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Abstract: In the article the effects of backfilling an underground, flexible pipeline, using natural
materials (ground backfill) and modified materials, so called Lightweight Backfilling Materials (LBMs)
were analyzed. These materials, thanks their lower density, have a positive effect on reducing the loads
on the underground pipeline and, consequently, reducing deformations and stresses in its wall. LBMs
include lightweight expanded clay aggregates, recycled tire chips used directly in the trench or mixed
with the soil, foam concrete, foam glass (granules or plates), and expanded polystyrene, embedded in the
ground in the form of blocks. The assessment of the effects of modifying the backfill of the underground
pipeline was carried out by means of multi-variant numerical analysis in which models of the pipe-soil
system in a plane strain state (2D model) were tested. In these models PEHD pipes were represented,
with differential of their diameter (DN315, DN600) and stiffness (SDR), as well as trenches of various
shapes (trench with vertical walls and with sloping walls). In the numerical calculations, two variants
of trench filling were analyzed: full filling with soil and filling with selected LBMs (expanded clay
aggregates, expanded polystyrene, tire chips mixed with soil) in layers separated in the backfill. The
results of numerical calculations for particular variants of the models were analyzed in terms of the
distribution of vertical displacements and stresses in the soil and pipe deformation. The received pipe
deflections and circumferential stresses in their wall were related to the permissible values for PEHD

pipes.
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1. Introduction

Nowadays PEHD polyethylene pipes are widely used in water supply systems, sewage
systems, low and medium pressure gas pipelines, and finally as drainage pipes. Pipelines
made of this material are mainly built using the traditional trench method. Depending on
the ground conditions, the pipes are laid in narrow trenches with vertical walls or in wide
trenches with sloping walls, on bedding layers and then covered with soil to a height of
approx. 0.3 m above the top of the pipe (customarily named crown). The remaining part of
the trench is most often filled with the soil that was set aside during the excavation (natural
soil). In such a soil surrounding, the pipe transfers dead loads and another overburden
loads, internal pressure (in the case of pressure pipes), transport loads, and in the particular
case of mining areas — loads related to mining deformation of the surface area. The
action of these complex load systems causes deformation of the flexible PEHD pipe and
activation of the ground in the lateral zones (passive pressure) during the increase of the
horizontal deformation [1-4]. The ongoing pipe deformation process stops when the pipe-
soil system is established, and its scope and dynamics are independent of the pipe-soil
stiffness relationship. The geometric parameters of the pipe (diameter, wall thickness),
its strength parameters and material parameters of particular ground zones also play an
important role in this process. The reaction of buried flexible pipes, including PEHD, to
loads has been repeatedly analyzed analytically, laboratory and numerically (e.g. [5-8]).
The main objective of these activities was to better understand the mechanism of operation
of the pipe-soil system and to clarify the methods of determining pipe deflections.

Due to the significant role of loads in the process of pipe deformation, attempts are
being made to develop a technology for the construction of underground pipelines using
relatively light materials for full or partial filling of the trench. This solution has a beneficial
effect on reducing the deformation of the pipe and stresses in its wall [9]. Lightweight
backfilling materials (LBMs) include both natural materials, e.g. lightweight expanded
clay aggregate (LECA) and industrially produced materials, e.g. expanded polystyrene
block (EPS Geofoam), and finally waste materials used directly or mixed with soil, e.g.
recycled tire chips mixed with soil (TDA/STCh). The use of these solutions leads to a more
optimal design of pipes (possible reduction of wall thickness), in the case of using waste
materials, it also has an ecological aspect (waste management). The condition for the
effectiveness of the use of lightweight backfilling materials (LBMs) is, however, a good
knowledge of the material parameters and the impact of placing them into the trench zone
on the interaction between the pipes and the soil.

This publication attempts to investigate the effects of the use of selected lightweight
backfilling materials (LBMs) in the case of PEHD pipes laid in trenches with vertical and
sloping walls. This study was carried out using a multi-variant numerical analysis of the
2D model of the pipe-soil system, made in the ZSOIL program [10]. Three variants of
partial filling of trenches with layers of lightweight expanded clay aggregate, expanded
polystyrene block and recycled tire chips mixed with soil were considered in the analysis.

The assessment of the effects of using these layers was carried out by examining the
stresses in the soil surrounding the pipe, as well as the deformation and stress of pipe ring,
in the context of limited values. Conclusions were also formulated regarding the interaction
of the analyzed pipes with the soil.
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2. Numerical analysis of the pipe-soil system

2.1. Finite element modelling of buried pipe PEHD

The FEM models, built for numerical analysis in the ZSOIL program, represent an
pipeline laid in the soil using the trench method. Models ( 2D, plane strain state) represent
a cross-section of a pipeline of unit length, surrounded by soil (pipe-soil system). As
variants, the models represent a pipeline laid in a narrow trench with vertical walls and
a wide trench with sloping walls. The subject of the analysis are flexible PEHD pipes with
DN315 and DN600 diameters, laid on a 0.2 m thick layer of bedding and covered with soil
to a height of 0.3 m above the top of the pipe. The remaining part of the trench is filled
with soil, into which a layer of selected LBMs with a thickness of 0.8 m was introduced
in variants. The dimensions of the FEM models were adapted to the diameters of the
analyzed pipelines and the conditions of their arrangement in narrow and wide trenches.
These dimensions are as follows:

— DN315:narrow trench— L = 3.0 m, H = 2.8 m, widetrench— L = 6.0 m, H = 3.3 m.

