteriorated culvert
clay backfill for both the
Big Mountain Creek and
Bald Mountain Creek
culverits.
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that the density ranged from about 90 to 100 per-
cent of the standard Proctor density, as given in
Table 8. The density of the compacted backfill
immediately adjacent to the culvert for two tests
ranged from 74 to 89 percent of Proctor density,
and this is a substantial decrease. The undrained
shear strength of the general clay backfill was 200
kPa or larger, while the strength of the backfill
immediately adjacent to the culvert ranged from 50
to 70 kPa, again indicating a substantial decrease.

Similar results were obtained for the Bald
Mountain Creek culvert. There are no records
available for the conditions applicable at the end of
construction. The results obtained five years after
constraction indicate that the undrained shear
strength of the general clay backfill was adequate
with a value of about 200 kPa. There was marked
reduction, however, for the backfill near the culvert
where the shear strength values ranged from 50 to
100 kPa, and values as low as 25 kPa were
observed (Table 8).

In a general sense it appeared that a larger portion
of the backfill in the immediate vicinity of the Big
Mountain Creek culvert walls had undergone a
greater reduction in strengih and stiffness, com-
pared to the Bald Mountain Creek backfill. This
general observation should not be surprising since
the Big Mountain Creek culvert failed while the
Bald Mountain Creek cuivert did not fail. The
cause for this is not known but there can be sever-
al factors at work.

Firstly, aithough the backfill for both culverts was
intended to be constructed to the same quality, it is
possible the construction for the Bald Mountain
Creek culvert resulted in better compacted backfifl
adjacent to the culvert. Secondly, as discussed later,
the side pressure on the backfill for the Big
Mountain Creek horizontal elliptical culvert is larg-
er than for a circular, or a vertical elliptical culvert,
and as result, the Big Mountain Creek culvert is
more sensitive to deterioration of the backfill qual-
ity. Thirdly, the exposure conditions for the Big
Mountain Creek culvert were more severe.
Because the thickness of fill on the crown of the
culvert was only 2.2 m it is likely that the backdill
over the crown of the culvert was frozen the full
depth since freezing would occur from the road
surface and aiso from the inside of the culveri. The
depth of backfill was larger over the crown of the
Bald Mountain Creek culvert.

Deformation of the Culvert

Allowable Culvert Deformation

The maximum deformation that circular culverts
can sustain prior to collapse has been determined
experimentally to be about 20 percent of the diam-
eter of the culvert. The normal design procedure
used by the culvert manufacturer at the time that
the two culverts were designed was to use a factor
of safety of four to limit the maximum allowable
deformation of circular culverts to 5 percent of the
diameier. For the Big Mountain Creek culvert, the
maximum allowable 5 percent deformation is 380
mm for an equivalent circular culvert with a diam-
eter of 7.6 m.

A few years after the Big Mountain Creek culvert
was installed it was recognized by culvert manu-
facturers that the 5 percent deformation criteria was
not valid for horizontal elfiptical culverts, and also
that the deformation should be calculated on the
basis of the minor axis. The culvert manufacturer
recognized this design limitation and, at some time
before the culvert had failed, their design method
was modified. The culvert manufacturer arbitrari-
Iy limifed the allowable deformation to 1.5 percent
of the minor axis, which, for the Big Mountain
Creek culvert, is 92 mn1.

Estimated Culvert Deformation From Compacted
Backfill Properties

The principal design approach adopted by the cul-
vert manufacturer for the Big Mountain Creek and
the Bald Mountain Creek culverts was largely a
semi-empirical but a recognized method at the time
that the culverts were constructed. The culvert
manufacturer used this method to design the cul-
verts and to estimate deformations. The critical
backfill property for the empirical design approach
used by the culvert manufacturer was the modulus
of subgrade reaction which is relaied to the modu-
lus of elasticity of the soil in a manner as suggest-
ed by Meyerhof and Baikie (1963). The modulus
of elasticity assumed in the culvert manufacturer’s
design was E = 62 MPa and this resulted in an esti-
mated deformation of 58 mm. The method used for
calculating the deformation of a culvert with a shal-
low soil cover was that proposed by Meyerhof
(1966).

