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Large diameter pipes, as well as heavy vehicles, have been becoming increasingly prevalent,
which impose uncertainties on pipe design. This paper describes the procedure and results of a se-
ries of geotechnical centrifuge tests performed on a large 1400 mm-diameter reinforced concrete
pipe with a footing subjected to heavy traffic loading. The influence of soil cover depth, as well as
the positions and magnitude of traffic loads, on the bending moments of the pipe were investigated.
A heavy truck with a maximum load of 850 kN was simulated in the majority of the tests, and a me-
dium truck of 252 kN was also simulated. The centrifuge test results were found to be in reasonable
agreement with those from full-scale tests. The pipe would experience the most unfavorable condi-
tions when the heaviest axis of the traffic vehicle was located directly above the pipe crown. A dee-
per soil cover would lead to higher initial stresses in the pipe, as well as reduced influence of traffic
load. However, even for a soil cover depth of 4 m, there is significant bending moment induced by
the heavy truck loading, which could not be ignored during the pipeline design. Comparison was
made between the centrifuge test results and several widely adopted design methods, and unconser-
vative calculation results were noticed for large diameter rigid pipes lying at a shallow soil cover

depth subjected to heavy traffic loading.
Keywords: soil-structure interaction, reinforced concrete pipe, heavy traffic loads, geotechnical

centrifuge testing, full-scale testing.

1. Introduction

In civil and road construction, underground
pipelines are widely used for different purposes, such
as transporting water, chemicals and gases. Municipal
water distribution and wastewater infrastructure
systems are of national importance for any country.
However, water leakage becomes a serious problem in
many countries. For example, in the United States of
America, it is estimated that 9.8 trillion liters of
treated drinking water (or 17% of all pumped water)
are lost annually through leaking pipes, resulting in a
cost of $4.1 billion in wasted electricity every year [1].
In China, 6 trillion liters of treated drinking water are
leaked every year, while the leakage rate is found to
be as high as 23 % in some cities [2]. Thus, poor
performance of pipelines leads to significant economic
and water recourse losses, which become more and
more unsustainable and severe in many countries,
particularly considering population growth as well as
water resource shortages in many areas around the
world. Furthermore, bacteria would enter pipes though
leakage, which impose threats to public health [3].

There are many factors influencing the performance
of underground rigid pipes [4]. Davies [S5] investigated
factors influencing the deterioration of pipes,
highlighting the impact of heavy surface traffic loading
moving around construction sites. After examination of
underground pipeline defects, Lester and Farrar [6] found
that the number of cracked and fractured pipes
underneath main roads with heavy vehicle loading is
much higher in comparison with that below minor roads.
Trott and Gaunt [7] noticed that the most severe loading
conditions occurred due to heavy construction traffic

traversing pipes during the construction process before
rigid pavement was completed.

With the development of the automotive industry,
new kinds of heavy vehicles appear, leading to much
higher traffic loads on transport infrastructure. In
some cases the increase in traffic loads leads to
transport infrastructure failure. Because of the high
importance of this problem, U.S. Federal Highway
Administration is studying the possibility for
increasing truck weight limits from the current
36 tones to 44 tones and even as high as 67 tones [8].

Boussinesq [9] developed a solution for the stress
at any point in a homogeneous, elastic and isotropic
medium, caused by a point load applied on the surface
of an infinitely large half space. Based on Boussinesq
equations Young and O'Reilly [10] developed method
for estimating the vertical stress on underground pipe
caused by the traffic wheel load. Various of charts
based on Boussinesq method were developed, which
are still in use in BS EN 1295-1 [11]. Other researchers,
like Marston and Anderson [12], Spangler [13] and
Burns and Richard [14], introduced their theories about
influence of loads on underground pipelines.

With the advancement of manufacturing and
installation technologies, underground pipelines with
an inner diameter more than 900 mm are getting
increasingly popular for infrastructure construction.
For example, the demand for large diameter pipes for
water and wastewater will rise 6.2 percent annually for
the next four years up to 60 046 km (197 million feet)
in the United States [15]. During the construction and
service period, the pipes must support pressures from
soil and vehicle loads applied at the soil surface.
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A number of studies have been carried out to
analyze the behavior of wunderground pipelines
subjected to different kinds of vehicle loading. Pocock
[16] measured the bending strain developed in a
shallow buried pipeline due to traffic loads. The
measured bending strains were found to increase
linearly with applied load, and for any given load,
strains tended to decrease with increasing vehicle
speed. Taylor and Lawrence [17] noticed that the
response of cast iron pipeline to heavy vehicles
depended on structure of the pavement, the depth of
the cover and pipe bedding. Arockiasamy [18]
conducted full-scale tests on large diameter plastic and
metal pipes subjected to truck loading. Moore [19]
conducted indoor full-scale tests to study the joint
behavior of 0.6 m and 1.2 m diameter reinforced
concrete pipes buried at shallow depths when the
vehicle wheel is located directly above the joint or
within a close distance to the joint.

