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Executive Summary

The 188 culvert crossing of Carrs Creek in Sidney, NY collapsed during the record setting Mid-
Atlantic States Flood of June 2006. Rapid construction with geofoam as lightweight fill enabled
partial reopening of 188 by Labor Day 2006. Shortly after reopening of the roadway, rapid
settlements developed. The geofoam fill was removed and 188 was re-built using lightweight
aggregates. An investigation of the rapid construction failure was completed in 2009. This report
examines the re-construction failure through lab tests, computer models and review of the
previous investigation. Possible causes for the failure were identified and an alternative design
with geofoam is presented. The following are the main conclusions and suggestions for improving
rapid construction practice with geofoam.

Excessive deformation of geofoam was likely caused by the following factors:

More than 30% of the geofoam blocks were of lower than acceptable density.

The compacted earth fill and overlying pavement imposed excessive pressures.

Lack of internal drainage and directed runoff produced increased loading.

Continuous rather than staggered vertical joints were less effective in promoting integral
response of the geofoam fill.

Heavy axle loads and compaction in wet conditions directly above the geofoam surface,
without benefit of a load distribution slab, likely damaged geofoam blocks in the top layer.
Interactions between blocks of different densities led to overstressed zones and localized
creep deformations.

The vertical interface between the compacted soil and geofoam blocks facilitated higher
lateral pressures and greater creep deformations.

The following suggestions are provided to improve rapid construction practice using geofoam:

Limit vertical pressures from dead and live loads to less than 50% of the unconfined
compression strength at 10% strain or stress at 1% strain, whichever is less.

Avoid continuous vertical joints between successive geofoam layers.

Provide a stepped transition between soil and geofoam interfaces placing geofoam blocks
on top and not below compacted soil.

Request the manufacturer to provide in plant quality control data for all supplied blocks
and also weigh blocks to accept or reject on delivery or implement a robust quality
assurance program.

Require full size blocks to meet the specified density as a minimum and not exceed the
specified density by more than 10%.

Specify full lengths (16ft) rather than half lengths (8ft) blocks unless necessary to form
specific shapes or edges.

Provide base and side internal drainage and direct surface flow away from the geofoam
fill area to prevent submersion of blocks and high groundwater levels.

Use a load distribution slab over geofoam surfaces below road lanes or consider installing
geogrids to attenuate stress increments from compaction during construction.

Consider stockpiling geofoam blocks and pre-cast load distribution slab segments as
rolling stock for regular projects and for emergency construction.
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Introduction

This report presents background on the failure of a rapid re-construction of the 188 culvert
crossing of Carrs Creek that collapsed in 2006 and the investigation of the failed re-construction
that followed (1). Field information, test results and conclusions presented in the previous report
are re-examined. This investigation includes re-assessment of the field data, review of test results
and attributed causes for the failure through computer modeling and alternative laboratory tests
to reach different conclusions. Lessons learned from the failure and insights gained from the
investigation are used to provide an alternative design. Suggestions to improve rapid

construction practice with geofoam are provided.

Background

The 188 culvert at Carrs Creek in Sidney, NY; collapsed during the record Mid-Atlantic States Flood
in June 2006 (2). The failure is about 56km (35 miles) northeast of Binghamton (Figure 1). The
9.1m (30ft) wide corrugated metal plate culvert was built in 1974 and had received a rating of 5
out of 7 in the bi-annual NYSDOT survey of 2004. The rating of 5 represents minor deterioration
but was otherwise of acceptable structural and functional grade (3). By the early morning of June
28, the Carrs Creek flood stage rose above the inlet and the culvert collapsed (Fig 2). A truck
heading east and another traveling west fell into the wide trench formed by the culvert failure
and washout of the roadway. Both drivers lost their lives. The 188 section between Sidney and
Unadilla, NY was closed. Delaware County was declared a Federal Disaster Area. Labor Day 2006

was established as the target date for rapid construction and reopening of 188.



Reconstruction

The reconstruction design is shown in plan, section and elevation in Figures 3, 4 and 5 from the
previous investigation (1). The reconstruction featured a segmental 3 sided precast concrete
culvert on H pile foundation. A standard pre-cast concrete section of 12.8m (42ft) clear span was
selected but the required cover of up to 6.4m (21ft) was considered too high. Custom made pre-
cast concrete culvert segments could not be produced within the proposed construction timeline.
Lightweight aggregates, lightweight concrete and geofoam were considered to reduce the
overburden pressure on the culvert to acceptable levels. EPS geofoam of 0.2kN/m3 (1.25pcf)
nominal density was selected. The project material specification required random weighing of
one block per truck load on delivery for quality assurance. Any block in a truck load failing to meet
the nominal density criteria was cause to reject the entire truck load. EPS geofoam was ordered
on August 8 and delivery of 819 blocks began two days later. Installation of 0.9X1.2X2.4m
(3X4X8ft) geofoam blocks began on August 21 and was completed within three days. Geofoam
blocks were placed on soil bedding over the culvert, in 3 layers for 2.7m (9ft) on the eastbound
and 2 layers for 1.8m (6ft) height on the westbound. As specified, the orientation of block axes in
successive layers was rotated. However, the installation featured continuous vertical joints at
2.4m (8ft) spacing in transverse and longitudinal directions (Figure 7). This resulted in separate
columns of 2.4m by 2.4m (8ft by 8ft) dimensions in plan. Due to the urgency of the construction
and to meet the target opening date, a cast in place reinforced concrete load distribution slab on
the geofoam top surface was not provided. Instead, the top surface and edge overhang on the
perimeter of the geofoam fill were covered with a geomembrane barrier. The relatively large

