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For culverts installed in soft soil, the rigid composite pile foundation is used for soil treatment, and the stresses around the culverts
are complicated. Centrifuge experiments and numerical simulations are conducted to investigate the vertical earth pressures and
soil settlement over a slab culvert under high backfill in soft soil, and the foundations are treated with rigid composite piles. The
influences of lateral pile length and pile spacing on the earth pressures at the top of the culvert are analysed, and they have
significant effects on the vertical earth pressure coefficients. It also indicates a strong correlation between the backfill height and
the vertical earth pressure coefficients. For a high-backfill culvert, there is a uniform settlement surface where the settlement of the
interior and exterior soil prisms is at the same level. According to the experiments, the height of the uniform settlement surface and
the vertical earth pressures decrease with increasing the lateral pile length and pile spacing. Numerical simulations were conducted
using finite element software Midas GTS to evaluate the performance of the experiments. Further, recommendations for selecting

an appropriate pile composite foundation for slab culvert in soft soil are provided.

1. Introduction

Trench installation culverts are commonly used in high-
backfill construction. Marston has analysed the interaction
between underground conduits and the surrounding soils. It
was found that the soil arching effect appears because the
stiffness difference between rigid structure and soil. Differ-
ential settlement of interior and exterior soil prisms can
cause stress concentration at the top of the conduits [1-4].
Based on Marston’s research, Spangler [5] carried out a series
of field tests to measure the settlement ratio of pipe, box, and
arch culverts, and the settlements of soil adjacent to the
culverts were studied. Many researchers have studied the
soil pressure of culverts under embankments [6-11]. Char-
acteristics of foundation is a factor that will affect the
soil-structure interaction, including the height of the backfill,
shape of the trench, and soil type etc. [12, 13]. The vertical
earth pressure coefficient also known as the soil-structure
interaction factor, which is an important factor to evaluate
the vertical pressure on the culvert [14, 15]. In the AASHTO
[16] specification, limitations of vertical earth pressure coef-
ficient are provided, and the calculation of the coefficient for

embankment installation culvert is different from the trench
installation. Spangler [17] suggested the vertical earth pressure
coefficient is a constant for very high embankment, and Yang
[18] found that the coefficient was larger than 1 even thick layer
of soil was uncompacted to reduce the vertical earth pressure
on the culvert. When the culvert is constructed with backfill on
top, it was found that the foundations influence the vertical
pressure more than the differential settlement of interior and
exterior soil prisms. Therefore, treatment of the foundations is
required [19, 20].

In soft soil area, the settlement of soil above culverts is
more serious [21]. Pile composite foundation is a soil treat-
ment method that can improve the bearing capacity of foun-
dation, and the soft soil settlement can be reduced [22-25]. A
pile composite foundation refers to a foundation system
where the natural soil is partially strengthened or displaced
during the foundation treatment process, or a series of verti-
cal piles are installed into the soil. The reinforced zone con-
sists of two parts: the natural soil or the treated soil and the
reinforcement piles. In this article, the term pile composite
foundation refers to the arrangement of rigid piles in a verti-
cal direction within the foundation soil. It is suitable for areas
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where the bearing capacity of soil is insufficient for construc-
tion requirements, such as soft soil [26-28]. However, the
settlement of pile composite foundation is different from the
pile foundation, and it is worthy to study the influence of
composite foundation on the soil pressure and settlement. A
lot of experiments have been done to study the pile compos-
ite foundation [29, 30]. Oh and Shin [31] accomplished field
tests and highlighted that the pile spacing was an important
factor for soil treatment. Many researchers have conducted
numerical analyses to study the pile composite foundation in
various conditions [32-36]. They are good references regard-
ing the effect of pile composite foundation in high backfill. In
general, larger diameter of piles can enhance the bearing
capacity of the foundation, and longer pile length can reduce
the foundation settlements. Nevertheless, there is few
researches about the culvert constructed in soft soil area,
meanwhile, the foundation is stabilised with pile.

This paper is based on the actual project located in south
of China, where the project site is located in soft soil area.
The culvert was constructed with backfill of the 18 m, while
the pile composite foundation was used. The effect of physi-
cal characteristics of pile on the vertical pressure on top of
the culvert were studied, including the lateral pile length and
spacing of piles. Centrifuge tests and numerical modelling
were carried out to study the problem.