Despite the limited studies on large diameter
pipes, the majority of previous studies were carried
out on small diameter pipes (inner diameter less than
900mm) at shallow depths. In many cases, a
maximum vehicle weight up to 300 kN was studied,
which corresponds to a medium commercial truck.
Uncertainties exist about reinforced concrete pipes
with an inner diameter greater than 1000 mm under
much heavier traffic loading, while such a situation is
becoming increasingly common in recent years.
Furthermore, in previous studies, the soil cover is
usually of a shallow depth; usually less than 2 m.
However, in many situations the pipes have to be
buried at much deeper locations due to design
specifications such as the minimum requirement of
soil cover depth in seasonally frozen ground.

The aim of this paper is to present the findings
from a series of geotechnical centrifuge tests, which

were carried out to investigate the behavior of a
1400 mm-diameter reinforced concrete pipe under
different vehicle loading, including those from a
heavy truck with a maximum load of 850 kN. The
effect of soil cover depth varying from 1 m to 4 m was
also studied. No rigid pavement structure was
simulated in the tests, which was considered to be a
more unfavorable situation for the pipe [20].

2. Geotechnical centrifuge testing

2.1. Test facility

Geotechnical centrifuge testing has been
successfully carried out in investigating a wide range
of soil-pipeline interaction problems, including the
deformation of pipelines subject to vertical faulting
[21], upheaval buckling [22], [23], surface loading
[24], and the effect of tunneling on adjacent pipelines
[25]. The principles and scaling laws for geotechnical
centrifuge testing were discussed in detail by
Schofield [26]. In comparison with full-scale field
testing, centrifuge modeling has the advantage that
parametric studies could be performed with relative
ease, and soil properties with greater homogeneity
could be achieved in well controlled laboratory
conditions.

All centrifuge tests presented in this paper were
conducted using the 50 g-ton geotechnical beam
centrifuge at Tsinghua University in Beijing with a
nominal radius of 2.0 m [27], as shown in Fig. 1. The
centrifuge is equipped with an on—arm data acquisition
system which can be controlled remotely. A modified
aluminum alloy strongbox was used for all centrifuge
tests, which provides an inner space of 600 mm in
length, 130 mm in width, and 535 mm in height. To
permit observation of soil deformations during flight,
this strongbox was equipped with a 50 mm-thick
transparent Plexiglas window on the front wall.

Fig. 1. The 50 g-ton geotechnical beam centrifuge at Tsinghua University
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2.2. The pipe model and loading system

A hollow aluminum cylinder was used to
simulate a typical reinforced concrete pipe Sb-Gm
1400 x 2,500-Type 1-DNA EN 1916, according to BS
EN 1916 [28], with an inner diameter of 1400mm and
a wall thickness of 165mm (Fig. 2). The pipes had a
750 mm wide footing (see Fig. 2a), in contrast to
smaller pipes without footing which had been studied
previously. This footing has the benefit of easier pipe
installation and better stress distribution in the pipe
cross section, because of the surface-to-surface contact
of the pipe footing with the soil bedding.

The prototype pipe has a bell-and-spigot joint, as
demonstrated in Fig. 2c. The joint is sealed with a
compressible rubber gasket, the thickness of which is
24 mm. This kind of joint allows a restricted pipe
rotation of 0°-5° [29], as well as limited vertical and
horizontal relative displacements of two adjacent
pipes. Due to the flexible joint, a pipe is not expected
to be significantly influenced by the deformation of an
adjacent pipe. The pipe has a working length of
2500 mm, while the distance between the two rear
wheels is 2830 mm for the heavy truck and 2043 mm
for the medium truck used in this study. Thus when a
truck is traversing the pipeline with one rear wheel
exactly above the middle of a pipe, the position of
another rear wheel is also approximately above the
middle of the adjacent pipe (also see Fig. 8b).
Therefore, one pipe bearing half truck (e.g. one front
wheel and one rear wheel for the heavy truck) at the
central cross section of the pipe is simulated in the
centrifuge testing.

All tests were performed at an acceleration level,
N, of 20 times normal gravity (i.e., 20 g). Hence all

a)

c)

Rubber
gasket

length dimensions were scaled down by a factor of 20.
To maintain the similarity of the bending moment
between the model and the prototype, the bending
stiffness EI should be scaled as:

Byl — N4 (1)

Emlm
where E, and E, are the elastic modulus for the
prototype and model materials, which is 30 GPa for
concrete and 70 GPa for aluminum respectively. /, and
I,, are the moments of inertia for the prototype and
model pipes, respectively. The aluminum model pipe
was therefore designed with an inner diameter 70 mm
and a wall thickness of 6.22 mm.