— DNG600: narrow trench— L = 4.0 m, H = 3.5 m, widetrench— L = 6.0 m, H = 3.6 m.

The dimensions of the trenches were adopted in accordance with [11], introducing the
minimum working space between the trench wall and the outer diameter of the pipe with
a width of 0.5 m. The thickness of the layer covering the pipe is 1.6 m (DN315) and 1.5 m
(DN600), respectively.

On the upper edge of the models a leveling layer, whose task is to evenly transfer the
load, with a thickness of 0.1 m was introduced. Variants of the pipe-soil system models
with marked material zones are shown in Fig. 1.
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Fig. 1. Models of the pipe-soil system: a) narrow trench, filling with soil, b) narrow trench, filling
with LBMs layer, ¢) wide trench, filling with soil, d) wide trench, filling with LBMs layer
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In all models, the same boundary conditions were applied in the form of sliding
supports, limiting only horizontal displacements on both vertical edges of the model, and
non-moving supports on its bottom edge. The load of the models (LF) was applied on the
upper edge, in the area above the trench. This load had static and uniform character. In the
performed numerical analyses, which were incremental and iterative, the load increases
linearly from LF = 0 to LF = 150 kN/m? (Time Dependent 0 to 5, increment 0.1).

Three- and four-node elements (Continuum) and Beam elements (PEHD pipe) were
used to build models of the soil-pipe system.

2.2. Material parameters

The particular material zones represent the natural soil (cohesive, semi-compact soil),
trench fill (medium compacted medium sand), backfill (medium compacted coarse sand),
foundation (coarse, medium compacted sand) and optionally a layer of expanded clay
(symbol: LECA), a layer of expanded polystyrene (symbol: EPS) and a layer of soil mixed
with tire chips (40%) (symbol: TDA). The behavior of all materials under load, except
EPS and PEHD, was described by the elastic-perfectly plastic Mohr-Coulomb (MC) failure
criterion. EPS and PEHD were modeled as elastic materials. The parameters of the material
zones, the parameters of the PEHD pipe and leveling layer are summarized in Table 1.

Table 1. Material parameters

Young Poisson Unit Friction . Dilatancy
Material Modulus ratio weight angle Cohesion angle
MPal | 1| Nl | P [kPal ]
Natural soil 15.0 0.3 22.0 22 25 0
Final Backfill 15.0 0.3 22.0 22 10 0
Initial Backfill 9.0 0.3 17.0 35 1.0 5.0
Bedding 6.0 0.3 17.0 35 1.0 5.0
LECA 2.52 0.2 6.0 36 2.0 6.0
EPS 5.69 0.25 0,2 - - -
TDA 3.982 0.25 12.5 36 20 6.0
Leveling layer 150.0 0.3 22.8 30 15.0 0
PEHD 700.0 0.45 9.4 - - -

Material parameters were adopted on the basis of literature data: soil [12, 13], LECA [14],
EPS [15,16] TDA [17], leveling layer [18], PEHD [18].

2.3. Numerical analysis program

In the numerical calculations, pipe-soil models representing narrow and wide trenches,
filled only with soil or alternatively with layers of three different LBMs (LECA, EPS and
TDA) introduced into the trench fill zone with soil, were used. In addition, in these models,
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pipe diameters (DN315, DN600) and SDR = ¢,/ D series in the range of SDR 41, SDR 26,
SDR 21 and SDR 11 were analyzed as variants. This corresponds to wall thicknesses of
e, =7.7mm, 12.1 mm, 15.0 mm and 28.6 mm for DN315 and ¢,, = 14.7 mm, 23.1 mm,
28.6 mm and 54.5 mm for DN600, respectively.

All in, numerical calculations were made for 64 model variants. Individual model
variants are marked according to the following scheme: diameter_SDR_trench type_filling
type. For example, DN600_SDR11_N_SOIL refers to a 600 mm diameter pipe variant,
SDR11, laid in a narrow trench filled with soil, and DN315_SDR41_W_EPS refers to
a 315 mm diameter pipe variant, SDR41, laid in a wide soil filled trench with EPS.

3. Results and discussion

The results of the multi-variant numerical calculations performed were analyzed in
terms of assessing the impact of placing layers of LBMs into the backfill zone in relation
to the traditional filling of the trench with soil. This assessment was made by analyzing
the deformation of the subsoil and PEHD pipes and the stress states associated with these
deformations. The analyzes were carried out taking into account the diversification of
trench shapes and its filling, pipe diameters and their stiffness.

3.1. Deformation of soil and of buried pipes PEHD

The action of static loads (LF) and dead loads of the soil and of the pipe, automatically
generated in the ZSOIL software, cause deformation of the pipe-soil model. The top edge of
the model deflections and the pipe model ovalizes. The distributions and displacement val-
ues of the model nodes change depending on its variant, but in all analyzed cases the vertical
component (Displacement Y) is dominant in the absolute displacements (ABS). Examples
of deformed meshes of the model are shown in Fig. 2 (models 600_SDR41_N_SOIL,
600_SDR41_W_SOIL). The shapes of the deformed pipe in a narrow and wide trenches
are different.