2. Centrifuge Modelling

A series of centrifuge tests were conducted at the Chang’an
University Geo-centrifuge laboratory located in Xi’an, China.
To investigate the effect of pile foundation on the response of
slab culvert. The performance index of the equipment is as
follows: the maximum weight is 60 g-t, the maximum load
(model box and the model): when the gravitational accelera-
tion is 100 g, the applied load is 600 kg, and when the gravi-
tational acceleration is 200 g, the applied load is 300 kg.

Polymethyl methacrylate (PMMA) was used to make the
slab culvert model, the elastic modulus was similar to concrete,
and both concrete and PMMA have similar stress—strain char-
acteristics during the elastic phase. The size of the model box
was 700 X 360 x 500 mm. The culvert model was made accord-
ing to the culvert onsite with the scale of 1:50. The length of the
model culvert was 300 mm. Strain gauges and earth pressure
cells were used. The testing points layout and the dimensions of
the culvert model are shown in Figures 1 and 2. The elastic
modulus of the piles and bamboo sticks were 35 and 30 GPa,
respectively. The Poisson’s ratio of the bamboo sticks used in
the experiment was 0.18, which was close to the Poisson’s ratio
of 0.17 for the on-site piles. From the perspective of material
characteristics, it was reasonable and feasible to use the bamboo
sticks as model piles in the centrifuge tests. The water content
of the soft soil was 41% and the void ratio was 1.2. Parameters
of the backfill and soft soil are shown in Table 1.

Nine set of tests were performed involving different
lengths of the culvert lateral piles, pile diameters, and distances
between piles, respectively. The tests focused on studying the
response of high-backfill slab culverts to the precast concrete
pile foundations. The centrifuge tests were performed by
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varying the length, the diameter, and spacing of piles. The
data collected from all the sensors during the tests were inter-
preted to estimate the reasonable composite pile foundation
design for slab culvert located in the soft soil area. The width of
section 2 (S2) in Figure 1(a) was same as the width of the
slab culvert, and the foundations on both sides of S2 were
section 1 (S1) and section 3 (S3). A PMMA slab was placed
at one side of the model box, with grid drawn on the outer side
of the slab and settlement markers placed on the inner side. A
fixed digital camera was used to capture fixed-point shooting
images of the culvert and the backfill soil in the model box.
Through digital image processing, the soil settlements of the
backfill were obtained. The settlement markers were arranged
in both vertical and horizontal directions, with five vertical
positions were selected on each soil layer, including the culvert
central axis, 3 and 10m away from the central axis on both
sides of the culvert. For backfill height of 20 m, three horizontal
layers were set at the heights of 3, 7, and 11 m above the culvert
top, respectively, which corresponded to 15%, 35%, and 55% of
the backfill height. The arrangement of the settlement markers
is depicted in Figure 1(b). The lengths of modelled piles in each
section were h1, h2, and h3, respectively. The diameter of the
pile was d, and the pile spacing was s. Height of the backfill was
5-50 m, and the tests were performed in nine test conditions
(Table 2).

3. Experiment Results

3.1. Influence of Lateral Pile Length on Earth Pressure and
Soil Settlement

3.1.1. Influence of Lateral Pile Length on Earth Pressure
around Slab Culvert. The effects of the lateral pile length
on the earth pressure around the slab culvert of backfill
height 20 m are presented in Figure 3. For the same backfill
height, the earth pressures around the culvert with pile com-
posite foundation were larger than the foundation without
piles. The earth pressures at the top of the culvert decreased
as the length of pile increased. With the increase of pile
length, the foundation at side of the culvert was strength-
ened, and the settlement of the foundation on the side of the
culvert was smaller than that of the bottom. Meanwhile, set-
tlement of the exterior soil prism decreased, and the absolute
values of the settlement difference between the interior and
exterior soil of the culvert decreased; the earth pressure trans-
ferred from the exterior to the interior soil prism decreased.
Therefore, the earth pressure at culvert top reduced. It was
shown in Figure 4, when the lateral pile was longer than 15 m,
the increasement of strength of the foundation on the side
of the culvert decreased, and the earth pressure transferred
from the interior soil prism to the exterior soil prism stayed
the same. Therefore, the earth pressure variation of the culvert
top was stable. With the increase of backfill height, the change
of relative settlement difference between inner and exterior
soil prism due to variation of lateral pile length was more
significant, so the vertical earth pressure at the top of the
culvert dropped more prominently. At a backfill height of
20 m, it was observed that, as compared to soil without piles,
the increase in vertical earth pressure at the culvert top was
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FiGUre 1: Experiment setup: (a) cross-section of the model box (unit: mm) and (b) arrangement of settlement markers.
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FIGURE 2: Arrangement of the model piles (unit: mm).