A special loading system was developed to
simulate the traffic loads from the front and rear
wheels of a truck during the centrifuge tests. The
system consists of two air pressure cylinders (Fig. 3),
which are fixed in a steel plate bolted on the top of the
strongbox. The air pressure inside of the cylinder
could be adjusted during the centrifuge test in flight to
simulate different magnitudes of traffic load.

During a full-scale test, a load F), is applied on an
area with a length of 4, and a width of B,, while
during the centrifuge test a load F,, is applied on a

B
loading plate with dimensions of —2 and —Z.
N N
Therefore, the similarity of stresses beneath the

loading plates leads to equation (2):
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Fig. 2. The prototype of the reinforced concrete pipe: cross (a) and longitudinal (b) sections,
bell - and - spigot pipe joint (c). (All dimensions in mm)
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Fig. 3. The centrifuge strongbox with pipe model and loading system: (a) photographic view, (b) schematic views for Test 7
with medium truck loading and soil cover depth of 1 m, (c) schematic views for Test 4 with heavy truck loading
and soil cover depth of 2 m

Hence, a surface load F, applied during the
centrifuge tests should equal to the prototype load F),

divided by N?:
A3)

Two different types of traffic load were applied
during the tests, which correspond to a heavy truck
and a medium truck with a maximum weight of
850 kN and 252 kN respectively. Figure 4 and Table 1

give the prototype traffic load parameters for the
simulated trucks.

2.3. Instrumentation and measurements

In total, 8 pairs of strain gauges were installed at
eight different locations on the pipe: crown, shoulder,
springline, haunch and invert (Fig. 5). These strain
gauges were BE120-05AA type electric resistance
strain gauges, the readings of which were used to
derive the bending moments of the pipe wall. It was
noticed that the resistance of the strain gauges would
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Fig. 4. The geometrical parameters for the traffic loads. (All dimensions in mm)

Table 1

Prototype traffic load parameters

Total weight Axial loads (kN) Wheel loads (kN) Pressure (kN/m?)
(kN) Front axis Rear axis Front wheel Rear wheel | Front wheel | Rear wheel
Medium 252 62 95 31 475 344.4 263.9
truck
Heavy truck 850 283.3 566.7 141.65 283.35 468.3 468.3

STRAIN GAUGES

(@

change not only in response to applied strains, but also
to temperature variations. Therefore a temperature
compensation system was developed to minimize the
sensitivity of strain gauges to temperature variations.
The strain gauges used for the temperature
compensation system were installed on an unstrained

(b)

Fig. 5. The aluminum pipe model (a) and locations of strain monitor points (b)

aluminum plate. During the test, the plate was kept at
the same thermal conditions as the aluminum pipe
model, so that the temperature effects on the strain
measurement could be balanced. All strain gauges
were connected to the 32-channel data acquisition
system, which took readings once every second.
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2.4. Model preparation

Figure 6 shows the geometrical parameters for
each test (dimension in prototype scale) with different
soil cover depths. The bottom width of the trench was
4.93 m, and the sides were inclined at an angle of
70 degrees to the horizon.

The original ground and the trench backfills were
silt soil, which has similar properties to the soil in the
full-scale test. The particle size distribution of the silt
soil is shown in Fig. 7. The plastic limit and liquid
limit of the silt soil are 14.6% and 29.3 %

Test 1

1 1000

[1775

respectively, and the specific gravity G; is 2.71. The
dry density was yq = 1.82 g/cm’ and the water content
was 12 %, which was the same as the field conditions.

In four tests (Tests 2, 4, 6, and 8), a 1-m
embankment was simulated using very dense coarse
sand, the particle size distribution of which is also
shown in Fig. 7 with a typical D5y of 3 mm. The
density of the sand used in the tests was y = 1.90 g/cm’
with a water content less than 0.5 percent. The
maximum and minimum void ratios were found to be
emax = 0.986 and e, = 0.443. The specific gravity of

Test 6

&
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Fig. 6. Schemes of centrifuge tests
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Fig. 7. The particle — size distribution of model materials (ASTM D422)
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the sand solids is G; = 2.77. A relative density D, of
0.963 was achieved during the tests.

The silt soil was compacted by 25 mm thick
layers until the desired model height was achieved,
followed by forming the trench by removing the
redundant soil. After the pipe model was installed, the
trench was backfilled with the same silt soil. The sides
of the strongbox were lubricated with silicon grease in
order to minimize friction.

There is a small gap of 2.5 mm between each end
of the model pipe and the wall of the strong box. The
gap was sealed with thick ointment strips along the
edge of the pipe end, which allowed the pipe to
deform freely with minimal end friction while
preventing soil particles from falling into the gap.