depth of burial of 2.4m (8ft) on westbound and 3.4m (11ft) on eastbound was intended to
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attenuate stress increments on the geofoam from heavy axle loads. The geofoam / compacted
soil separation above the culvert side walls was vertical (Figure 8) rather than stepped as in
previous soil/geofoam interface transitions. The soil fill adjacent and above the geofoam
installation was compacted in wet conditions. Paving of the westbound lanes was completed by
Labor Day and 188 was opened for restricted two way traffic, while work on the eastbound lanes

continued (1).

Settlements

Settlement of the westbound asphalt surface and transverse cracks along the eastbound
compacted fill became evident shortly after 188 westbound opened for two way traffic. The
underlying pre-cast concrete culvert showed no evidence of distress. Settlement observations at
westbound Station 2+913 started shortly after completion of paving. Initially rapid settlements
slowed and gradually reached an accumulated total movement of about 30cm after 10 months
(Figure 9). Much of the initial settlement of the geofoam below the eastbound roadway was not
recorded. This is reflected in the slower rate of initial settlement observations for the eastbound
at Station 2+904). A total of about 45cm settlement developed in only 4 months. The settlement
profile of the eastbound embankment across the culvert also showed initially rapid change and
then slowed (Figure 10). Trucks passing over the culvert produced bouncing movements (1).
Settlements of the compacted soil adjacent to the geofoam and above the culvert sides were
relatively negligible. Paving of the eastbound roadway was delayed after placement of the

compacted soil.
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Supplementary laboratory tests were performed on 2 fresh blocks provided by the supplier and
tube samples recovered from 2 drill holes near the culvert centerline and along the middle of the
eastbound embankment. Consolidation under 72kPa (1500psf) pressure as equivalent to 3.4m
(11ft) of fill produced 21 to 41 percent strain after 2 to 7 days of loading. Two block samples were
trimmed from blocks WB-B-15A-2 and WB-B-15B-1 along the north facing side slope of the
westbound roadway. The same consolidation load applied over 126 days on a sample from WB-
B15A-2 produced 30% strain. The 72kPa (1500psf) pressure is about 65% of the strength at 10%
strain for the specified geofoam and a higher percentage for geofoam blocks of lower density.
The responses of geofoam in constrained and unconfined compression were noted to be
essentially identical (4). The large deformations that developed under sustained loading are
consistent with previous results (5, 6) for 70% of strength at 10% strain loading on the same
geofoam density grade over 2 years. Average densities and strengths for fresh block 1, and
recovered blocks WB-B-15A-2 and WB-B-15B-1 were below values for EPS19 in ASTM D 6817, the
specified grade geofoam. Densities and strengths at 10% strain for the pre-stressed tube samples
met the ASTM D 6817 criteria for EPS19 and the project specification. Two independent
laboratories participated in this first round of pre-removal testing. Isolated detection of the
geofoam top and base movements with expanding anchor Borros points identified the geofoam
fill as the primary cause for the deformations observed at surface. Feedback and technical
guidance from FHWA and industry sources (1) were unclear. A decision was made to remove and

replace the geofoam and overlying compacted soil with lightweight aggregates.

12



Removal

On removal of the pavement and compacted soil, the geomembrane barrier over the surface of
the geofoam became exposed. The geofoam top surface was sloped towards the roadway and
culvert centerlines as a bowl shaped depression. Blocks uncovered from under low fill heights
along the side slopes were less deformed than blocks below high fills under the roadway (Figures
11 and 12). There was perched water in the bowl shape above the geomembrane and pooling
below the geofoam and above the culvert surface (Figures 13 and 14). As the geomembrane
cover was removed, the exposed geofoam top surface and side overhang were clean (Figure 15).
The location, weight and dimensions of 177 blocks were recorded following a labeling convention
(Figure 16). A subset of 48 blocks were again weighed and measured after drying. These 48 blocks
were stored in a warehouse for further testing and evaluation. Table 1 is a summary of exhumed
block weights and dimensions. Two blocks, one from the top layer of the eastbound (EB-T-7D1)
and the other from the bottom layer of the westbound (WB-B-9B3) were selected for detailed

testing. All other blocks were moved to a storage yard (Figure 17).