found to be 20.9%, 15.2%, and 13.4% for lateral pile lengths of
10, 15, and 20 m, respectively. Backfill height of 40 m, com-
pared with soil without piles, the increase in vertical earth
pressure at the culvert top was found to be 24.6%, 18.9%,
and 14.4%, and the increasement for backfill height of 40 m
was larger than the value of backfill of 20 m.

As can be seen in Figure 4, the earth pressures acquired
from the centrifuge test were scattered. This was due to the
fact that the process of soil backfilling was simulated by
increasing the acceleration in the test, which was not exactly
the same as backfilling construction.

In order to demonstrate the effects of lateral pile length
on earth pressure under high backfill, the vertical earth
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TasLE 1: Material properties of centrifuge experiments.

Materials Elastic modulus (MPa) Poisson’s ratio I (kN/m?) Cohesion (kPa) Friction angle (°)

Backfill 20 0.3 19 30 30

Soft soil 5 0.27 19 18 20

TasLE 2: Test conditions.

Test conditions Length, L (m)

Diameter, d (cm) Spacing, s (m)

hl=h2=h3=10

Pile length hl1=h3=15, h2=10 40 2
hl1=h3=20, h2=10
1.5
Pile spacing hl1=h3=15, h2=10 40 2
2.5

10m | 467.54

15 m | 445.75

20m | 438.44
No pile | 386.80

171.91
210.84
224.07
230.78

N

318.

328.78
331.10
355.85

Ficure 3: Effects of lateral pile length on earth pressure around the
slab culvert (backfill height: 20 m) (unit: kPa).

pressure coefficient K; of culvert top for backfill height rang-
ing 5-50 m were calculated using the following equation:

KS :Gv/yh’ (1)

where o, is the vertical earth pressure at the centre of the
culvert top with the unit kPa, yH is the self-weight of the
backfill soil above the culvert with the unit kPa.

The vertical earth pressure coefficient K can be used to
characterise the degree of concentration of vertical earth
pressure at the top of the culvert. When Kj larger than 1,

1,000

800

600 -

400

Vertical earth pressure at culvert top (kPa)

o+———F———F——7———TF—T7T—— 777
5 10 15 20 25 30 35 40 45 50

Backfill height (m)

—4— [=15m
—¥— [=20m

—a— No pile
—- L=10m

FiGure 4: Earth pressure of centre of culvert top versus lateral pile
length for backfill height 5-50 m.

the actual load at the centre of the culvert top is greater than
the self-weight of the backfill soil over the culvert, thereby
inducing stress concentration at the culvert top. Moreover,
the degree of stress concentration at the culvert top becomes
more obvious as K; increases. Conversely, when K, smaller
than 1, the actual vertical pressure at the centre of the culvert
top is smaller than the self-weight of the backfill soil over the
culvert, leading to stress diffusion at the culvert top. A smal-
ler value of K| is more beneficial for the load bearing capacity
of the culvert.

The results are shown in Figure 5. For the same backfill
height, the K; for foundation with piles were larger than the
foundation without piles, as the stress concentration at the
top of the culvert increased when the soft soil foundation is
treated with piles.

With the change of lateral pile length from 10 to 20 m,
the K at the top of the culvert is gradually decreasing. As the
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FIGURE 6: Soil settlement above the culvert of different pile lengths
(backfill height 20 m).

backfill height increased, the K, of different lateral pile
lengths all increased at the early stage and then decreased
steadily. The maximum values of K; appeared when the
backfill height was 15m, which were 1.22, 1.16, and 1.14
for pile length of 10, 15, and 20 m, respectively. Therefore,
when using piles to reinforce the soft soil foundation in
culvert construction, it is suggested that the length of lateral
piles should be longer than the culvert bottom piles, and
longer lateral piles are beneficial for the culvert structure
under stress.