T [':.‘

Fig. 2. Deformed mesh of models: a) 600_SDR41_N_SOIL, b) 600_SDR41_W_SOIL
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The deformation of the subsoil was examined in two cases: by analyzing the deformation
of the upper edge of the model and the distribution of vertical displacements of the
model nodes, located in the backfill zone. In the first range, vertical displacements of
the node situated on the upper edge of the model, on its vertical axis, were analyzed
during the increase of the load (LF) — this point is marked in Fig. 3. The analysis was
performed for models with a narrow and wide trench, filled only with soil and with
optionally placed layers of LBMs. In these models, the PEHD pipe has the same stiffness
(SDR41), while the diameter changes (DN315 and DN600). The results of these analyzes
are shown in Fig. 3.
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Fig. 3. Vertical displacements of the central point on upper model edge: a) narrow and wide trench —
DN 315, b) narrow and wide trench — DN 600

The presented graphs show that, regardless of the size of the vertical pipe diameter,
the displacement of the analyzed point are greater in case of wide trench. The placement
of layers of LBMs material (especially LECA) increases the vertical displacements of the
analyzed point in both types of trench.

Placement of LBMs layers significantly changes the distribution of vertical displace-
ments of nodes, located in the backfill zone in comparison to filling the trench with soil only.
This applies to both types of trenches, both pipe diameters and to all tested LBMs. For ex-
ample, it is shown on the vertical displacement maps of the models 600_SDR41_N_SOIL,
600_SDR41_W_SOIL and 600_SDR41_N_LECA, 600_SDR41_W_LECA (Fig. 4). On
all the maps of displacements the same scale of vertical components (0.0-6.1 mm) was
used. In qualitative terms, the differences in the distribution of vertical displacements can
be assessed as follows: the width of the trench clearly affects the change in the range of im-
pacts of loads — the impact zone is definitely larger in the case of wide trenches. Placement
of the LBMs (LECA layer) results in the accumulation of vertical displacements between
the and the LBMs layer. At the same time, it causes an increase in the value of vertical
displacements of the layer and a decrease in vertical displacements of the top point of the
pipe (crown). The above observed trends in the distribution of vertical displacements apply
to all analyzed models of the pipe-soil system.

The distribution of vertical displacements shown in Fig. 4 indicates that the layers
of LBMs materials, somehow take over the effect of the LF load, accumulating vertical
displacements.
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Fig. 4. Maps of displacements: a) 600_SDR41_N_SOIL, b) 600_SDR41_W_SOIL,
¢) 600_SDR41_N_LECA, d) 600_SDR41_W_LECA

The deformation of the PEHD pipe covered by traditional backfill and LBMs layers
was examined by analyzing the distribution of vertical displacements of nodes in the top
of the pipe (crown) — point is marked on the Fig. 5. This analysis was performed in
relation to the value of the increasing load LF, for PEHD pipes with SDR 41 stiffness,
diameters DN315 and DN600. The results of these analyzes are shown in Fig. 5. The
vertical displacements of the top point of the pipe are clearly greater in the case of wider
trenches, both for diameters DN315 and DN600. As a result of the unloading effect of
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Fig. 5. Vertical displacements of the top point of pipe (crown): a) narrow and wide trenches
— DN 315, b) narrow and wide trenches — DN 600
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layers made of LBMs materials, the values of crown point’s displacements in trenches with
and without these layers are similar. This applies to both analyzed pipe diameters.

Deformation, in particular — pipe deflection, is essential for the proper functioning of
PEHD pipes laid in the ground. For PEHD pipes, the value of the admissible deflection
is 5%, which translates into a value of 15 mm for DN315 pipes and 30 mm for DN600
pipes, respectively. In the numerical analysis, the deflection of the pipe was determined as
the difference in vertical displacements of its crown (top point) and invert (bottom point).
Deflection values, expressed as a percentage, were determined for all built models. The
distribution of these values for narrow and wide trenches, for diameters DN315 and DN600,
for various pipe stiffness and various trench fillings is shown in Fig. 6.
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Fig. 6. Vertical displacements of the top point of pipe (crown): a) narrow and wide trenches — DN
315, b) narrow and wide trenches — DN 600

Pipe deflections (Fig. 6) vary, but they do not exceed the admissible deflection in any
variant. Generally, it can be stated that the deflections of pipes with a diameter of DN315
are twice as small as the deflections of pipes with a diameter of DN600. Greater width of
the trench increases the deflection of the pipes, this applies to both diameters.

The use of layers of LBMs materials affects pipes deflections in different ways. This
is due to the different relationships between the stiffness of the pipes, the stiffness of the
materials placed in the trench and foundation zones. Placement of the EPD layer reduces
pipe deflections, regardless of the shape of the trench and the diameter of the pipe and
SDR. On the other hand LECA layers act similarly to backfill soil, pipe deflections are
comparable. The smallest effect of deflection reduction is observed in the case of the use
of the TDA layer. It can also be seen that a greater diversification of deflections is visible
at case SDR41 and SDR11.
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3.2. State of stress in soil and in buried pipes PEHD

The state of stress in the soil is related to the acting loads. In the initial phase, (t = 0,
LF = 0), the stresses in the soil result from the dead weights of each layers. These
stresses increase as the load increases (¢ = 5, LF = 150 kN/m?), and their distribution also
changes. In addition, the change in the distribution of these stresses is influenced by layers
made of LBMs. For example, it is shown in the maps of vertical stresses in the ground
(Vertical stress), generated for the models 600_SDR41_N_SOIL, 600_SDR41_W_SOIL
and 600_SDR41_N_LECA, 600_SDR41_W_LECA (Fig. 7). The stress distribution varies
depending on the value of the LF load, the type of trench (narrow or wide trench) and the
type of trench backfill (soil only or with LECA layer).