2.5. Test program and procedure

In total, eight geotechnical centrifuge tests were
carried out (Fig. 6 and Table 2). As described in the
previous section, the most severe loading conditions
for the pipe occurred due to heavy construction traffic
traversing the pipes during the construction process
[7]. Much heavier trucks are becoming increasingly
popular, particularly due to their high efficiency in
moving large amount of soil debris. Therefore, a
heavy truck with a maximum load of 850 kN was
simulated in the majority of the centrifuge testing
program (Test 1~6). The prototype of this heavy truck
is BelAZ 7547, which is similar to an American
Caterpillar 772 off-highway truck. Such heavy trucks
are now widely used for earthmoving work on
construction sites and quarries. Furthermore, a
medium truck with a maximum load of 252 kN was
also studied in two centrifuge tests (Tests 7~8).

Usually the pipeline would be buried at a shallow
depth, e.g. 1~2 m. However, in some situations the
pipeline has to be buried at a much deeper location.
For example, pipes are required to be installed below
the depth of seasonally frozen ground in order to
avoid the influence of soil heaving. In Siberia, the
depth of seasonally frozen ground is 2.64 m [30]. In
the northern areas of China, the design depth for
seasonally frozen ground is 2.6 m. Therefore, different
soil cover depths were investigated, which varies from
Im to 4m.

The horizontal position of the traffic vehicle was
also studied, with the pipe being located either

between the front and rear axis, or directly below the
rear axis.

The procedure for each test is described as
below:

1. The centrifuge model was prepared, including
the model pipe with measurement gauges, the soils
compaction, the loading system installation, and
positioning the strong box on the centrifuge cradle.

2. The acceleration was increased gradually to 20 g.

3. The strains induced by the weight of the soil
cover were recorded.

4. The traffic load was increased by 4 steps,
which correspond to 25%, 50%, 75% and 100% of the
maximum vehicle load. Readings were taken at each
step.

3. Full-scale tests

In addition to the geotechnical centrifuge testing
program, a series of full-scale tests (see Figure 8a)
were performed on reinforced concrete pipes with an
inner diameter of 1400 mm with a soil cover depth of
I mand 2 m[31].

Three kinds of vehicles were used for simulating
different traffic loads, including a car, a medium truck,
and a heavy truck. The weight of the medium truck
and the heavy truck in the full-scale tests was 252 kN
and 850 kN, respectively, which are identical to those
adopted in centrifuge tests. A 55-m long pipeline was
buried in a trench, the geometrical parameters of
which were the same as those for the centrifuge tests
(Fig. 6). After completing the tests with a soil cover of
Im, a Im-thick embankment was constructed on the
ground level, so that a 2-m soil cover was achieved.

During the test, the truck was moving slowly
while traversing the pipeline. The stress-strain states
of two adjacent pipes were monitored during the tests.
For each pipe, strain gauges were installed at three
cross sections: near the spigot (A and D), at the
middle (B and E), and near the bell (C and F), as
shown in Fig. 8b. The highest strains were recorded in
the middle cross sections B, which located exactly
below the track wheel, so the strain gauges were
installed in the same cross section during the
centrifuge test. There were 11 pairs of strain gauges at
each cross section. During the test, the bending
moments were recorded when the truck was at
different positions relative to the pipeline axis.

Table 2
Details of each centrifuge test
Test Ne Soil cover depth Type Position Maximum applied traffic load
B (m) of traffic vehicle of traffic vehicle (scaled to prototype) (kN)
1 1 Heavy truck Pipe between two axes 850
2 2 Heavy truck Pipe between two axes 850
3 1 Heavy truck Rear axis above the pipe 850
4 2 Heavy truck Rear axis above the pipe 850
5 3 Heavy truck Rear axis above the pipe 850
6 4 Heavy truck Rear axis above the pipe 850
7 1 Medium truck Rear axis above the pipe 252
8 2 Medium truck Rear axis above the pipe 252
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Fig. 8. The full — scale testing of the underground pipeline using a heavy truck. Photographic (a) and schematic (b) views

Because the test conditions of the centrifuge tests
were fairly similar to those of the full-scale test, a
direct comparison becomes possible between the
results of those two independent test methods, which
will be discussed in the next section.

4. Results and Discussion

4.1. Comparison of the results from full - scale
tests and centrifuge tests

The bending moments around the pipe wall
during the centrifuge testing were compared with
those measured at the middle cross section (Section B
in Fig. 8b) in the full-scale field testing. Figures 9 a & b
show the results of the heavy truck with a soil cover
depth of 1 m and 2 m (Centrifuge Tests 3 and 4). It
can be seen that the centrifuge testing results compare
reasonably well with the full-scale testing results,
with a maximum difference of about 18% for Fig. 9a
and 11% for Fig. 9b. Similar observations can be
made in Fig. 10, in which a medium truck load is
investigated. It is interesting to note that despite the
small difference, the measured bending moments in
the centrifuge tests are somewhat larger than those at
the corresponding locations in the full scale tests,
which indicates that conservative results were
obtained in the centrifuge tests.