3.1.2. Influence of Lateral Pile Length on Soil Settlement. To
take the tests of backfill height 20 m as an example, Figure 6
shows the soil settlement at culvert top for various pile
lengths. It was found that the total settlement decreased
with an increase in the pile length. When the lateral pile length
changed from 10 to 20m, the settlement approximately
decreased by 7%; and the minimum soil settlement on top
of the culvert centre was 13.09 cm for pile length of 20 m.

6.5

Uniform settlement surface (m)

5.5 T T T
0 5 10 15 20

Culvert side pile length (m)

FiGure 7: Height of the uniform settlement surface of different pile
lengths (backfill height 20 m).

The settlement would be larger for higher backfill. The settle-
ment at the centre of the culvert top was smaller than the
settlement adjacent to the edge of the culvert because of the
shear stress between the interior and exterior prism, resulting
in additional downward earth pressure on the interior prism
from the exterior prism above the culvert, which is the reason
for the stress concentration at the top of the culvert. It can be
noticed from Figure 5, with the gradual increase in backfill
height, the variation trend of K; reveals that the settlement
difference between the interior and exterior soil prims above
the culvert experienced an initial increase followed by gradu-
ally decreasing. This can be primarily attributed to the com-
paction of the backfill soil within the exterior prism due to the
increasing backfill height. Once the backfill reached a certain
height, the change in settlement difference between the inte-
rior and exterior soil prisms above the culvert became more
gradual. With the same length of the lateral piles, the cumu-
lative settlement of soil increased with increasing the backfill
height.

When the length of lateral pile was 10-20 m, the uniform
settlement surface was 5.9-6.3m (Figure 7). The absolute
value of settlement difference of interior and exterior soil
prism reduced with increasing the lateral pile length, and
the height of the uniform settlement surface reduced.
When the pile length was larger than 15m, changes in the
height of the uniform settlement surface became relatively
small.

3.2. Influence of Pile Spacing on Earth Pressure and
Settlement of Slab Culvert

3.2.1. Influence of Pile Spacing on Earth Pressure of Slab
Culvert. Earth pressures at culvert top are small at the middle
of the slab and large at both ends. The earth pressures against
pile spacing are shown in Figure 8, and it illustrates that the
earth pressure at culvert top decreased with increasing the
distance for the same backfill height (20 m). The earth pres-
sures against backfill height are shown in Figure 9. The earth
pressures on the culvert decreased with increasing the pile
spacing. Before backfill height of 15m, the earth pressure
differences between different pile spacing were relatively
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Ficure 8: Effect of pile spacing on earth pressure around slab culvert
(backfill height 20 m) (unit: kPa).
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FIGURE 9: Earth pressure of centre of culvert top versus pile spacing
for backfill height 5-50 m.

small, and they keep increasing as the backfill height
increased. When the backfill height was 50 m, the vertical
earth pressure at the culvert top for pile spacing 1.5 and
2.5m were 1,063 and 868 kPa, respectively.

The earth pressure of lateral has similar trend as culvert
top. The subgrade reaction of the culvert bottom was small in
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Ficure 10: Influence of pile spacing on the vertical earth pressure
coefficient of culvert top.

the centre and large at both ends. Figure 8 shows that for the
same backfill height, the subgrade reaction of the culvert
bottom decreased with increasing the pile spacing. The sub-
grade reaction of slab culvert for pile composite foundation
were larger than the subgrade reaction for foundation with-
out piles.

Figure 10 shows that for the same backfill height, the
vertical earth pressure coefficient K at culvert top of pile
composite foundation was larger than the K; of foundation
without piles. The K decreased with increasing the pile spac-
ing, but the decrease tended to slow down when the spacing
was larger than 2 m. With increasing the backfill height, the
K, of different pile spacing all increased and then decreased,
and the maximum values of K; appeared when the backfill
height was 15m, which were 1.3, 1.15, and 1.07 for pile
spacing of 1.5, 2, and 2.5 m, respectively.

