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Centrifuge modeling of surface foundation effects on buried box culverts

Modélisation de centrifugeuse des effets de fondation de surface sur dalots enterrés

Osama Abuhajar, Tim Newson, Hesham El Naggar
Department of Civil and Environmental Engineering, Geotechnical Research Center, Western University, London, ON, Canada
(tnewson@eng.uwo.ca)

ABSTRACT: Buried infrastructure can be subjected to considerable loads from surface foundations. Small-scale physical model tests
were performed to investigate this form of soil-culvert interaction. The effect of a surface foundation on the response of a buried box
culvert and the surrounding soil was investigated. Square aluminum hollow sections were used to model box culverts with two
different thicknesses buried in dry Nevada sand with two relative densities. Strain gauges and tactile pressure sensors were used to
obtain the soil pressures. The results are presented in terms of bending moments, soil pressures and soil culvert interaction factors.

RESUME : Les infrastructures souterraines peuvent étre soumises a des charges considérables a partir des fondations superficielles. Des
essais sur modeles physiques a petite échelle ont été réalisées pour étudier cette forme d'interaction sol-ponceau. On a étudi¢ l'effet d'une
fondation superficielle sur la réponse d'un dalot enterré et le sol environnant. Des profilés creux en aluminium carré ont été utilisés pour
modéliser les dalots avec deux épaisseurs différentes enfouies dans du sable sec Nevada avec deux densités relatives. Des gauges
extensométriques et capteurs de pression tactiles ont été utilisés pour obtenir les pressions du sol. Les résultats sont présentés en termes

des moments de flexion, pressions du sol et facteurs d'interaction des ponceaux du sol.

KEYWORDS: Box culvert, surface foundation, centrifuge modeling, soil pressure, bending moment, soil-culvert interaction.

1 INTRODUCTION.

Buried box culverts can be subjected to different types of
loading, giving rise to complex soil-structure interactions. The
relative stiffness between the box culvert and the surrounding
soil influences the loads attracted to the box culvert and affects
their load carrying capacity. The loads attracted to the box
culvert due to soil self-weight, traffic loads or surcharge loads
(e.g. surface foundations) depend on the characteristics of the
soil and the geometry/stiffness of the structural components.
Hence, the soil-structure interaction can play an important role
in defining the actual loads that are attracted to the culvert and
represents an important factor for safe and economic structural
design.

The effect of statically loaded foundations on the response of
box culverts is largely absent in the literature. Very few
numerical studies are reported with a focus on the effect of
surface foundations and wheel loads on box culverts (e.g. Joa
and Wang, 1998, 2000, Awwad et al., 2000 and Joa et al., 2003,
McGarth and Heger, 1983, Watkins and Anderson, 2000).

In this paper, the response of a box culvert, installed using
the embankment method, to static loading through soil self-
weight, and surface strip foundations was investigated by
performing a series of centrifuge tests. To monitor the
behaviour, different instruments were used such as strain
gauges and tactile pressure sensors. The results in the form of
bending moments, soil pressure and soil-culvert interaction
factors are discussed herein.

2 CENTRIFUGE MODELING

Four centrifuge tests were performed in the geotechnical
centrifuge at the Rensselaer Polytechnic Institute (RPI), USA,
to investigate the effect of soil arching and soil culvert
interaction on the response of box culverts. The tests involved
two box culverts with different wall thicknesses, embedded in
sand with two different relative densities. The tests were
focussed on the response of buried box culverts to the loads
from soil self-weight and pressures from strip foundations
placed directly above the culvert on the soil surface. The data
generated were interpreted to evaluate the main features of the
soil-culvert interaction.

2.1 Model soil

Dry, clean, poorly graded fine 120-Nevada Sand was used. Its
particle size is in the range of 0.075 to 0.550 mm with an
effective diameter of 0.080 mm. The maximum and minimum
dry densities are 1.71 g/cm?and 1.51 g/cm?. The maximum and
minimum voids ratios are 0.764 and 0.562, respectively. The
critical state and peak friction angles are 32° and 40°.

2.2 Foundation model

The strip foundation model used was made of aluminum. It
consisted of two identical solid aluminum bars (see Figure 1);
each piece was sized to induce 50 kPa bearing pressure at its
base at 60g, i.e. a total of 100 kPa for both pieces. The width
and height of each strip foundation were 7.62 and 3.18 cm
respectively.

2.3 Box culvert model

Aluminum tubes were used for simulating the culvert models.
The culvert sizes and thickness were based on the height of the
centrifuge box and the operating g-level of the centrifuge test.
Thus, a hollow square box aluminum tube that has an external
dimension of 7.62 cm was selected. Two thicknesses were used:
6.35 mm, termed hereafter as the ‘thick’ culvert and 3.18 mm,
which is termed the ‘thin’ culvert, as shown in Figure 1. At 60g,
these dimensions would be equivalent to a 4.572 m external
dimension and 0.533 m or 0.267 m wall thickness according to
the scaling law proposed by Stone et al. (1991).

2.4 Test instrumentation

Strain gauges and tactile pressure sensors were used in these
tests. Their locations were consistent in all of the tests, so that
the results could be compared easily.