Fig. 7. Maps of vertical stress: a) 600_SDR41_N_SOIL (¢ = 0), b) 600_SDR41_W_SOIL (r = 0),
c) 600_SDR41_W_SOIL (+ = 5), d) 600_SDR41_W_SOIL (¢t = 5), e) 600_SDR41_W_LECA
(t=5),f) 600_SDR41_W_LECA (t =5)
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The effect of placing layers of various LBMs materials on the values of vertical stresses
in the soil above the pipe is shown in the diagrams, made for models DN600 SDR 41
(narrow trench and wide trench) in two calculation steps: + = 0, LF = 0 and ¢t = 5,
LF = 150 kN/m? (Fig. 8).
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Fig. 8. Vertical stresses in soil above pipe for different LBMs: a) DN600_SDR41_N (¢ = 0), b)
DN600_SDR41_N (¢ = 5), c) DN600_SDR41_W (7 = 0), d) DN600_SDR41_W (¢ = 5)

In the case of using layers of LBMs materials, the values of vertical stresses above the
pipe (Fig. 8) are lower than the values of vertical stresses when filling is with soil only.
This proves the unloading nature of the introduced layers made of various LBMs (LECA,
EPS, TDA). Reduction of the stress value varies depending on the type of material and the
shape of the trench in both analyzed loading steps (# = 0 and ¢ = 5). The relieving effect is
most pronounced in the case of a wide trench at full load, especially when EPS layers are
used. Placing of LBMs layers also affects the change in the distribution of stress values in
the layer above the pipe over the entire width of the model. For example, this is shown for
the DN600 SDR 41_W model (Fig. 9). After placing of LBMs layers, the vertical stresses
in the entire trench zone are reduced, this applies to all the analyzed types of materials. At
the same time, there is a slight increase in vertical stresses outside the trench zone.

The stresses in the ring (pipe section) were determined by analyzing the values of
circumferential bending moments M, and circumferential normal forces N, resulting
from soil pressure in the backfill zone (variants — soil only or the use of LBMs layer). The
action of loads causes a complex state of stress (bending combined with compression) in the
ring. The circumferential bending moments M, have different sign (+), the circumferential
normal forces N, are compressive (—). The distribution of moments M, and forces N, is
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Fig. 9. Vertical stresses distribution in the zone above the pipe, model DN600_SDR41_W (¢ = 5)

shown, for example, for the DN600_SDR_41 model — placing in a narrow and wide trench,
only in the soil (SOIL) and with the use of an EPS layer (Fig. 10).
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When comparing the values and distributions of moments M in the models filled with
soil only (SOIL) and with the EPS layer, the differences occur in the top part of the pipe
ring (+30°) in models with a narrow trench. This is due to the fact, that in a narrow trench
the possibility of free deformation of the pipe in the horizontal direction is limited, which
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increases the bending moments in the top part of the pipe. In the case of a wide trench, the
normal forces N, are almost twice as large as in the case of a narrow trench. Placing of
EPS layers reduces the values of forces N, and moments M, in both types of trenches.
The stresses in the pipe wall were determined taking into account the simultaneous
action of normal forces and bending moments in the section with the area of F = 1.0 -
e, [m?]. Extreme values of normal forces N, and bending moments M, were obtained for
the DN600_SDR 41 model. Therefore, the stress values were determined for this model,
taking into account different trench shapes (narrow and wide trenches) and its various
fillings (soil only, LECA, EPD, TDA). The distribution of stress values is shown in Fig. 11.
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Fig. 11. Extreme stress in the pipe wall — model DN600 SDR41: a) narrow trench, b) wide trench

Stress values do not exceed the permissible value (for PESO o0y, = 6.4 MPa). The
effect of using layers of LBMs materials in the form of reducing stress values is visible.
For the narrow trench, the greatest reduction was obtained with the use of the EPS layer,
for the wide trench — with the introduction of the LECA layer.

4. Conclusion

Numerical modeling of the pipe-soil system makes it possible to study the effects of
using layers of LBMs in trenches of various shapes and widths (narrow trench and trench
with inclined walls).

The presented multi-variant numerical analysis of the pipe-soil system models does not
allow for the formulation of universal conclusions regarding the effects of using layers of
selected LBMs (leca aggregate, expanded polystyrene, rubber waste mixed with soil) as
a partial filling of trenches. Although the analysis was performed for 64 different models, it
should be remembered that specific values of material parameters of individual soil zones
(natural soil, bedding, initial backfill, final backfill) were introduced into the calculations.
This is important for the calculation results, which depend on the mutual relationship of
the stiffness of particular layers. In addition, FEM analyzes are approximate. Therefore,
the presented analysis should be treated as an academic study, on the basis of which trends
in the studied effects can be commented on.