Further Tests

Samples from exhumed blocks EB-T-7D1 and WB-B-9B3 were tested in four independent
laboratories (1). Based on over 100 density and unconfined compression tests, in accordance
with ASTM D 1621 and 1622, the exhumed blocks met requirements of the project specification.
However, the results indicated the strengths at 1% strain were lower than values provided for
EPS19 in ASTM D 6817. The strengths at both the 5% and 10% strain were accepted to be in

conformance with the ASTM standard. The NYSDOT specification did not have a 1% strain
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criterion. The investigation concluded the low strengths at 1% strain, possibly due to high regrind
or recycled content, caused the poor performance of the geofoam and settlements of the
roadway. NYSDOT accordingly revised the EPS geofoam material specification to include a

strength criterion at 1% strain (1).

Re-Investigations

The record of exhumed block locations and measurements were used to develop settlement
profiles and to examine the density range of the installed geofoam blocks. The information on
exhumed blocks was also helpful to compare the two blocked selected for round robin testing
with other exhumed blocks. Precipitation data from weather stations in Sidney (about 3 miles)
and Unadilla (about 1.5 miles from the site) were reviewed to identify occurrences of intense
rainfall during and after construction (Figure 18). Computer model simulations were developed
to represent the compacted soil, geofoam and pre-stressed concrete culvert interactions. Stress
conditions indicated by computer models were applied to laboratory samples to develop further
understanding of the geofoam response and installation effects. Constitutive relations were
modified to incorporate the laboratory findings. Small block models were tested to examine

effects of mixed geofoam densities and joint patterns.

Review of Records

Using the layer plans and nominal block dimensions, the 3D model of the geofoam installation
was developed (Figure 19). The locations of exhumed blocks within the 3D model are as shown.
Also shown are locations of 29% of exhumed blocks that weighed below 90% of the weight for

the specified nominal density. In some locations inferior grade blocks were stacked in the same
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2.4 by 2.4m (8 by 8ft) column. The average deformation and location of exhumed blocks for the
eastbound and westbound sections along the culvert centerline are shown in Figures 20 and 21.
The deformation profiles are concave upward as was the exposed geofoam surface. The largest
geofoam block deformations were below the highest fill zones under the roadways. A ranking of
the top 25 of the largest block deformations shows that the top 72% and 84% of the ranked group
were below the 3.4m (11ft) high fill of the eastbound embankment (Figure 22). The lack of
sensible correlation between large deformation magnitudes and low block densities suggests
interaction effects between blocks of different densities. This is also evident in the plot of average
strains and block weights where values for EB-T-7D1 and WB-B-9B3 are also shown (Fig 23). These
two blocks were selected for round robin testing but were among the least deformed and of
better density than many other exhumed blocks. The number of lower grade blocks would have
been higher with adjustment for weight increase due to wetting, as shown. The adjustment
estimate was based on 1 week emersion tests and allowance for surface area to volume ratio of
the block dimensions. Blocks of lower weight, such as WB-B-15A-2 and WB-B-15B-1 tested in the
supplementary test program before removal, did not meet both the density and strength values
for EPS19 in ASTM D 6817. However, the cause of failure was only attributed to low strengths at
1% strain observed in the round robin test program after removal. Precipitation records from
weather stations closest to the site from 3 days before the start of geofoam installation and
continuing through the post construction period are shown in Figure 24. As indicated in the
previous investigation report, compaction occurred under very wet conditions. Saturation of the
fill and ponding of surface runoff increased total pressures on the geofoam blocks and the

potential for more creep strains, as will be discussed under lab tests below.
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Computer Models

The eastbound and westbound sections of culvert crossings were modeled in FLAC (7) to examine
internal stress distributions. Relying on symmetry, only half of the geofoam fill was represented,
as shown for the eastbound lanes (Figure 25). The geofoam was represented as an elastic
material with 4MPa (0.58ksi) modulus. Material properties for the compacted soil and pavement
are provided in Table 2. The vertical pressure profiles along the base of the geofoam across the
east and, westbound lanes and the lowest level of the median are shown in Figure 26. The width
of the sections extend to reach free field conditions for the embankment loading. The free field
stress for the eastbound was highest because of the largest thickness of compacted soil cover.
Vertical stresses at the base of the geofoam were highest at the centerline and decreased above
the culvert wall. Within the relatively stiffer compacted soil adjacent to the geofoam, vertical
stresses increased above the free field levels due to arching. The vertical pressure profile for both
the east and west bound directions were consistent with the profile of the geofoam top surface
observed in the field and also suggested by the deformation profile of exhumed blocks in Figures
11 and 12. The vertical stress profile along the top and base of the geofoam fill were
approximately the same because the geofoam weight was relatively insignificant. The maximum
vertical stress of 75kPa (1.6ksf) in the eastbound geofoam represents a 45% reduction from the
free field condition for the compacted fill along the geofoam base and 68% of the strength at
10% strain for the specified density geofoam. While the 45% reduction of load on the culvert by
geofoam substitution was very significant and beneficial, the 68% of strength load supported by
the geofoam was too high and should have been of concern. Because of the depth of burial and

vertical interface between the geofoam and compacted soil; the FLAC models indicated lateral
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pressures of up to 30kPa (627psf) likely developed at the geofoam and compacted soil vertical
interface (Figure 27). Inundation of the median after intense rainstorms further increased both
the vertical and lateral total pressures on the geofoam blocks for limited durations. More results

from the FLAC simulations are reported in (8).