The strain gauges were used to measure the strain values on
the outside and inside faces of the top slab and side wall of the
box culvert. These strain measurements were then converted to
bending moments using calibration factors. The strain gauges
used had a resistance of 350 Ohms.

Two tactile pressure sensors were used for each culvert
model to measure the vertical soil pressure on the top slab and
horizontal soil pressure on the culvert side wall. These sensors
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could measure up to 150 psi (1034 kPa) and could record up to
225 measurements per second. It should be noted that this
sensor has the ability to measure the normal stress only (i.e. it
does not account for shear stresses). To protect the sensor from
damage due to friction with the sand particles, it was laminated
with a plastic sheet and then covered with a Teflon sheet, using
a little vacuum grease.

F ighre 1. Models of strip foundation and box culvert.

2.5  Model preparation

The rigid centrifuge box container was 876.3 mm (L) x 368.3
mm (W) x 355.6 mm (H). To achieve the required relative
densities (50 and 90%), the centrifuge box height was divided
into layers. Using the maximum and minimum densities, the
volume of each sand layer could be calculated and the amount
of sand required for each layer was determined. Placing the
sand by employing a raining technique (air pluviation) achieved
the 50% relative density, while tamping each layer after the air
pluviation achieved a 90% relative density.

2.6 Model configurations

Figure 2 shows the general configurations of the test models.
Tests 1 and 2 were for the thick culvert with sand density 90%
and 50 %, respectively. Tests 3 and 4 were for the thin culvert
and the sand density was 50% and 90%, respectively. Tests
comprised three cases each: Case A involved only sand
overlaying the culvert; Case B involved a surface strip
foundation positioned with its centre line directly above the
culvert centre line and a contact pressure of 50 kPa; Case C was
similar to Case B, but the contact pressure was increased to 100

kPa. The H/B. (relative embedment) for all of the tests was 1.67.

3 CENTRIFUGE TESTS RESULTS

The effect of a centrally placed surface foundation on soil-
culvert interaction was investigated by evaluating the bending
moments and soil pressures. For reasons of brevity, the results
from Tests 1 and 4 alone are considered below.

3.1  Bending Moment

The strain gauge data recorded at 60g was used to derive the
bending moments on the top slab and side wall of the box
culvert. The strain gauges recorded strains on both faces (inside
and outside) of the top slab and side wall, which were used to
derive the bending moments using calibration factors. The
results of the various cases were compared to elucidate the
effects of the surface foundation on the culvert response.

Figure 3 shows the effect of a surface foundation on the
bending moments on the top slab and side wall of tests 1 and 4.
The results indicate that the strip foundation load increased the
bending moments in the top slab and side wall for Case B (50
kPa) and Case C (100 kPa), compared to the bending moments
observed in Case A (with no foundation). These results also
indicate increased loadings occurred on the culvert due to the
strip foundation and higher moments were attracted to the
stiffer parts of the culvert (e.g. the corners).

— p—
Free surface Foundation
A
127 H
76.2 Bt-‘i Box culvert
ft—|
127 Be
Nevada sand
876.3

Figure 2. Schematic diagram for centrifuge tests (all units are in mm).

3.2 Soil Pressure

The soil pressures were estimated using both the strain gauge
data and the tactile pressure sensors. The tactile pressure
sensors measured the soil pressure on the top slab and side wall
of the culvert. The soil pressure measured by the sensors
increased gradually as the centrifuge acceleration increased
from 1g to 60g. The strain gauge readings were converted to
bending moments by applying the calibration factors and the
resulting bending moments were curve fitted using a least
squares method with a 4™ order polynomial function on the top
slab. The equations of the fitted curves were then subjected to
double derivation to obtain the soil pressures. Dasgupta and
Sengupta (1991), among others, reported that the soil pressure
distribution on the top slab is parabolic, with higher pressures
close to the slab edges and lower pressures towards the slab
center. Therefore, to obtain the parabolic shape of the soil
pressure on the top slab, high order polynomial fits are required;
4™ order polynomial fits of the bending moment provided an
acceptable shape and the correct order of double derivative for
the top slab pressures. The best curve fitting of the moment data
for the side wall was achieved through a 3" order polynomial,
resulting in soil pressures that increase linearly from top to
bottom. Generally, the horizontal soil pressure relationship
measured using the tactile sensors and stain gauge data had a
similar shape and magnitude.