The performed numerical calculations provided such a wide range of results in terms of
node displacements and stresses in model elements that only some of them were presented
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in the article, those in which extreme analyzed values were obtained. The results make it
possible to assess the effects of applying layers of selected LBMs materials in the analyzed
trenches, including pipe deflections and stresses, occurring both in the soil and in the pipe
walls. This was the main aim of the research. On the basis of the obtained results it is
also possible to formulate conclusions that go beyond this main objective, and concern the
interaction of the tested PEHD pipes with the soil.

The interaction of the pipe with the soil is illustrated by the horizontal displacements
of the model nodes (springline point), which proves the horizontal deformation of the pipe.
The nature of this interaction is influenced by a number of factors, including soil parameters,
pipe diameters and SDR, and the type of trench (trench with vertical or inclined walls).
Based on the analysis of the obtained calculation results, it can be concluded that the use of
layers of selected LBMs materials (leca, expanded polystyrene, rubber waste mixed with
soil) also affects the interaction of PEHD pipes with the ground. Although the values of
horizontal displacements are small, one can talk about certain tendencies of this influence.
Horizontal pipe deformations increase with increasing trench width and decreasing pipe
stiffness (Fig. 12). This applies to both analyzed pipe diameters. Horizontal displacements
for pipes with stiffness SDR 41 to SDR 21 remain at a similar level, they decrease at
SDR 11. The effect of placing layers of LBMs materials varies for pipes DN315 and
DN600 depends on the width of the trench.
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Fig. 12. Horizontal displacements: a) DN315 — narrow trench, b) DN315 — wide trench,
¢) DN600 — narrow trench, b) DN600 — wide trench

In the case of narrow trenches, for the diameter of DN315, placing of LECA layers
increases horizontal displacements, while EPS and TDA layers reduce these displacements.
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For the DN600 diameter, the LECA and TDA layers increase the horizontal displacements,
the EPS layers reduce the horizontal deformation. In turn, in the case of wide trenches, for
the diameter of DN315, both LECA and TDA layers influence the increase in horizontal
displacements, while EPS layers reduce horizontal deformation. For the DN600 diameter,
the effect of layers from all LBMs materials is similar.

The impact of the application of LBMs layers on the deflections of PEHD pipes was
analyzed by comparing the deflections of pipes in a trench filled only with soil with the
deflections occurring when these layers were placed into the trench. The pipe deflections
vary depending on the width of the trench and the type of its filling as well as on the
diameter and stiffness of the pipe. The deflections of pipes laid in trenches filled only with
soil decrease with increasing pipe stiffness. Larger values of deflections occur in the case
of wide trenches, this applies to both analyzed pipe diameters. These intuitively perceptible
tendencies change when layers of the analyzed LBMs are introduced into the trench zone,
which causes changes in pipe deflections (Fig. 6). The effectiveness of these changes is
varied and can be characterized as follows:

— the application of layers of expanded clay (LECA) either does not change the deflec-

tions of pipes covered only with soil, or changes them to a very small extent.

— the introduction of layers of expanded polystyrene (EPS) reduces pipe deflections.
This applies to both types of trenches and both analyzed pipe diameters.

— the introduction of layers of rubber waste mixed with soil (TDA) varies depending
on the type of trench. In the case of trenches with vertical walls, a reduction in pipe
deflections was observed, and it is more visible in the case of pipes with a diameter of
DN315. In the case of trenches with inclined walls, the deflections increase (DN315)
or do not change (DN600).

It should be emphasized that the registered changes in deflections are small, but they
are undoubtedly related to the diversification of material parameters and the stiffness of the
LBMs layers. However, the pipe deflections determined in the numerical analysis of the
pipe-soil system do not exceed the limited value.

Changes in the distribution of vertical stresses in the soil were studied by comparing
their distribution in the case of pipes laid in trenches with vertical and inclined walls, filled
only with soil, and in trenches with layers of LBMs (Fig. 7 and 8). The acting loads, the
type of trench and its filling affect the distribution of vertical stresses in the soil. In the
starting phase (t = 0, LF = 0), the stresses in the soil result from the weights of the soil
above the pipe, their distribution and values change as the applied load increases, reaching
largest values at r = 5, LF = 150 kN/m?. Due to the flexibility of PEHD pipes, the positive
earth arches, characteristic of flexible pipes are visible, reducing the stress above the pipe.
The type and width of the trench are important for the distribution of vertical stresses above
the pipe. In the case of a narrow trench filled with soil, stress accumulation is observed in
the zone under the surface layers and a strong variability of these stresses in the side zones,
related to the friction of the backfill material against the walls of the trench. When layers of
LBMs are placing, a clear unloading effect is observed (Fig. 8). This effect is particularly
visible for pipes with the lowest stiffness (SDR 41), it applies to all analyzed materials and
both pipe diameters. Reduction of vertical stresses in the zone above the pipe is the greatest
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when using a layer of extruded polystyrene (EPS) in both types of trench. The reduction
in the value of vertical stresses with the use of other materials (LECA and TDA) is visible
in the case of a wide trench. In this type of trench, the introduction of layers of LBMs also
results in a significant reduction of vertical stresses along the entire width of the trench
(Fig. 9).

Reducing pipe loads (vertical stresses in the soil in the zone above the pipe) caused
by the placing of LBMs layers also results in a decrease in the value of bending moments
M, and normal forces N in the pipe ring (Fig. 10). As a consequence, stresses in the
pipe wall are also reduced (Fig. 11). The reducing effect of these layers is most visible in
the case of a narrow trench and EPS layer. In the wide trench, the greatest reduction of
stress occurred when the LECA layer was placed. The stress values in the pipe ring of the
pipe-soil system determined in the numerical analysis do not exceed the limiting value (for
PESO oy;,, = 6.3 MPa).