As described previously, laboratory tests were
undertaken on samples of the Big Mountain Creek
culvert clay backfill to determine values of the
modulus of elasticity, and these results are given in
Table 4. The estimated culvert deformation was
recalculated, using the manufacturers design
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approach, but for values of the modulus of elastic-
ity and the modulus of deformation given in
Table 9,

For the cyclic live load caused by the trucks travel-
ling over the culvert and for E, = 170 MPa, the esti-
mated deformation was 4 mm for the general back-
fill that would have been present at the end of con-
struction (Table 9). However, for the deteriorated
backdill adjacent to the culvert at the time of culvert
failure, B, = 35 MPa, and the corresponding esti-
mated deformation was 22 mumn (Table 9).

The estimated deformation of the culvert caused by
the weight of the culvert backfill on the culvert at
the end of construction, based on the measured
secant modulus of 35 MPa was 82 mm (Table 9).
The deformation of 82 mm is 1.3 percent of the
minor axis of the culvert, and is less than the allow-
able value of 1.5 percent. The 82 mm deformation
is in the same range as the 58 mm deformation esti-
mated using the manufacturers design.

The estimated long term deformation based on the
Tong term modulus of deformation of 5.3 MPa for
the general backfill is about 500 mm, which repre-

R EHE SR TR E TR <l

o

Figare 14, Big Mountain
Creek culvert -
Deformation of top of
culvert prior to failure.

Table 9. Big Mountain
Creek culvert -
Estimated deformation
of top of culvert for sug-
gested design values for
moduli of elasticity and
deformation of the clay
backfill.
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sents 8.2 percent of the minor axis of the culvert.
The estimated long term deformation based on the
long term modulus of deformation of 2.4 MPa is
about 1,100 mm, which is 18 percent of the minor
axis of the culvert.

It must be recognized that the use of a semi-empir-
ical elastic analysis to estimate the culvert defor-
mation can give relatively reasonable values for
small deformations providing that realistic values
of E are used. The use of the same analysis that
results in estimating large deformations of 500 and
1100 mm is not valid, and the estimated deforma-
tions are not meaningful except as an indication
that large deformations wiil occur. The estimated
large deformations do serve the purpose of demon-
strating that the allowable culvert deformation of
1.5 percent (92 mm) will be exceeded because of
the deterioration of the clay backfill.

It should be recognized that the estimated deforma-
tions are based on the assumption that the modulus
of elasticity selected is applicable for the full extent
of the zone of backfill stressed by the culvert. The
lower values of the modulus are applicable for the
backfill near the culvert, and since the stressed
zone of backfill further from the cnlvert is not as
weak, the corresponding modulus will be larger,
Consequently, deformations estimated on the basis
of the lower modulus for the backfill zone immedi-
ately adjacent to the culvert will likely overesti-
mate the actual deformation.

Actual Measured Culvert Deformation

The deformation of the Big Mountain Creck cul-
vert was measured for four consecutive days before
the culvert collapsed, with the last set of observa-
tions taken on the same day the culvert collapsed.
The measurements were made inside the colvert by
surveyors using a boat and the clevation of the
inside of the crown of the culvert was measured.
The observations were not taken exactly at the
crown but instead were made on the sets of the
bolts along the seams located close to the crown.
Since the crown of the culvert had hecome almost
flat just before failure, as indicated on the pho-
tographs in Figures 3 and 4, the error in assuming
that the bolts located near the crown were at the
same elevation as the crown is small relative io the
total deformation that was observed.