4.2. The influence of traffic load position

The position of the traffic load relative to the pipe
is one of the most critical parameters for performance
evaluation of large diameter reinforced concrete pipes.
Centrifuge Tests 1 and 3 (see Fig. 6) were performed
to study the influence of traffic load positions. In both
tests, the soil cover depth is 1 m. In Test 1, the pipe is
located below the middle point between the front axis
and the rear axis, while in Test 2 the pipe was located
exactly below the rear (the heaviest) axis of the heavy
truck. The test results are presented in Fig. 11.

At the beginning of the tests when no traffic load
was applied at the soil surface, the bending moments
at the crown of the pipe were the same, which were
induced by the weight of the 1-m cover soil. However,
when the traffic load was applied with an increment of
25% of the maximum truck weight at each step, a
significant difference was observed between those two
tests. On average, the bending moment at the pipe
crown in Test 3 was found to be two times higher than
that in Test 1. It appears that the pipe would
experience the most unfavorable conditions when the
heaviest axis of the traffic vehicle is located exactly
above the pipe crown. In the full-scale test shown in
Figure 8, the bending moment was also found to reach
its maximum value when the rear truck wheel was
located exactly above Cross Section B (at the middle
of the pipe).

Similar observations were made for Tests 2 and 4,
in which the soil cover depth was 2 m. Therefore, all
other centrifuge tests were performed with the pipe
located directly below the rear axis of the truck.

4.3. The initial bending moments

due to soil cover weight

The initial strains in the aluminum pipe model
due to the weight of the cover soil were measured
before any traffic load was applied in the centrifuge
tests. The bending moments at different locations
around the pipe from Tests 3~6 are derived, as shown
on Fig. 12. When the soil cover depth was increased
from 1 m to 4 m, the initial bending moments were
increased accordingly. For a 1-m increment in the
cover soil depth, the maximum bending moment at the
pipe crown was increased at a constant rate by about
1200 N'-m/m, which is about 60% of the
corresponding value with a soil cover depth of 1 m.
Therefore a deeper soil cover would lead to a higher
initial stresses.
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4.4. The influence of soil cover depth

on the pipe stress-strain states

The rear axis of a heavy truck (with total axis
load of 850 kN) was located exactly above the pipe in
Tests 3, 4, 5 and 6. In those four tests, only the soil
cover depth varied from 1m to 4m while all the other

testing conditions remained the same, as shown in
Fig. 6. During each test, the traffic load was increased
by four equal steps: 25%, 50%, 75% and 100%, as
describe in the previous section.

Fig. 13 presents the bending moments around the
pipe at different loading stages from those four
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Fig. 13. Comparison of combined influence of soil cover depth and heavy truck load on the pipe.
Soil cover depths: 1 m (a); 2 m (b); 3m (c) and 4m (d)

centrifuge tests. The initial bending moment, which
was induced by the weight of soil (e.g. 0% of traffic
loading), was increased with the depth of soil cover,
as described in Section 4.3.

However, the bending moment increment
induced by additional traffic loading was found to
decrease with the soil cover depth. At each step, the
traffic load was increased by 25%. When the soil cover
depth was 1m (Tests 3), an 25% increment in traffic
load resulted in an increment of the bending moment at

the pipe crown by approximately 5600 N-m/m.
However, for a soil cover depth of 3 m (Tests 5), the
bending moment at the pipe crown was increased by
only 1700 N-m/m, or nearly 3 times less, for an equal
traffic load increment.

As a result, the final bending moment under 100%
of the heavy truck load was found to decrease as the
depth of soil cover increases. The final bending moment
at the pipe crown was 24516 N-m/m, 16493 N-m/m,
11482 N-m/m and 10069 N-m/m for soil cover depths of
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1 m, 2m, 3 m, and 4 m, respectively. The final bending
moment was decreased by more than two times when the
soil cover depth increased from 1m to 3m. Thus the
effect of the heavy truck load application was maximized
at a shallow depth, and decreased sharply with increasing
soil cover depth.

It is also observed that the curve of the initial
bending moment vs. the angle is approximately
symmetrical along the x-axis for all four soil cover
depths varying from 1m to 4m (also see Fig. 12), e.g.
the bending moment is around zero at the pipe
shoulders and haunches (45°, 135° 225° and 315°)
while it is slightly higher at the crown than the invert.
However, the curves of final bending moment vs.
angle become highly unsymmetrical for shallower
cover depths (e.g., 1 m and 2 m), with considerable
bending moments appearing at the shoulders and
haunches, with a final bending moment at the crown
being much higher than that at the invert. In contrast,
the final curves still remain largely symmetrical for
deeper cover depth (e.g., 3 m and 4 m), despite some
bending moments at the pipe shoulders and haunches.