The above-described differentiation of the effects of the use of LBMs materials in terms
of pipe deflections and their effort is difficult to comment unequivocally. This is due to the
fact that the interaction of the analyzed HDPE pipes with the soil is influenced by many
factors at the same time. Obtaining a more unambiguous assessment of the effects of using
layers of LBMs in trenches requires extending the scope of analyzes to include pipes of
larger diameters, laid in trenches of greater depth.
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Analiza efektéw stosowania réznych materialéw zasypkowych
w budowie podziemnych rurociaggéw

Stowa kluczowe: rurociagi, materialty LBMs, analiza numeryczna

Streszczenie:

Wspéltczesnie rury polietylenu PEHD stosowane sg szeroko w systemach zaopatrzenia w wodg,
kanalizacji, gazociggach niskiego i §redniego ci$nienia czy wreszcie jako rury drenazowe. Rurociagi
z tego materialu budowane sa gléwnie metoda tradycyjna, wykopowa. W zaleznosci od warunkéw
gruntowych rury ukfadane s3 w wykopach waskich, o Scianach pionowych lub w wykopach sze-
rokich, o $cianach nachylonych, na warstwach podsypkowych a nastgpnie obsypywane gruntem na
wysoko§¢ ok. 0,3 m ponad gérny punkt rury. Pozostata cz¢$¢ wykopu najczesciej wypelniania jest
gruntem, ktéry zostal odlozony przy wykonywaniu wykopu (grunt rodzimy). W takim otoczeniu
gruntowym rura przenosi obcigzenia zwigzane z ci¢zarem warstw nadkladowych, ci§nieniem we-
wnetrznym (w wypadku rur ci$nieniowych), obcigzenia komunikacyjne a w szczegdlnym przypadku
terenéw gérniczych — obcigzenia zwigzane z gérnicza deformacja terenu. Dziatanie tych ztozonych
ukfadéw obcigzenn wywotuje deformacje elastycznej rury PEHD i aktywizacje gruntu w strefach
bocznych (parcie bierne) w trakcie narastania poziomej deformacji [1-4]. Przebiegajacy w czasie
proces deformacji rury ustaje w momencie ustalenia si¢ réwnowagi w ukladzie rura-grunt, a jego
zakres i dynamika jest zalezna od relacji sztywnosci rury i gruntu. Istotne znaczenie w tym procesie
odgrywaja takze parametry geometryczne rury (Srednica, grubo$¢ Scianki), jej parametry wytrzy-
malo$ciowe oraz parametry materialowe poszczegdlnych stref gruntowych. Reakcja podziemnych
rur elastycznych, w tym PEHD, na dzialanie obcigzeri byla wielokrotnie analizowana analityczne,
laboratoryjnie a takze numerycznie, np. [5-8]. GIéwnym celem tych analiz bylo lepsze poznanie
mechanizmu dziatania uktadu rura-grunt oraz doprecyzowanie metod wyznaczania ugi¢¢ rur.

W zwiazku z istotng rolg obcigzen w procesie deformacji rury podejmowane sa proby opracowa-
nia technologii budowy podziemnych rurociggéw z wykorzystaniem stosunkowo lekkich materiatéw,
tzw. lightweight backfilling materials (LBMs), do petnego lub czesciowego wypelnienia wykopu [9].
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Takie rozwiazanie ma na celu odcigzenie rury i w konsekwencji zmniejszenie jej deformacji oraz
naprezenia w jej Sciance. Do materialéw typu LBMs zaliczy¢ mozna zaréwno materialy naturalne,
np. keramzyt (LECA) jak i wytwarzane przemystowo, np. polistyren spieniony (EPS Geofoam) czy
wreszcie materialy odpadowe (skrawki z opon) stosowane bezposrednio lub mieszane z gruntem
(TDA/ STCh). Zastosowanie tych rozwigzan prowadzi do bardziej optymalnego projektowaniem rur
(ewentualne zmniejszenie grubos$ci Scianek), a w wypadku stosowania materialéw odpadowych ma
takze aspekt ekologiczny (zagospodarowanie odpadéw). Warunkiem skuteczno$ci stosowania LBMs
jestjednak dobra znajomo$¢ parametréw materialowych tych materiatéw oraz wptywu wprowadzenia
ich w strefe wykopu na interakcje rur z gruntem.