The deformation of the crown of the Big Mountain
Creek culvert is illustrated on Figure 14. The cul-
vert deformation was measured inside the cuivert at
the crown at 34 locations. Figure 14a shows the

approximate profile of the culvert at the end of con-
struction and the profile of the deformed culvert
just before failure. The deformation profile of the
culvert is shown to more detail on Figure 14b, As
can be seen, the maximum deformation occurred
approximately at the mid-point of the road side
slope, and the deformation was larger at the
upstream end of the culvert. The maximum defor-
mation also corresponds closely to the location
where the gauge of the culvert structural multi-
plates changes from No. 1 Gauge (7 mm thick) to a
thinner No. 3 Gauge (6.2 mm thick).

More specifically, the maximum deformation
occurs about 1 to 2 metres just before the transition
from the heavier No. 1 Gauge multi-plate sections
to the slightly lighter No. 3 Gauge sections, and
this occurs at a location where the soil cover on the
culvert is less. The increased deformation near the
ends of the culvert where the soil cover is less may
be an indication of the “end or face effects” as
noted by Byrne (1990). Near the ends of culverts,
the confining soil restraint is low but the thrust can
still be large, and these circumstances may lead to
buckling near the end of the culvert.

The measured deformation of the top of the culvert
just before failure as shown on Figure 14 ranges
from a maximum of 860 mm near the upsiream
end, to about 650 mm along the middle section of
the culvert, and then to another maximum of about
750 mim near the downstream end. The deforma-
tions of 650 mm and 850 mm are 10.7 and 13.9 per-
cent respectively of the 6.1 m height of the culvert.
These deformations far exceed the original estimat-
ed deformation of 58 mm, and also exceed the
allowable deformation.

The deformation estimated for the heavy gauge
multi-plates in the middle section of the culvert
using the original design method, but using the
long term loading modulus corresponding to the
weak clay adjacent to the culverf, was 1,100 mm
(Table 9). As stated previously, the elastic method
of analysis for estimating the deformation is not
valid for such large deformations except as an indi-
cation that the deformation will be large. In fact,
the actual measured deformations of 650 to 850
mm are large, and are similar to the estimated val-
ues.

After the failure of the Big Mountain Creek culvert,
surveyed observations of the possible deformation
inside the Bald Mountain Creek culvert were
undertaken. Observations were taken in September
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of the year that the Big Mountain Creek culvert
failed, and again in March of the following spring.
The results of the observations were not conclusive
but the results did not appear to indicate that large
deformations were occurring during that period.
The backfill would have been frozen in March so
that it should be expected that most of the defor-
mation would occur following spring thaw when
the backfill is probably at its weakest. The owner,
however, made the decision in ihe spring that reme-
dial measures, which included removing the clay
backfill, would be undertaken during the same
spring. As result no further deformation observa-
tions were taken.

Possible Cause of the Culvert Failure and the
Method of Failure

Method of Failure

The manner in which a culvert fails by deformation
has been described clearly by Spangler and Handy
(1973). The deformation failure description is
given below and is illustrated on Figure 15.

A flexible culvert will deform under the vertical

ackiill load, with the vertical diameter decreasing
and the horizontal diameter increasing. The out-
ward movement of the sides of the culvert against
the backdfill develops the passive resistance of the
backfill soil which acts horizontally against the cul-
vert. The horizontal passive backfill resistance
keeps the actual deformation of the culvert consid-
erably below the amount the culvert would deform
if loaded by the backfill, but without lateral sup-
port.

The culvert deformation described above continues
as the backfill is increased until the top of the cul-
vert becomes approximately flat. (The vertical
deformation of the culvert can also continue if the
passive lateral resistance decreases due to deterio-
ration of the backfill, even if the amount of vertical
backfill on top of the culvert remains constant).
Additional backfill may then cause the curvature of
the top portion of the culvert to reverse direction,
and the top may become concave upward.

When reverse curvature occurs, the stdes of the cul-
vert will pull inward since the total circumferential
length of the culvert is constant. As the sides
deform inwards, the side support of the culvert will
be eliminated, since the passive forces cannot fol-
low the inward movement. The deformation of the
culvert will proceed as rapidly as the soil backfill
can follow the downward movement of the top of
the culvert and exert pressure on the top of the cul-

vert. Finally, complete collapse and failure may
occur. The entire large deformation change is
accompanied by high bending moments in the cul-
vert wall.