4.5. The separated influence of traffic load

and soil cover weight

The data from Tests 3~6 is further plotted in
Fig. 14 to study the separated influence of the traffic
load and soil cover weight, e.g. the bending moment
induced only by traffic loading and that induced only
by soil cover weight. The bending moment at the pipe
crown was analyzed, which was the most stressed
position around the cross section.

When the soil cover depth was increased from 1
to 4 m, the initial bending moment induced by the soil
weight was increased linearly by over two times, from
2150 N'-m/m to 5790 N-m/m, while the bending
moment induced by the full traffic load was decreased
by over 5 times from 22 366 N-m/m to 4279 N-m/m.

It can be also found in Figure 14 that when the soil
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e
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a —4—25% of traffic load
o
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Q
£
)
£
T
c
]
-]
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Fig. 14. Comparison of soil cover depth and heavy
truck load separated influence on the pipe

cover depth is 1m, the influence of the traffic load was
about 10 times higher than that induced by soil cover
weight. The bending moment induced by the soil cover
weight becomes equal to that induced by a heavy traffic
load at a soil cover depth of 3.6m. For deeper soil cover
depth, the bending moment induced by the soil cover
weight would exceed that induced by the heavy truck
load, which was 850 kN in this investigation.

It is noted that even at a soil cover depth of 4 m, the
bending moment induced by the heavy truck (850 kN) is
4279 N-m/m, which is significant compared with the
bending moment 5790 N-m/m induced by the soil cover
weight. In contrast, the ACPA suggests that the live loads
for soil cover depth of 3.05m (10 ft) or more are
insignificant [32], with the AASHTO HS-20 alternative
loading being considered. Such a vehicle has a total
weight of 320 kN and two rear axes with a wide distance
of 43 m~9.1 m, and the weight for each rear axis is
142 kN. Therefore, the load for each axis is
approximately 25% of the heavy truck rear axis load in
this study. As shown in Fig. 14, though the bending
moment induced by 25% heavy truck load is indeed
small when the soil cover depth is 4 m, it becomes
significant and cannot be ignored at a 100 % heavy truck
load, compared with the bending moment induced by the
soil cover weight.

Similar observations can be made in Fig. 15, in
which a medium truck was simulated with a soil cover
depth of 1 m and 2 m (Tests 7 and 8). Therefore, a
deeper soil cover depth would reduce the influence of
traffic load significantly, despite of an increased
influence of soil cover weight.

4.6. The combined influence of traffic load

and soil cover

Figure 16 illustrates the development of the
bending moment at the pipe crown in Tests 3~6,
which is plotted against the percentage of traffic load.
For example, 0% means that no traffic load was

—<— Soil cover

—— 25% of traffic load
—B— 50% of traffic load
—&— 75% of traffic load

—e— 100% of traffic load

Bending moment
at the pipe crown (N-m/m)

Soil cover depth, m

Fig. 15. Comparison of soil cover depth and medium
truck load separated influence on the pipe
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applied; thus, only the soil weight was acting on the
pipeline. For a shallower soil cover, the curve starts
from a lower initial bending moment, but with a
steeper slope, which reflects the more significant
influence of traffic loading. In contrast, for deeper soil
cover, the curve starts from a higher initial bending
moment, but with a less steep slope, indicating a
reduced influence of traffic loading. It is also observed
that the bending moment increased approximately
linearly with the traffic load for a shallower soil cover,
while the relationship becomes highly nonlinear for a
deeper soil cover.

The graphs in Fig. 17 show the results of Tests
7 and 8, in which a medium truck load was
simulated with a soil cover depth of 1m and 2 m.
Although the initial bending moment in Test 8 (with
a 2m soil cover) is almost two times higher than
that in Test 7, the final bending moments are almost
the same. It can be seen from Figure 15 that the
bending moments only induced by full traffic load
is 9037 N-m/m for Test 7 and 6949 N-m/m for Test
8. As the soil cover weight is a dead load while the
traffic loading is a live load, a higher bending
moment induced by traffic loading would be more
unfavorable, particularly due to its cyclic
characteristic [33]. Therefore, even though the final
bending moments are similar, as shown in Figure
17, a deeper soil cover would be preferred.
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—— 1meter

15000 - —— 2 meters

(N-m/m)

—4&— 3 meters

10000 1 —— 4 meters

5000

Bending moment at the pipe crown

o8

0% 25% 50% 75% 100%
Percentage of traffic load

Fig. 16. Comparison of test results using heavy truck
and differing soil cover depths

Bending moment at the pipe crown

4.7. Comparison with current calculation

methods

The centrifuge tests results of large diameter
pipes subjected to heavy truck loading are compared
with calculated results, which are obtained using
several widely adopted design methods for
underground pipeline design.