W niniejszej publikacji podjeto prébe zbadania efektéw zastosowania wybranych materialéw
typu LBMs w budowie podziemnych rurociagéw PEHD. Badanie to przeprowadzono za pomoca
wielowariantowej numerycznej analizy modelu 2D ukfadu rura-grunt, wykonanej w programie
ZSOIL [10]. Modele FEM, zbudowane na potrzeby analizy numerycznej, reprezentuja rurociag
PEHD ulozony w gruncie metoda wykopowa. Modele te typu 2D (plaski stan odksztatcenia) przed-
stawiajg przekrdj poprzeczny rurociagu o jednostkowej dlugosci, otoczonego gruntem (uktad rura-
grunt). W analizie rozpatrzono dwa warianty ksztattu wykopu (waski o §cianach pionowych i szeroki o
$cianach nachylonych) oraz trzy warianty czgsciowego wypel nienia wykopéw warstwami keramzytu
(ozn. LECA), bloczkami z polistyrenu spienionego (ozn. EPS), odpadami gumowymi zmieszanymi
z gruntem (ozn. TDA). Obliczenia wykonano dla 64. ré6znych modeli uktadu rura-grunt. Przedmiotem
analizy byly podatne rury PEHD, o $rednicach DN315 i DN600 i zréznicowanych sztywnoS$ciach
(SDR 11, SDR 21, SDR 26 i SDR 41). Rury utozone zostaly na warstwie podsypki o grubosci
0,2 m i obsypane gruntem (obsypka) na wysoko$¢ 0.3 m ponad gérny punkt rury. Pozostata czes¢é
wykopu wypelniona byla wylacznie gruntem (ozn. SOIL), lub wariantowo gruntem, do ktérego
wprowadzano warstwe materiatéw LBMs (grubo$¢ warstw 0.8 m). Na gérnej krawedzi modeli,
w strefie o szerokosci odpowiadajacej szerokosci wykopu, przytozono obciazenie LF, o charakterze
statycznym, réwnomiernie roztozonym. W wykonanych analizach numerycznych, ktére mialy cha-
rakter przyrostowo-iteracyjny, obcigzenie to narastato liniowo od wartosci 0 do wartosci 150 kN/m2.
Warstwy gruntu, keramzytu i odpadéw gumowych zmieszanych z gruntem modelowano za pomoca
modelu Mohra—Coulomba, warstwe EPS ora z rur¢ PEHD — w zakresie sprezystym.

Wykonane obliczenia numeryczne dostarczyly bardzo szeroka palete wynikéw w zakresie prze-
mieszczen wezldéw i naprezent w elementach modeli. W artykule zaprezentowano tylko niektére z nich,
gléwnie te w ktérych uzyskano ekstremalne analizowane wartosci. Prezentowana wielowariantowa
analiza numeryczna modeli ukladu rura-grunt nie pozwala jednak na sformutowanie uniwersalnych
wnioskéw dotyczacych efektéw zastosowania warstw z wybranych materialéw jako czesciowego
wypelnienie wykopéw. Wynika to z faktu, iz do obliczeri wprowadzono konkretne wartosci parame-
tréw poszczegdlnych stref materiatowych. Ponadto analizy MES maja charakter przyblizony. Nalezy
zatem traktowac prezentowang analize jako pewne studium przypadku, na podstawie ktérego mozna
skomentowaé tendencje w badanych efektach. Ponizej zaprezentowano podsumowanie i wnioski
z wykonanych obliczeri numerycznych:

Interakcje rury z gruntem ilustrujg poziome przemieszczenia wezléw modeli (punkt boczny
Springline), §wiadczace o poziomej deformacji rury. Na charakter tej interakcji wplywa szereg czyn-
nikéw, w tym parametry gruntu, Srednice i sztywnosci SDR rur oraz rodzaj wykopu. Na podstawie
analizy uzyskanych wynikéw obliczeri mozna stwierdzié, ze stosowanie warstw z wybranych mate-
rialéw LBMs réwniez wptywa na interakcj¢ rur PEHD z gruntem. Mimo, Ze warto$ci poziomych
przemieszczen s3 niewielkie, mozna méwi¢ o pewnych tendencjach tego wptywu. Poziome defor-
macje rur wzrastajg wraz ze wzrostem szeroko$ci wykopu oraz obnizaniem si¢ sztywnosSci rury.
Dotyczy to obu analizowanych §rednic rur. Przemieszczenia poziome dla rur o sztywnosciach SDR
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41 do SDR 21 utrzymuja si¢ na zbliZonym poziomie, maleja przy SDR 11. Wplyw wprowadzenia
warstw z materialéw LBMs jest zr6znicowany dla rur DN315 i DN600 i zalezny od szerokosci
wykopu. W wypadku wykopéw waskich, dla Srednicy DN315, wprowadzenie warstw LECA wplywa
na zwiekszenie poziomych przemieszczeni, natomiast warstwy EPS i warstwy TDA przemieszczenia
te zmniejszaja. Dla §rednicy DN600 warstwy LECA 1 TDA wplywaja na zwigkszenie poziomych
przemieszczen, warstwy EPS wplywaja na zmniejszenie deformacji poziomej. Z kolei w wypadku
wykopéw szerokich, dla Srednicy DN315, na zwigkszenie przemieszczen poziomych wptywaja za-
réwno warstwy LECA jak i TDA, warstwy EPS wplywaja na zmniejszenie deformacji poziomej. Dla
Srednicy DN600 wplyw warstw ze wszystkich materiatéw LBMs jest zblizony.