The stage at which the vertical deformation is suf-
ficient to cause flattening of the top of culvert and
reverse curvature begins may be very unstable, and
the subsequent deformation resulting in failure may
occui veiy rapidly. This type of failure is called a
“gsnap-through” failure, The failure of the Big
Mountain Creek culvert was probably of this type
since failure occurred between about 5:00 pam. to
10:00 p.m. on the same day that the final set of sur-
vey observations were taken.

The information available from the photographs,
such as those shown on Figures 3, 4, and 5, taken
of the Big Mountain Creck culvert before and after
failure, and the measured deformations given on
Figure 14 indicated that the culvert probably failed
by excessive deformation similar to the manner
illustrated on Figure 15. High horizontal pressures
were transmitted to the compacted clay backfill
along the sides of the culvert as the cuolvert
deformed vertically. Compacted clay backfill mate-
rial tends to deform with time under these horizon-
tal pressures, and because of the deterioration of
the quality of the backfill with time, the amount of
deformation increased. This behavior resulted in
downward deflection of the crown of the culvert.
Ultimately, plastic hinges developed in the steel
walls of the culvert due to the excessive deforma-
tion and complete collapse occurred. Providing that
the deformation is symmetrical about the centreline
of the culvert, plastic hinges will form near the
10:00 and the 2:00 o’clock positions on the culvert.

Figure 15. Stages during
the deformation of a
flexible culvert,
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Lateral Soil Bearing Pressures for Elliptical
Culverts

Horizontal elliptical culverts develop high seil
pressures at the sides, higher than circular culverts,
and the side pressures can be significantly higher
than the vertical backfill pressure on top of the cul-
vert. Measurements of the soil pressures on a large
diameter culvert by Lefebvre et al. (1976} demon-
strated that the pressures at the spring line were 2
to 3 times larger than the pressure on the top of the
culvert. For the dimensions of the Big Mountain
Creek culvert, it was estimated that the side pres-
sure at the spring line due to the dead load of the
backfill was 200 kPa, and the side pressure due to
the dead load plus the live load was 240 kPa.

The bearing capacity factor for the clay soil at a
depth corresponding to the spring line is approxi-
mately 7. When the applied soil pressure just bal-
ances the ultimate bearing capacity, the factor of
safety against bearing failure is 1.0. For a factor of
safety of 1.0, the corresponding undrained shear
strength for the applied bearing pressure of dead
load, and the combination of dead load plus live
load, is 200/7 = 29 kPa and 24{(/7 = 34 kPa respec-
tively. This means if the soil shear strength is 29 or
34 kPa, bearing capacity failure will occur, and the
culvert side walls will deform readily outward
because of the poor soil resistance.

In fact, even before the shear strength decreases
towards the above low values, deformation of the
culvert will increase as the soil yields even though
bearing failure does not occur. It has been shown
previously that the undrained strength of the clay
backfill was as low as 25 kPa, and strength values
in the range of 50 kPa occurred in localized areas.
Clay backfill with these low strength values would
have caused lateral yielding and this provides fur-
ther confirmation of the culvert failure by exces-
sive deformation as a result of the deterioration of
the clay backfill.

Possible Cause of Culvert Failure

H is believed that the canse of the Big Mountain
Creek culvert failure was due to the use of a clay
backfill around the culvert which deteriorated with
ttme, It is also believed that if a compacted granu-
lar backfill was used, failure probably would not
have occurred. A possible explanation of the man-
ner in which the clay backfill deteriorated is
described in the following paragraphs.

The general clay backfill that was initially com-
pacted with heavy construction equipment had suf-
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ficient strength and stiffness to adequately support
the culvert. The clay backfill immediately adjacent
to the culvert wall was probably not compacted as
well, but the compaction was initially adequate
since the culvert functioned adequately for four
years. While theoretically it is possible to compact
the clay backfill immediately adjacent to the cul-
vert as well as the general fill, it is not practical to
achieve the same density under normal construc-
tion practice in an economically acceptable man-
ner. The cost of achieving the same degree of com-
paction adjacent to the cuivert as the general back-
fill could exceed the cost of an alternative solution
such as using granular material.