Lab tests

Laboratory tests were performed on fresh samples provided by the geofoam supplier and also
on exhumed blocks retrieved from field storage. The tests aimed to examine influences of pre-
strain on initial modulus, effects of confining pressure on geofoam strength and creep behavior
as well as to compare these results with standard unconfined compression results. Additional

tests were performed to observe undrained cyclic loading behavior of geofoam samples.

Figure 28 shows unconfined compression loading and re-loading after large pre-strain of a virgin
sample. The initial modulus in virgin loading was over three times greater than the modulus for
re-loading. Figure 29 shows unconfined compression results for pre-strained samples cut from
highly compressed exhumed blocks. The results indicate the initial moduli for loading in the pre-
strained direction were much lower than for samples loaded in directions transverse to the pre-
strain and for virgin loading conditions. Reduction of initial moduli increase with the level of pre-
strain or pre-loading (9). The density of pre-strained samples were significantly increased by the
permanent pre-strain (Table 3). Blocks EB-T-7D1 and WB-B-9B3 indicated pre-strain of 2.5 to
7.5% in height, based on measured dimensions when exhumed. With allowance for rebounding,
the pre-strain would have been greater than was inferred from measurements after recovery.

The observation of inferior strengths at 1% strain but acceptable density and strengths at 10%

17



strain in the previous study can be attributed to induced anisotropy caused by prior loading

beyond yield.

Both test blocks were of about equal weight and close to the lower bound of acceptable densities.
The pre-straining effect would tend to exaggerate the density estimates of test specimens. The
volume of geofoam produced within a short time was large. Adequate supply of regrind from
plant operations was unlikely to be available to affect the recycled content to an extent that
would have affected 1% level performance. Manufacturers do not add regrind from sources
outside the plant. If representative samples from the full range of block weights were included
in the multi laboratory test program, low strengths at 1, 5 and 10% strain would have been easily

observed for substandard low density blocks.

The poor performance of geofoam blocks was re-assessed in terms of unconfined compression
test results on exhumed samples. Yet, because of the deep burial, continuous vertical interface
between geofoam blocks and the compacted soil side fill as well as periodic high groundwater
levels; the geofoam blocks were subjected to confined compression. Results of unconfined and
confined compression at different constant cell pressure levels on cylindrical geofoam samples
are shown in Figure 30. The results show that strengths at 1, 5 and 10% strain reduced
significantly as confining pressures increased, as was also reported previously (10, 11,12). Figure
31 shows more creep strains developed at the same deviator stress level but with increasing

confining pressures (13).

Cyclic cell pressures and deviator stresses were applied to cylindrical geofoam samples within

triaxial cells. The results shown in Figure 32 represent initial confining pressure followed by cycles
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of deviator stress or cyclic cell pressure. The cyclic load increments caused cyclic deformations
and accumulating strains. The bouncing movements of the roadway surface with passage of
heavy trucks may have been associated with dynamic pore pressure changes during high
groundwater conditions, as in the cyclic load response. The compacted soil surrounding the top
and sides of the geofoam fill was not free draining. Other than a thin geo-composite drain
interface along the culvert side walls and 1.8m (6ft) below the geofoam base, there was no
internal drainage system. An additional contributing factor for development of high groundwater
levels was drainage of surface runoff towards the culvert from both the east and west sides of

the median.

Lab Tests on Multiple Blocks

To examine the effects of mixed densities and connected vertical gaps, compression tests were
performed on two layers of stacked small size blocks. In the first test, six 50mm (2in) cube
samples were stacked in 2 layers of three blocks maintaining continuous vertical gaps. All 6
samples were of the specified 0.2kN/m?3 (1.5pcf) density in one test and of the specified and lower
grade 0.16kN/m?3 (1pcf) density combinations in the top and lower layers in a second test (Figure
33). All samples deformed about equally when the densities were all the same and the interface
between the upper and lower blocks remained horizontal. In the mixed density test, lower
density blocks deformed more than the specified blocks and the initially horizontal interface
between the layers became uneven. Strengths at 1, 5 and 10% strain for the uniform density set
were higher than corresponding strengths for the mixed density set. In repeat tests the three top
layer 50mm (2in) cubes were replaced with two 75mm (3in) wide blocks (Figure 34). For these

tests with two upper and three lower blocks, the vertical joints were staggered and not

19



continuous as required in the specification. The 5 blocks of the specified density deformed
uniformly and the interface between the upper and lower blocks remained horizontal as well.
For the 5 blocks of mixed density, blocks of low density deformed more than the blocks of the
specified density. The interface between the upper and lower blocks was uneven but was less so
than for the 6 block layers with continuous joints. Strengths at 1, 5 and 10% for the 5 blocks mixed
density set were slightly higher than for 6 blocks mixed density. The test results indicate both
density differences and continuous vertical joints degrade the strength and deformation

performance.