Figure 4 presents the vertical and horizontal soil pressures
measured using the tactile pressure sensors on the top slab and
side wall from tests 1 and 4. For the cases without the
foundation, the distributions of soil pressure on the top slab are
parabolic and vary with the culvert thickness; the stiffer
structure generally attracting higher loads and the more flexible
structure showing more arching with higher loads attracted to
the edges of the slab. The horizontal soil pressures on the side
walls increased with depth in all of the tests and again show the
effects of flexibility of the structural member, with more loads
attracted to the top and bottom of the side wall for the more
flexible (thinner) culvert. The effect of adding the surface
foundation is clearly visible on the top slab pressures, and to a
lesser extent for the side walls. In all of the cases the stresses
increase, but the form of the pressure distributions remains
similar. As anticipated, the soil pressures for Case A (no
foundation) were the lowest and the pressures for Case C (strip
foundation with 100 kPa) were the highest. However, the
magnitude of the load increases is greater than would be
anticipated by superposing typical half-space stress distribution
analyses, which would suggest increases in stress of 30-40% of
the applied surface load at the level of the top slabs. Stress
increases for the stiffer culvert are almost twice this value and
suggest a stress concentration effect due to the presence of the
culverts, compared to a free field scenario.
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Figure 3. Comparison of bending moments on the top slab and side wall Figure 4. Comparison of tactile pressures on the top slab and side wall
for tests 1 and 4. for tests 1 and 4.
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3.3 Soil Culvert Interaction Factors

The soil-culvert interaction factor Fe on the top slab is defined
as the ratio between the measured soil pressure and the
theoretical soil vertical pressure. For the side wall, Fe is defined
as the ratio between the horizontal measured soil pressure and
the theoretical horizontal soil pressure. Standards such as
AASHTO (2002) provide a single Fe. value based on the soil
column height, which results in a uniform pressure distribution
on the box culvert and do not consider the effect of surface
foundation pressures. The vertical and horizontal soil pressures
increase with depth and are related through the lateral earth
pressure coefficients, either for at-rest, Ko, or active, Ka,
conditions. For the test cases involving the surface foundation
(Cases B and C), the additional theoretical pressures on the
culvert top slab and side walls due to the foundation were
calculated using Boussinesq’s method. Interaction values
greater than 1.0 signify measured soil pressures that are higher
than the theoretical soil pressure.

Table 1 shows that the values of F. determined from the
tactile pressure sensors, as well as the F. values resulting from
the strain gauges. The F. values based on soil pressures
obtained from the tactile pressure readings are generally higher
for the thick culvert due to its lower deformations, and hence
attract higher soil pressures. The values of F. for the top slab in
Test 1 are > 1.0 at the edges and < 1.0 at the center, while for
Test 4, F. < 1.0 for most cases. The F. values for Test 1 for the
side wall increase with depth, whilst for test 4 they are
generally similar down the side wall.

The F. values based on soil pressures obtained from the
strain gauge readings are generally similar to those from the
tactile pressure sensors. However, in zones where high shear is
occurring (i.e. the side walls and the top slab edges) the values
of the strain gauge derived pressures are up to 30% higher.
Shear stress is known to cause relative slip between the
polymeric sheets into which the sensels are embedded and
cause perturbations in the readout voltages. Despite attempts to
reduce this shear with Teflon sheets, this still appears to be
having some effect on the data.

As noted above, the changes in Fe values can have an impact
on the design of box culverts when there is a foundation on the
surface. Therefore, it is recommended to further investigate this
issue for cases that may face designers of box culverts. Several
factors may affect these values, such as soil cover above the
culvert, thickness of the culvert and soil properties, Abuhajar
(2013). It is recommended to take all of these factors into
consideration during the process of assessing the actual
pressures on the top slab and side wall of box culverts. A
detailed parametric study providing more procedures for
analysis and design of box culverts are presented elsewhere by
the authors - Abuhajar et al. (2015) and Abuhajar et al. (2016).

Table 1: Soil culvert interaction factors (F.,)

Top Tactile Strain Side Tactile Strain
Test
Slab sensors | gauges Wall sensors | gauges
TIA Edge 1.07 1.21 Top 0.89 1.11
Center 0.94 1.04 Bottom 1.20 1.12
TIB Edge 1.18 1.19 Top 0.68 0.96
Center 1.12 1.03 Bottom 1.18 1.06
TIC Edge 1.34 1.17 Top 0.63 0.85
Center 1.21 1.02 Bottom 1.06 1.03
T4A Edge 0.95 1.53 Top 0.90 1.14
Center 0.75 0.68 Bottom 0.83 1.22
T4B Edge 1.05 1.58 Top 0.85 1.02
Center 0.76 0.66 Bottom 0.86 1.20
T4C Edge 1.15 1.58 Top 0.86 0.91
Center 0.78 0.66 Bottom 0.76 1.18

4  CONCLUSIONS

A series of centrifuge tests were conducted to examine soil-
culvert interaction (SCI) under static loadings. Description of
the centrifuge modeling conducted is presented. The results
from these tests show that the soil-culvert interaction during
static loading can be significantly affected by the surcharge
loads from foundations on the surface. The SCI results have
been presented in terms of bending moments and soil pressures.
The effect of the presence of the foundations show that the
bending moment as well as the soil pressure increase from the
base case A (with no foundation on the surface) to cases B and
C (where the strip foundations are placed on the surface). The
soil pressures measured using the tactile pressure sensors were
generally similar to the strain gauge results except in zones of
high shear. The distribution of the vertical soil pressure on the
top slab is generally parabolic with high values at the edges and
low values at the center. The horizontal soil pressure on the side
wall shows an increase in value with depth and this reduces as
the foundation pressure on the surface increases. The increases
in these pressures in the presence of foundations seem to
suggest increased attraction of loads to the structure than would
be expected from typical elastic half-space solutions.
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