Even if the clay backfill was adequately compacted
adjacent to the culvert, weakening and deteriora-
tion would probably have still occurred for the Big
Mountain Creek culvert, and failure may still have
occurred, but would have taken longer.

The clay used for the backfill is heavily over-con-
solidated insitn and can be very dense. One of the
consequences of such overconsolidated clay is afier
the clay is pulverized as part of the process of
undertaking a laboratory compaction test, the
amount of compactive effort used during a standard
Proctor compaction iest may not be adequate to
obtain a density as large as the insitu density of the
naturally occurring material. This is not necessari-
ly a major concern, provided that the strength and
the compressibility of the compacied clay are ade-
guate for the proposed engineering application.

One of the concerns with the clay backdfill has been
described previously for the Big Mountain Creek
culvert. Test pits excavated in the general clay
backfill revealed that the compacted clay backfill
had a noticeably blocky structure. It was evident
that the compaction process had not completely
pulverized the very dense tumps of clay obtained
from the clay borrow area. The consequence of the
blocky structure is that the compacted clay backfill
is not homogenous and is composed of a matrix of
hard clay lumps with less compacted clay soil
between the hard lumps, and may even contain
some voids. The blocky clay structure is not unusu-
al for stitf heavily overconsolidated clay soil.

The problem that can arise is that the compacted
clay backfill with a blocky structure may not he
detected during the normal field density testing,
and that the nature of this type of backfill can
change with time. This condition may not be
detected during normal field devsity testing
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because the average density of ihe matrix of very
dense hard lumps and the less compacted clay
between the lumps can still be comparable to the
maximum density obtained in the laboratory on the
pulverized seil, resulting in the conciusion that the
backfill is well compacted.

The conclusion that the compacted backfill with a
blocky structure is adequately compacted was ini-
tiaily justified since the compacied backfill wiih a
matrix of dense clay lumps can have adequate
strength and low compressibility. The problem that
can arise is that the strong matrix of dense clay
lumps can deteriorate with time under certain cir-
cumstances. Furthermore, if the general backfill
which was compacted with normal heavy com-
paction equipment has a blocky structure, it should
be expected that the backfill immediately adjacent
to the culvert will likely have even a more blocky
structure because of the greater difficulty of com-
paction near the culvert.

The deterioration of the compacted clay backfill
with a blocky structure can occur for several rea-
sons. The matrix of the dense clay lumps will tend
to yield with time towards pockets of the less com-
pact clay when subjected to load, either from self-
weight of the soil or to due to applied pressure. If
the less compacted clay has a higher water content
than the dense clay lumps, the coverconsolidated
clay lumps will tend to absorb some of the water,
and become softer and yield. The above yielding
process is accelerated and enhanced if the com-
pacted soil is subjected to freeze-thaw cycles. If
free water seeps into the compacted clay backfill
with a blocky structure, the additional water com-
bined with exposure to freeze-thaw cycles, will
increase the degree and rate of softening signmifi-
cantly.

Both the Big Mountain Creek and the Bald
Mountain Creek culverts were subjected to high
floods after construction with the culverts running
full of water. Water ponded upstream of the access
roads during the floods and almost over-topped the
roads. As a result, water was probably forced
through the culvert seams into the clay backfill
behind the culvert walls, and into the backfill above
the crown of the culvert. The water filled any voids
between the culvert walls and the backfill, as well
as voids in the backfill. Much of this water
remained in the backfill after the flood waters
receded.

The excess water in the backfill would cause soft-

ening of the clay and closing-up of voids. The real
damage would occur during the subsequent freeze-
thaw cycles as a result of the frost penetration from
instde the culvert. Because of the thin soil cover
over the crown of the Big Mountain Creek culvert,
freezing would occur from both the inside of the
culvert and from the top of the road surface. The
net result of the freeze-thaw cycles is that much of
the backifill adjacent to the culvert walls which ini-
tially supporied the culveri walls adequately
became weak and yielded.