Dense arrangement of piles will increase the modulus of
the foundation soil, which will intensify the stress concentra-
tion at the top of the culvert. Therefore, in order to reduce
the adverse effects caused by the pile foundation, the pile
spacing should be widened appropriately.

3.2.2. Influence of Pile Spacing on Soil Settlement. Settlement
of backfill soil has effect on the earth pressure acting on the
culvert. According to the Marston—Spangler theory of earth
pressure, it is assumed the soil—culvert interaction is between
the soil above the culvert (referred to as the interior soil
prism) and the soil beside the culvert (referred to as the
exterior soil prism). When the settlement of the exterior
soil prism is greater than that of the interior soil prism, the
load is transferred from the exterior soil prism to the interior
soil prism through frictional resistance between soil prisms,
resulting in an increase in loading on the culvert. Similarly,
when the settlement of the interior soil prism is greater than
that of the exterior soil prism, the loading on the culvert
decreases. Figure 11 shows the soil settlement of the culvert
top of backfill height of 20 m. It shows clearly that the soil
settlement at centre of the culvert top was smaller than the
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settlement close to the edge of the culvert. The reason was
that the soil above the culvert was restricted by the slopes on
both sides, thus causing smaller soil settlement near the
slope, while the obstructive effect caused by the culvert led
to the soil above edge of the culvert to settle more than the
centre top. For the same pile spacing, the cumulative settle-
ment of soil layers increasing with increasing the backfill
height, and the absolute value of settlement difference
between the exterior and the interior soil prism decreased.
With increasing the pile spacing, the absolute value of settle-
ment difference between the exterior and the interior soil
prism increased. Figure 12 shows that the uniform settlement
surface was 5.7-6.2 m when the pile spacing was 1.5-2.5m,
and the height of uniform settlement surface reduced with
increasing the pile spacing.

4. Numerical Simulation

4.1. Numerical Model. The experimental structure behaviour
was reproduced by evaluating the performance of the

FIGURE 13: Quarter of the numerical model.

numerical model. The numerical simulation was performed
using the finite element analysis software Midas GTS. The
model is shown in Figure 13. In order to minimise the
boundary effect, width of the numerical simulation model
should be more than 10 times the span of the culvert. The
width of one side in this model was taken as 12 times the
span of the slab culvert, and the model length is taken as
the length of the culvert, that is, the model size was
60 X 100 m, and the thickness of the foundation soil was
30 m. The culvert size was 4 X 4 m. In order to improve the
accuracy of the results, the grids of the culvert and the soil
around the culvert were densified. The finite element
model involves two kinds of materials, concrete and soil.
The ideal elastic constitutive model was selected for con-
crete and piles, and soil was modelled as the elastoplastic
constitutive model. Boundaries and bottom of the model
were fixed constrains. The backfill height ranged from 5 to
50 m were calculated, therefore, a clearer analysis of the
effect of backfill height on the culvert performance can
be conducted. The material properties obtained from field
and laboratory tests were presented in Table 3. The earth
pressure distribution acting on the slab culvert with pile
composite foundation were calculated according to the
simulation conditions in Table 4. Different lateral pile
lengths and pile spacings were analysed.

4.2. Analysis of Numerical Results. The comparisons of the
numerical results with the test results are shown in Figure 14.
The numerical results were found to be in reasonable agree-
ment with the experiments.

Similar to the centrifuge tests, the K; decrease with
increasing lateral pile length and pile spacing (Figure 15).
With backfill heights increase from 5 to 50 m, the K; value
increases rapidly, when the backfill height is less than 15m
then decreases relatively stable, which validates the experi-
ment results. According to the calculation, changing in the
pile arrangement had different effects on K, and pile length
had greater impact on K.

The values of calculated Kj are ranging 1.50—1.37 for pile
length of 10-20 m, while the experiment value is 1.17-1.10.
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TaBLE 3: Material properties of numerical simulation.