For the bending moment induced by the soil
overburden (dead load), two different calculation
methods are used: the traditional Marston—Spangler
method and the method described in the American
Concrete Pipe Association Design Manual, further
mentioned as ACPA method [32]. The comparison of
the results is presented in Table 3. Both methods give
a conservative prediction for the bending moments at
the crown of the large diameter pipe, particularly for
the ACPA method, which is more than two times
higher than the test results for all soil cover depths. In
contrast, the Marston—Spangler method gives a
marginally higher bending moment at a shallow soil
cover depth of Im. McAffee and Valsangkar [34] also
found that the Marston—Spangler method is
conservative in designing induced trench culverts.

For the bending moment induced by the heavy
traffic weight (live load), the Boussinesq method [35]
and the method described in the American Concrete Pipe
Association Design Manual (ACPA method) are used.
The comparison of the results is presented in Table 4.
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m/m)

£ 15000 —— 1 meter

(N

——2 meters
10000

5000

0% 25% 50% 75% 100%

Percentage of traffic load

Fig. 17. Comparison of results using medium truck and
differing soil cover depths

Table 3
Comparison of bending moments at the pipe crown induced by the soil pressure
Mc-s Ml-s MZ-S
H (m) (Nm/m) (Nrn/m) MI-S/MC-S (Nm/m) MZ-S/MC-S

1 2150 2328 1.08 4340 2.02

2 3370 6544 1.94 8176 2.43

3 4600 9459 2.06 11660 2.53

4 5790 11329 1.96 15489 2.68
Note:
H: soil cover depth.
M_.: Bending Moment induced by the soil pressure, measured in the centrifuge testing.
M,_: Bending Moment induced by the soil pressure, calculated using the traditional Marston-Spangler method.
M,_: Bending Moment induced by the soil pressure, calculated using the ACPA method.
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It can be seen that the Boussinesq method gives a
lower prediction than the test results. When the soil
cover depth exceeds 3m, the calculated bending
moment is only 1/3 of the test result. The reason is
that the Boussinesq method is based on theoretical
analysis for a homogeneous, elastic and isotropic half-
space, while a large rigid concrete pipe buried in the
soil would deviate from this assumption. The ACPA
method gives a lower prediction than the test results at
a soil cover depth of 1 m and 2 m, while the prediction
becomes slightly higher than the test results when the
soil cover depth is 4 m.

Finally, the total bending moments from dead
and live loads were compared (Table 5). It can be seen
that a combination of the Marston/Spangler method
for dead load calculation and the Boussinesq method
for live load calculation gives a lower bending
moment for a shallow soil cover, e.g. | m and 2 m,
while the calculated bending moment becomes
slightly higher than the experiment value for a deeper
soil cover, e.g. 3m and 4m. In contrast, the ACPA
method only gives a lower (unconservative) value
when the soil depth is Im. The reason is that both the
Boussinesq method and the ACPA method give lower
bending moment values induced by heavy traffic load
for a large diameter rigid pipe at a shallow soil cover
(Table 4), while the bending moment induced by the
shallow soil weight is not significant despite a
conservative prediction (Table 3).

5. Summary and conclusions

A series of geotechnical centrifuge tests were
carried out to study the performance of a large
1400 mm-diameter reinforced concrete pipe with a

footing subjected to heavy traffic loading. The
influence of soil cover depth, as well as the positions
and magnitude of traffic loads on the bending
moments of a pipe were investigated. A heavy truck
with a maximum load of 850kN was simulated in the
majority of the tests, and a medium truck of 252 kN
was also simulated.

The centrifuge test results were found to be in
reasonable agreement with those from full-scale tests.
The pipe would experience the most unfavorable
conditions when the heaviest (rear) axis of the traffic
vehicle was located exactly above the pipe crown.
At this position the bending moment at the pipe crown
was two times more than that when the pipe was
located between the front and rear axes.

A deeper soil cover would lead to higher initial
stresses in the pipe, as well as a reduced influence of the
traffic load. When the soil cover depth was increased
from 1 to 4 m, the initial bending moment induced by
the soil weight was increased linearly by over two
times, while the bending moment induced by the 100%
heavy traffic load was decreased by over 5 times.

However, even at a soil cover depth of 4m, the
bending moment induced by the heavy truck loading
is significant compared with the bending moment
induced by the soil cover weight and therefore it
should not be ignored. In contrast, ACPA suggests
the bending moment induced by AASHTO HS-20
load is insignificant at a soil cover depth exceeding
3.05m (10 ft).