The unconfined compression loading of the 5 and 6 blocks by rigid end plates imposed uniform
displacement along the platen interfaces. FLAC models of the rigid boundary and constant
displacement rate conditions also indicated uniform displacement but non uniform boundary
pressures. In the field, the top surface of the geofoam was unevenly deformed locally and with
transverse and longitudinal concave up curvature globally. The field mixed boundary conditions
were simulated in FLAC models of the lab tests, both with and without interface elements in
vertical gaps, and uniform pressure of 75kPa (1566psf) on the top boundary. The mixed boundary
conditions results, as in the field, are shown in Figure 35. Blocks of higher density carried more
load and blocks of lower density deformed more. The top surface of the FLAC models indicate
uneven deformations as observed in the field. High differential pressures that exceed the
pressure applied at the top boundary developed in portions of dense blocks adjacent to low
density blocks (Figure 36). For the 5 blocks with staggered joints, the portion of the weak block
and underlying low density blocks deformed more than the higher density blocks (Figure 37).

Stresses of more than double the applied pressure at the top boundary developed in portions of
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the dense blocks (Figure 38). Hence the non-uniformity in density contributed to development
of internal pressures that exceeded presumed allowable levels for the specified geofoam grade.
Thus depending on the densities of surrounding blocks, edges of individual blocks deformed
unequally as occurred in the field. The maximum, average and minimum heights for acceptable
and below grade blocks were about the same (Table 1). This may be due to interaction effects

and higher density blocks supporting more load.

Simulating Field Settlements

The observed surface settlement profile of the eastbound roadway at three different times are
shown in Figure 39 with computed settlements using different initial moduli and an exponential
stress strain relation (9) to represent both unconfined and confined stress states. The material
properties used in the FLAC simulations are given in Table 2. The first modulus of 6MPa (0.87ksi)
for fitting the lowest deformation level on 11/7/06 is higher than 4MPa (0.58ksi) listed in ASTM
D 6817 for EPS19. The initial modulus of the much larger actual blocks was higher than values
from lab tests on small samples as was also observed in previous field (14) and laboratory (15)
studies. The second and third set of moduli of 0.55MPa (0.08ksi) and 0.375MPa (0.05ksi) are
much lower than the moduli from the round robin testing and account for the combination of
creep, confining pressures, mixed densities and continuous joints over time. Settlements
predicted by using an equivalent modulus of 3MPa (0.44ksi) and unconfined compression, as
implied by the results of the previous study (1), predict maximum settlements of the order of
only 50mm (2in). Whereas, the actual settlements were of the order of 10 times greater.
Confining pressures, creep, mixed densities and continuous joints likely played a part in

producing the large post re-construction settlements of 188.
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Conclusions

Review of field observations, results of lab tests and computer models suggest poor performance
of EPS geofoam for the emergency reconstruction of the 188 culvert at Carrs Creek was likely

caused by a culmination of the following factors:

More than 30% of the geofoam blocks were of lower than acceptable density.

e The compacted earth fill and overlying pavement imposed excessive pressures.

e Lack of internal drainage and directed runoff produced increased loading.

e Continuous rather than staggered vertical joints were less effective in promoting integral

response of the geofoam fill.

e Heavy axle loads and compaction in wet conditions directly above the geofoam surface,

without benefit of a load distribution slab, likely damaged geofoam blocks in the top layer.

e Interactions between blocks of different densities led to overstressed zones and localized

creep deformations.

e The vertical interface between the compacted soil and geofoam blocks facilitated higher

lateral pressures and greater creep deformations.

In Hind Sight

The as built section in Figure 4 and an alternate design are shown in the longitudinal profile of