Materials Elastic modulus (MPa) Poisson’s ratio I (kN/m>) Cohesion (kPa) Friction angle (°)
Backfill 20 0.3 19 30 30
Culvert 30,000 0.15 26 — —

Soft soil 5 0.41 19 18 20

Pile foundation 35,000 0.17 25 — —
Cushion 50 0.25 21.5 0 40

Slope 3,000 0.2 23 150 35

TaBLE 4: Numerical simulation conditions.
Test conditions Length, L (m) Diameter, d (cm) Spacing, s (m)
hl1=h2=h3=10
Pile length hl=h3=15h2=10 40 2

hl1=h3=20,h2=10
hl=h3=25,h2=10

Pile spacing hl1=h3=15, h2=10

40 1,15,2,25

1,200 -~
£ 1,000 -
4
o
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E 800 -
=
Q
>
2
5 600
2
g
o
=
5 400 4
|43}

200 T T T T T T T T T T
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Numerical results Tests
—m- No pile % 10m
—— 10m X 20m
—&— 15m + 25m
¥ 20m

49— 25m

(a)
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£ 1,000
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o
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{9}
<
L
5 600
2
g
oy
=
S 400
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Numerical results Tests

—m— No pile + 15m
- 1m X 2m
—A— 15m * 2.5m
~¥- 2m @ No pile
- 25m

(b)

FIGURE 14: Experiment and numerical results of earth pressure at culvert top: (a) lateral pile length and (b) pile spacing (backfill height: 20 m).

Variation of K, was relatively small for the different pile
spacings, with increasing spacing from 1.5 to 2.5 m, the calcu-
lated and experiment values of K drop from 1.50 to 1.48 and
1.25 to 1.04, respectively. The K, of numerical simulation is
larger than experimental values, because the backfilling pro-
cess in the centrifuge experiment was simulated by increasing
the acceleration, which is not exactly the same as the actual
construction conditions. Spangler [17] suggested that K was

recommended as a constant value for high backfills. However,
according to the experiment and numerical analysis in this
paper, the K should be considered as variables when the soft
soil foundation of the culvert was treated with piles. As the
maximum K appeared at backfill of 15m, therefore, it is
recommended that the K; should range from 1.04 to 1.50
for a slab culvert with a span of 4m over soft foundation
treated with piles.
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FiGure 15: Coefficients of vertical earth pressure for various backfill
heights.

5. Conclusions

Pile composite foundations are commonly used to treat soft
soil for culvert construction, and the foundation can be rein-
forced. However, soil arching effect will occur when the
foundation underneath the culvert has large strength, which
resulting in an increase in the vertical earth pressure at the
top of the culvert. It is essential that the piles are appropri-
ately sited. The centrifuge tests and numerical simulation
provided valuable data to facilitate the engineering applica-
tions of culverts under high backfill.

Experiments were conducted for trapezoidal trench
installation culverts, which have different stress state from
the trench installation or embankment installation culverts.
It was found that compare to the trench installation, trapezoi-
dal trench installation culverts have relatively low-earth pres-
sure around the culvert, K and the settlement of the soil at the
top of the culvert. It is noticeable that as the backfill height
increased, vertical earth pressure coefficients increased first
and then decreased relatively stable; and the maximum values
of K were found at the backfill height of 15 m. The degree of
stress concentration above the culvert is closely related to the
settlement difference between the interior and exterior prisms
above the culvert. The soil settles more at the edge than in the
centre of the culvert, and the depth of the uniform settlement
surface is inversely proportional to the lateral pile length and
pile spacing.

Longer lateral pile lengths result in less soil concentration
of the earth pressure at the culvert top, that is smaller value of
K,. Meanwhile, the lateral pile should be longer than the pile

underneath the culvert, under the condition that the bearing
capacity of foundation is satisfied.

Dense arrangement of piles will increase the modulus of
the foundation soil, which will intensify the stress concentra-
tion at the top of the culvert. Therefore, under the condition
of satisfying the bearing capacity of the foundation, the pile
spacing should be widened appropriately. With pile spacing
increasing from 1.5 to 2.5 m, the vertical earth pressure coef-
ficient varies between 1.04 and 1.50, and the depth of uni-
form settlement surface is between 5.7 and 6.2 m.

Slab culvert were analysed in this research, and it is nec-
essary to study the vertical earth pressure coefficient for dif-
ferent types of culverts, as the earth pressure concentration
effect will vary because of the physical properties of the
culvert.
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