Wplyw wprowadzenia warstw z materialéw LBMSs na ugiecia rur PEHD analizowano poréw-
nujac ugiecia rur w wykopie wypetnionym wylacznie gruntem z ugieciami wystepujacymi przy
wprowadzeniu do wykopu tych warstw. Wyznaczone ugiecia rur sg zréznicowane w zaleznosci sze-
rokosci wykopu i rodzaju jego wypelnienia oraz od Srednicy i sztywnosci rury. Ugiecia rur ufozonych
w wykopach wypelnionych wylacznie gruntem maleja wraz ze wzrastajaca sztywnoscia rur. Wieksze
wartosci ugie¢ wystepuja w wypadku wykopdw szerokich, dotyczy to obu analizowanych Srednic
rur. Te intuicyjnie wyczuwalne tendencje zmieniajg si¢ przy wprowadzeniu w strefe wykopu warstw
z analizowanych materiatéw LBMs, ktére wywoluja zmiane ugi¢¢ rur. Efektywnos¢ tych zmian jest
zréznicowana, mozna jg scharakteryzowac nastepujaco:

— wprowadzenie warstw z keramzytu (LECA) albo nie zmienia ugiec rur obsypanych wylacznie
gruntem, albo zmienia je w bardzo niewielkim stopniu.

— wprowadzenie warstw z polistyrenu spienionego (EPS) zmniejsza ugigcia rur. Dotyczy to obu
typow wykopdéw i obu analizowanych §rednic rur.

— wprowadzenie warstw z odpadéw gumowych zmieszanych z gruntem (TDA) jest rézne w za-
leznosci od typu wykopu. W wypadku wykopéw o $cianach pionowych zaobserwowano
zmniejszenie ugie¢ rur, przy czym jest to bardziej widoczne w wypadku rur o Srednicy
DN315. W wypadku wykopéw o Scianach nachylonych ugiecia wzrastaja (DN315) lub nie
ulegaja zmianie (DN600).

Nalezy podkresli¢, ze zarejestrowane zmiany ugiec sa niewielkie lecz sa niewatpliwie zwigzane ze
zréznicowaniem parametréw materialowych i sztywnoScig warstw LBMs. Ugiecia rur, wyznaczone
w analizie numerycznej uktadu rur-grunt nie przekraczajg wartosci dopuszczalne;j.

Zmiany rozkladu naprezen pionowych w gruncie badano poréwnujac ich rozktad w wypadku
rur utozonych w wykopach o §cianach pionowych i nachylonych, wypelnionych wytacznie gruntem
i w wykopach z warstwami z materiatéw LBMs. Dziatajace obcigzenia, rodzaj wykopu i jego wy-
pelnienie wptywaja na rozklad naprezen pionowych w gruncie. W fazie poczatkowej (t = 0, LF = 0)
naprezenia w gruncie wynikaja z cigzaréw gruntu nad rura, ich rozkfad i wartosci zmieniaja si¢ w trak-
cie narastania przylozonego obcigzenia osiagajac wartosci ekstremalne przy t = 5, LF = 150 kN/m2.
W rozktadzie naprezen pionowych w gruncie widoczne jest charakterystyczny dla rur podatnych tzw.
pozytywne sklepienie, redukujace obcigzenia nad rura. Istotne znaczenie dla rozkladu pionowych
napr¢zen nad rurg ma rodzaj i szeroko$¢ wykopu. W wypadku wykopu waskiego wypetnionego
gruntem obserwowana jest kumulacja naprezein w strefie pod warstwami nawierzchniowymi oraz
silna zmienno$¢ tych napr¢zen w strefach bocznych, zwigzana z tarciem materiatu zasypkowego
o $ciany wykopu. Przy wprowadzeniu warstw z materialéw LBMs obserwowany jest wyrazny efekt
odciazajacy. Efekt ten jest szczegdlnie widoczny dla rur o najmniejszej sztywnosci (SDR 41), dotyczy
wszystkich analizowanych materialéw, obu $rednic rur. Redukcja naprezen pionowych w strefie nad
rurg jest najwicksza w wypadku zastosowania warstwy z polistyrenu ekstrudowanego (EPS) w obu
typach wykopu. Obnizenie wartosci naprezen pionowych przy zastosowaniu pozostatych materiatéw
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(LECA i TDA) jest widoczne w wypadku szerokiego wykopu. W tego typu wykopie wprowadzenie
warstw z materiatéw LBMs skutkuje takze znaczna redukcja naprezen pionowych na calej szerokosci
wykopu. Zmniejszenie obciazen rury (naprezen pionowych w gruncie w strefie nad rurg) wywotane
wprowadzeniem warstw z materialéw LBMs skutkuje takze zmniejszeniem warto$§ci momentéw
zginajacych My i silnormalnych N, w pierScieniu rurowym. W konsekwencji zmniejszeniu ule-
gaja takze naprezenia w $ciance rury. Redukcyjny wplyw tych warstw jest najbardziej widoczny
w wypadku waskiego wykopu i warstwy EPS. W wykopie szerokim najwigksza redukcja naprezen
wystapila przy wprowadzeniu warstwy LECA. Wyznaczone w analizie numerycznej wartosci na-
prezen w pierScieniu rurowym uktadu rur-grunt nie przekraczaja warto$ci dopuszczalnej (dla PESO
Tdop = 6,4 MPa). Opisane powyzej zréznicowanie efektéw zastosowania materiatdow LBMs w za-
kresie ugiec rur i ich wytezenia jest trudne do jednoznacznego skomentowania. Wynika to z faktu,
ze na interakcje analizowanych rur PEHD z gruntem wplywa jednoczes$nie wiele czynnikéw. Uzy-
skanie bardziej jednoznacznej oceny efektéw stosowania w wykopach warstw z materialéw LBMs
wymaga poszerzenia zakreséw analizy o rury wiekszych Srednic, utoZonych w wykopach o wigkszej
glebokosci.
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