Comparisons were made between the centrifuge
test results and several widely adopted design
methods, highlighting the unconservative calculation
results for large diameter rigid reinforced concrete

Table 4
Comparison of bending moments at the pipe crown induced by the full traffic load
M. M, My
H (m) (Nm/m) (Nm/m) Ml—t/Mc-t (Nm/m) M2—t/Mc-t
1 22366 20460 0.91 14555 0.65
2 13123 5115 0.39 10379 0.79
3 6882 2273 0.33 6855 1.00
4 4279 1273 0.30 5349 1.25
Note:
H: soil cover depth.
M,.: Bending Moment induced by the full traffic load, measured in the centrifuge testing.
M,.;: Bending Moment induced by the full traffic load, calculated using the Boussinesq method.
M,.: Bending Moment induced by the full traffic load, calculated using the ACPA method.
Table 5
Comparison of total bending moments at the pipe crown
Ho | (i | | MM MM || M ML) M M)
1 24516 22788 0.93 20220 0.82
2 16493 11659 0.71 19880 1.21
3 11482 11733 1.02 19840 1.73
4 10069 12602 1.25 22160 2.20
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pipes lying at a shallow soil cover depth, when heavy
traffic load is applied at the ground surface.

It should be noted that the pipe was subjected to
static loading during the geotechnical centrifuge tests
presented in this paper. Further research would be
necessary to examine the influence of cyclic loading
from heavy vehicles on large reinforced concrete pipes.
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UCMNbITAHUA B LEHTPU®YTE TPYB BOJIbLLOIO AMAMETPA
nog BO3AEUCTBUEM TAXEJIbIX TPY30B

B. PakumuH, MuHz Cy
YHueepcumem LuHbxya, lNexkuH, Kumau

TpyOs1 60bIIOTO AMAaMeETpa, TaK kK€ KaK aBTOMOOMIN OOJBIION IPy30MOABEMHO-

CTH, TOJIY4aloT Bce 0OoJiee IMIMPOKOE PacHpOCTPAHEHHE, YTO BBI3BIBAET HEOIpeaeiIcH-
HOCTH B OTHOILIECHUH MPOEKTUPOBaHMA TpyObl. B maHHO# cTaThe ommMcaHbl Mpoueaypa u
PE3yNBTaThl CEpPUU T€OTEXHHUYECKUX HCIBITAHUN B LEHTPU(YTe, KOTOPBIe IPOBOAUINCEH
Ha xene300eToHHOU TpyOe auamerpoM 140 MM Ha QyHAaAMEHTE MOJ BO3AEHCTBUEM TsI-
JKEJIOTO TpaHCHopTa. V3ydeHBl BIMSHHE TIyOMHBI I'pyHTa, IOJOXXEHHE M Harpyska
TPAHCHOPTHOT'O CPE/ICTBA HA N3rHOAIOIUii MOMEHT TpyObl. B GonbIIMHCTBE TECTOB OBLI
CMOJICIMPOBAH TSHKEIBIN IPy30BUK ¢ MakCUMalbHOUM norpyskoi 850 kHwm, a Takxke rpy-
30BHK CpelHEH rpy30moabeMHOCTH B 252 kHM. Pe3ynpTaThl cbITaHMA B ICHTpUYTE
COOTBETCTBYIOT pe3yjbTaTaM HCIBITAaHHH B HaTypalbHOM Macmrabe. Hambosee cuib-
HOE BIIMSIHHAE Ha TPpyOy OOHAapy»XEeHO B ITOJIOKEHHH, KOTJa caMas TsDKesast OCh TPy30BH-
Ka HaXxoJWJIach TOYHO HaJa ce4eHueM TpyObl. B Goree riryOOKHMX CIIOSIX TPYHTa NEPBO-
HaYaJlbHOE JaBJicHHE B TpyOe CHiIbHEE, B TO BpeMs, KaK MEHbIIE Harpyska OT TpaHC-
MOPTHOTO cpenctBa. OgHAKO Jaxke MpU TIyOuHEe TpyHTa B 4 MM HM3THOAIOIINA MOMEHT
TpyOBI 3HAYUTEIBHBIA MO BO3JCHCTBHEM TSKEIIOTO TPAHCIIOPTHOTO CPEICTBA, YTO He-
00X0IMMO YUHUTHIBATh P IPOEKTUPOBAHUHU TPYOHI. [IpoBesieH cpaBHUTEIBHBINA aHATN3
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pe3yJbTaTOB UCHBITAaHUI B HEHTPU(PYTe U HEKOTOPHIX HIMPOKO HUCHOIB3YEMBIX METOIOB
MIPOCKTUPOBAHUS, MOIYYEHBl HEOXKHUIAHHBIE PE3yJIbTaThl PacueToOB UIS JKECTKHX TPYO
6oJIBIIIOTO JHaMeTpa Ha HeOOJBIION TIIyONHE IpyHTa O] BO3JEHCTBHEM TPAaHCIIOPTHO-
r'o cpeacTBa OOJIBIION rPy30110bEMHOCTH.

Knioueswie crosa: ezaumooeiicmeue coopysicenus ¢ cpyHmMoM, dicene300emonnas
mpyba, epy3el msANCEN020 MPAHCHOPMHO20 CPeOCMBd, 2eOMeXHULecKoe UCNbIMAaHUe 8
yeumpugyeze, UCNLIMAHUSL 8 HAMYPATLHOM Macumade.
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