geofoam and fill above the culvert centerline in Figure 40. Also shown are revised sections along
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the eastbound and westbound roadways in Figures 41 and 42. By reducing the fill height above
the geofoam and adding an additional layer of geofoam for the eastbound, the maximum vertical
pressure has been reduced from 75kPa (1566psf) to 36kPa (752psf) or 33% of the unconfined
compressive strength at 10% strain of EPS19 for all four sections in Figure 43. The median surface
elevation has been raised and the geofoam transition from eastbound to westbound has more
steps so as to direct runoff away from the geofoam area and to provide approximately even
loading across the entire culvert profile. The vertical interface between the geofoam and the
compacted soil has been stepped to reduce confining lateral pressures on the geofoam, Figure
44, The raised geofoam bedding above the culvert is free draining granular fill with perforated
drain pipes along the lowest points above the culvert sidewalls. The granular bedding and
drainage pipes would discharge by the culvert outlet. The free draining fill is separated from the
compacted soil by geotextile filter. For the proposed alternative section, the geofoam surface
below the roadways is capped with a mesh reinforced, poured in place or pre-cast, concrete load
distribution slab. For good long term pavement performance and protection of geofoam blocks
from compaction induced stresses during construction, use of concrete load distribution slab has
worked well in previous NYS projects. As shown in Figure 45, a load distribution slab can
significantly attenuate heavy compaction related stress increments during construction so as to
limit damage and performance degradation while in service. The geofoam surface below soil
within the median can be covered with geotextile or the geotextile can be omitted. The
Susquehanna River flood stage to the north did not reach the culvert outlet during the 2006

record storm. Noting the destructive 2006 flood stage, probably as a 100 year design flood (2), at
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the inlet; the geofoam fill along the length of the culvert can be checked for adequate resistance

to uplift, if any.

Comparison of pressure profiles from FLAC models indicate vertical and confining stresses of
36kPa (752psf) and 22kPa (459psf) in the geofoam for the revised section (Table 4). Confining
earth pressures are reduced and the drainage system dissipates hydrostatic pressures so that the
strength of the geofoam fill can be reasonably represented by unconfined compression results.
Where significant confining pressures remain, reduction factors can be used to adjust allowable
pressures (8). For the as built eastbound profile with biaxial loading, mixed densities and
hydrostatic pressures; vertical and confining pressures of up to 160kPa (3342psf) and 70kPa
(1462psf) may have developed in the geofoam. Creep deformations that developed from these
loads were well over 10% strain. Whereas, relatively small deformations for the alternative

sections can be compensated by allowing the fill to stabilize before paving.

The purpose of using geofoam as light weight fill was to reduce the loading on the culvert.
Because of the elliptic shape of the culvert roof, the edge of the culvert supports an additional
1.5m (5ft) of fill. Table 5 is a summary of load levels at the eastbound culvert center and side wall.
The free field geostatic conditions represent pressure from soil fill without effect of arching.
Assuming the pile supported culvert to be more rigid and settling less than the compacted soil of
the side fill, negative arching develops to considerably increase the loading on the culvert side
wall from about 174kPa (3.6ksf) to 270kPa (5.6ksf). The loading at the center is far removed from
the culvert edge and would not be affected by arching. Replacement of the 2.7m (9ft) of soil fill

with geofoam reduced the loading at the culvert center from 141kPa (2.9ksf) to 84kPa (1.8ksf).
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The compacted soil side fill would be stiffer than the geofoam and soil fill over the culvert.
Consequently, the loading above the culvert edge reduced from 270kPa (5.9ksf) to 140kPa
(2.9ksf) by transferring the negative arching from above the culvert to the compacted soil side
fill. For both the free field and negative arching conditions, rising water levels within the overlying
fill would impose more load on the culvert. In the revised or alternate design section, adding an
additional layer of geofoam reduced the loading at the culvert center from 84kPa (1.8ksf) to
67kPa (1.4ksf) and at the culvert edge from 140kPa (2.9ksf) to 135kPa (2.8ksf). However, the ratio
of center of culvert to edge of culvert loading is 60% for the as built and 50% for the revised
design. This is because the height of fill above the end of the culvert is increased from 1.8m (6ft)
to 2.7m (9ft). As a result, more of the negative arching effect on the side fill spreads over towards
the culvert edge in the revised design. The load at the end of the culvert can be further reduced
by providing an additional layer of geofoam over the half width of the culvert section.
Comparisons of major stresses on the culvert and the geofoam for the eastbound section are
shown in Figure 46. The beneficial arching effect that developed with the geofoam fill may not
be present with the light weight aggregate replacement. If the compacted lightweight aggregates
deform less than the compacted soil, the dead load along the edge of the culvert wall may be

more than anticipated due to negative arching.

Good performance of the geofoam fill will also require quality assurance for the supplied blocks
and proper installation as per the specification. Mixing high and low density blocks can be
detrimental. Using an electronic platform scale, each block can be weighed and either accepted
or rejected on delivery. In accordance with the specification, each block was required to have

weight, production date and resin source labels. Production quality control records are also
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maintained by manufacturers. Such data can be required to be made available in the purchase
agreement. The blocks were specified and delivered in 2.4m (8ft) lengths. Manufacturers
commonly produce blocks in 4.8m (16ft) lengths. Wherever possible, blocks should be installed
in 4.8m (16ft) lengths to reduce the frequency of vertical gaps. Blocks should be installed with

staggered joints to prevent continuous vertical joints between successive layers everywhere.