Sufficient evidence has been provided in this arti-
cle which demonstrates that the compacted clay
backfill adjacent to the culvert had weakened con-
siderably and the water content had increased sig-
nificantly. Laboratory tests also demonstrated that
the compacted clay stiffness property is time
dependent, and with sufficient time and the appro-
priate circumstances, the stiffness can be reduced
very significantly. Eventually, the backfill yielded
sufficiently, and the Big Mountain Creek culvert
failed.

It is believed that the problem of the backfill yield-
ing would not have occurred if the backfill adjacent
to the culvert consisted of a well compacted free-
draining granular material. Placement and com-
paction of granular backfill immediately adjacent
to the culvert walls would have been easier to
achieve than placing and compacting a clay soil.
The properties of a well compacted granular back-
fill will not change much when saturated with
water, unfike a clay backfill. Furthermore, free-
draining granular backfill within the zone of frost
penetration will not deteriorate much with time, or
during exposure to freeze-thaw cycles. Although
the granular material can become saturated during
flooding, the water will drain so that loosening due
to water expansion upon freezing will not likely be
problem. Granular material with fines should not
be used since ice lenses and heave could develop.

The clay backfill for the Bald Mountain Creek cul-
vert was replaced 20 years ago with granular back-
fill, together with some other remedial measures,
and the culvert has performed well since.

Summary and Conclusions

1. Two large diameter multi-plate culverts were
constructed in 1972 beneath a forestry haul
road using clay back{ill,

2. About four years after construction, the Big
Mountain Creek culvert deformed severely and
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collapsed in a snap-through manner.

3. Deformation of the crown of the culvert was
measured just before the collapse of the culvert,
The upper range of the measured deformations
was between 650 and 350 mm which are 10.7
and 13.9 percent respectively of the 6.1 m
height of the culvert. These deformations far
exceed the original estimated design deforma-
tion of 58 mm, and exceed the allowable defor-
mation.

4. The owner of the forestry road also became
concerned about the safety of the Bald
Mountain Creek culvert. Although the mea-
sured culvert deformations were not sufficient
to suggest that the culvert might collapse in the
near future, the owner decided to undertake
remedial measures since the forestry haul road
crossing the culvert was critical to the owner’s
operations. The remedial measures consisted of
excavating the clay backfill and replacing with
a compacted pranular backfill, together with
some structural strengthening of the top of the
culvert. The culvert has performed well for the
past 20 years.

5. The failure of the Big Mountain Creek culvert is
believed to be caused by the weakening and
softening of the clay backfill with time. Data
obtained from the clay backfill of both culverts
indicated that a significant deterioration of the
clay backfill had occurred subsequent to con-
struction. Unfortunately, information on the
actual condition of the upper backfill for the
failed Big Mountain Creek culvert could not be
obtained since the backfill was washed away
after the failure of the culvert.

6. The deterioration of the clay backfill is believed
to be caused by a combination of several fac-
tors. The compacted clay backfill was found to
have blocky strucfure, with a matrix of hard
dense lumps of clay, surrounded by soft clay or
possibly even voids between the hard lumps.
The combination of water seeping through the
culvert seams during spring flood conditions
and saturating the backfill behind the culvert,
together with freezing of the saturated clay
backfill during the winter seasons resulted in
severe deierioration of the compacted clay,
caunsing sufficient yielding to result in the cul-
vert collapse.

7. The amount and the rate of deterioration of a

clay backfill will depend on the circumstances
applicable at each culvert location. In some
cases the clay back{ill may perform adequately
for a long time while in other cases deteriora-
tion may be quite rapid. Clay material is inher-
ently more likely to change with time when
exposed to deteriorating conditions compared
to granular material for the same conditions.

8. It is believed that if a well compacted free-
draining granular backfili was used as backfill
around the Big Mountain Creek culvert, failure
would not likely have occurred.
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