Situations for rapid construction arise from re-building after a disaster or in planned replacement
of substandard infrastructures along existing highways (16). Geofoam producers mostly operate
one block molding unit per plant. Daily production capacity is limited and the process of pre-
expansion, aging, molding and curing require lead time. Manufacturers may not have sufficient
rolling stock in both resin supply and EPS blocks to meet the large volume supply required for
rapid construction while meeting normal demand from regular customers. Even following proper
analysis, design, quality assurance and installation practice, production limitations may cause
delays, poorly formed blocks and pre-mature delivery of blocks to the site. Partitioning the order
to multiple suppliers to increase capacity has limitations in that manufacturers do not produce
blocks of the same height. The challenges of quality assurance and supply of good quality blocks
within a short time window can be managed better by maintaining a reasonable supply of pre-
produced blocks. A supply of good quality blocks can be available right away without rush
production and quality assurance effort in the aftermath of a disaster. Segmental pre-cast
concrete slabs can also be stockpiled for use as readymade load distribution slabs. Both
stockpiled geofoam blocks and pre-cast concrete slabs can be used as running stock for regular

projects. Based on experience gained from previous applications and lessons learned from the
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188 failure, setting a new state of practice for rapid construction with geofoam can save time and

improve the project delivery process.

Suggestions

With aging culverts, more frequent intense storms with global warming and sea level rise (17);
there will be increasing need for rapid reconstruction in the tri-state region of NJ, NY and
Connecticut, as well as elsewhere. Based on the findings of this investigation and prior successful
applications, the following suggestions are provided to improve the state of rapid construction

practice using geofoam:

e Limit vertical pressures from dead and live loads to less than 50% of the unconfined

compression strength at 10% strain or stress at 1% strain, whichever is less.

e Avoid continuous vertical joints between successive geofoam layers.

e Provide a stepped transition between soil and geofoam interfaces placing geofoam blocks

on top and not below compacted soil.

e Request the manufacturer to provide in plant quality control data for all supplied blocks
and also weigh blocks to accept or reject on delivery or implement a robust quality

assurance program.

e Require full size blocks to meet the specified density as a minimum and not exceed the

specified density by more than 10%.

e Specify full lengths (16ft) rather than half lengths (8ft) blocks unless necessary to form

specific shapes or edges.
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e Provide base and side internal drainage and direct surface flow away from the geofoam

fill area to prevent submersion of blocks and high groundwater levels.

e Use aload distribution slab over geofoam surfaces below road lanes or consider installing

geogrids to attenuate stress increments from compaction during construction.

e Consider stockpiling geofoam blocks and pre-cast load distribution slab segments as

rolling stock for regular projects and for emergency construction.
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FIGURE 1 Location of the Carrs Creek culvert failure (Google Maps).

FIGURE 2 The Carrs Creek culvert on I88 collapsed (1). Carrs Creek quickly eroded the road
embankment and culvert side fill to form a wide gulley.
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FIGURE 3 The Carrs Creek culvert re-construction in plan.
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FIGURE 4 The Carrs Creek re-construction in longitudinal elevation (1).
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FIGURE 5 The Carrs Creek re-construction in transverse section (1).
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FIGURE 6 Three sided pre-cast concrete segments and foundation.

FIGURE 7 Geofoam block orientations were rotated in successive layers but the installation
featured continuous vertical joints at 2.4m (8ft) spacing.
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FIGURE 8 Pre-cast concrete culvert section and the geofoam fill position. The bedding
thickness below the geofoam is 0.3m (1ft) at center and about 1.8m (6ft) above the side walls (1).
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eastbound was delayed after placement of the compacted soil.
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FIGURE 10 Settlements across eastbound from 2+885 to 2+920 (1). The magnitude of
settlements was lower than actually occurred as observations started after delayed paving.

FIGURE 11 Exhumed blocks from eastbound south side slope. Blocks towards the forefront are
not as heavily loaded and deformed.
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FIGURE 12 Exhumed geofoam from below eastbound 188 roadway. See the unequal
deformations of four adjacent blocks behind the shovel at left of center.

FIGURE 13 Perched water on the geomembrane cover above the geofoam.
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FIGURE 14 Perched water between the culvert top and the geofoam base (1).

FIGURE 15 Removing the geomembrane cover from the geofoam at the south end of the culvert
below the eastbound embankment (1).
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FIGURE 16 Block naming convention developed by cross referencing the exhumed data set
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FIGURE 17 Stockpile of exhumed blocks from 2006. (Google Maps 2014).
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FIGURE 18 Carrs Creek location between Sidney and Unadilla, NY (Google Maps). The
highest ever flood elevation of the Susquehanna River at Unadilla was on June 28, 2006.
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FIGURE 19 Three D model of geofoam layers, exhumed blocks and low density blocks.
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FIGURE 22 Maximum vertical strain and weight of exhumed geofoam blocks. From a ranked

list of 25 blocks with highest vertical strain, the top 17 were from below the eastbound.
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FIGURE 25 A FLAC model of the geofoam, culvert and compacted soil as built in profile for
eastbound lanes. Due to symmetry about the center axis, the model is only half of the section.
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FIGURE 26 Vertical pressure profiles from FLAC modeling for the eastbound, median and
westbound as built sections.
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FIGURE 27 Horizontal soil pressure from FLAC models, at the soil/geofoam interface position
for cases with and without geofoam of the eastbound as built profile. Also shown is additional
hydrostatic pressure for water level at the geofoam surface when the median becomes flooded.
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FIGURE 28 Pre-strain and modulus degradation of geofoam in unconfined compression.
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FIGURE 29 Pre-strain effect and modulus degradation of exhumed blocks.
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FIGURE 30 Effect of confining pressure on geofoam response to uniaxial loading.
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FIGURE 34 Compression of uniform and mixed density block layers with staggered gaps.
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FIGURE 35 FLAC model deformations of constant pressure loading of mixed density geofoam
layers with continuous vertical gaps. Low density blocks deformed more than high density.
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FIGURE 36 FLAC model stresses of constant pressure loading of mixed density geofoam block

layers with continuous vertical gaps. Stresses much higher than the applied constant boundary
pressure developed in the higher density blocks adjacent to lower density blocks.
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FIGURE 37 FLAC model deformations of constant pressure loading of mixed density geofoam

block layers with staggered vertical gaps. The lower density blocks deformed more than the

higher density blocks.
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FIGURE 38 FLAC model stresses of constant pressure loading of mixed density geofoam block

layers with staggered vertical gaps. Stresses much higher than the applied constant boundary
pressure develop in the connected higher density blocks.

Distance (m)

0 5 10 15 20 25 30 35
D. &L "*-._-l"".___.__,_..E-"I'"". - z__
-0.05 N
0.1
-0.15

Settlement (m)
S
r
[42]

-0.3
-0.35
= 11/2/2006
-0.4
== 55 MPa A 1/3/2007
-0.45
- 375 MPa e 4/26/2007
-0.5

FIGURE 39 Model simulations of observed settlements; eastbound from 2+885 to 2+920 (1).
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FIGURE 42 The proposed alternate design profile for I88 westbound.
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FIGURE 43 Vertical pressure profiles from FLAC modeling for the eastbound, median and
westbound of proposed (new) sections.
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FIGURE 44 Lateral pressure profiles from FLAC modeling for the revised eastbound at geofoam
edge position, with and without geofoam; compare with the as built section in Figure 27. No
hydrostatic pressure because drainage is provided.
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FIGURE 45 Compaction induced stresses in geofoam blocks w/without concrete slabs.
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Tables

Table 1 Summary of exhumed block densities and dimensions.

50 Blocks Failing Density Criteria

123 Blocks Meeting Density Criteria

Weight (Ibf) Ave Height (in) Weight (Ibf) Ave Height (in)
Mean 103.6 31.7 113.7 32
Min 90.5 233 107.5 24.2
Max 107.4 35.2 127.2 35.6

Minimum acceptable weight was 108Ibf per block @ 10% below nominal. Four blocks weighed >

1501bf and were excluded.

Table 2 Summary of material properties for settlement simulations with FLAC

. Density Elastic Poisson’s Cohesion Friction Angle
Material Modulus Rati
(kN/m3) (MPa) atio (kPa) (Deg)
6
EPS Geofoam 0.2 0.55 - -
0.375

Compacted Soil 22 25 25 1 35
Pavement 22.8 150 .30 3 38
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Table 3 Unconfined compression test results for exhumed and fresh blocks.

Auerag;e Stres.s (psi) Average
Material Loading Dei\;?t;a{?;cﬂ @ % strain Modulus
1 5 10  (psi)
From Low Strain Area 1.21 5.4 15.5 17.4 5.3
Exhumed Blocks |From High Strain Area 2.14 1.8 7.9 12.1 1.2
High Strain - Rotated 2.05 6.2 22.0 25.2 6.0
Initial Loading 1.16 5.7 13.7 15.5 5.6
Virgin Block From Re-Loading 1.18 2.8 7.7 13.4 1.1
Initial Rotated Axis 1.17 4.4 12.0 14.0 4.3
Typical Values EPS19 1.15 5.8 13.1 16.0 5.8

Table 4 Summary and comparison of stress conditions in the eastbound geofoam section.

As Built Section Revised Section
Fact Axial Stress Confining Axial Stress Confining
actor

(kPa) Stress (kPa) (kPa) Stress
Dead Load 75 35 36 22
Mixed Density + 65 +15 - -
Hydrostatic

+20 +20 - -
Pressure
Totals 160 70 36 22
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Table 5 Summary and comparison of stress conditions on the culvert for the eastbound.

State

Maximum Vertical Stress on

Maximum Vertical Stress on

Center of Culvert (kPa) Edge of Culvert (kPa)
Free Field 141 174
Negative Arching 141 270
9ft of EPS — As Built Section 34 140
Revised Section 67 135
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