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ABSTRACT: As population growth drives the need for new transportation infrastructure, especially roads and highways, embankments
are increasingly constructed near or above existing buried utilities. This raises concerns regarding the potential impacts on the
serviceability of buried pipelines. This study aims to assess the effectiveness of structural mitigation measures specifically, a piled
concrete slab in protecting ductile iron and PVC rising mains under embankment loading in a soft ground urban setting. A numerical
modelling approach using the PLAXIS 3D software package was adopted to simulate soil-structure interaction across two scenarios:
one without support and another with a piled slab as a protective measure. A design assessment, including the pile loading capacity,
was performed to optimise the protected slab design, ensuring sufficient load-bearing capacity and stability. The modelling included
staged construction phases, including initial loading, embankment placement, and surcharge application under realistic stratified soil
conditions. The results show that the inclusion of a piled concrete slab led to a reduction in total surface settlement of over 40%,
significantly improving ground stability in the vicinity of the pipelines. Furthermore, vertical stress acting on the pipe crowns decreased
by approximately 38%, reducing the risk of overstressing the aging infrastructure. The induced bending moments were reduced by
50% for the PVC pipe and 42% for the ductile iron pipe, indicating a substantial improvement in structural performance. These findings
demonstrate the effectiveness of using a piled concrete slab to mitigate embankment induced ground movement and protect aging
pipeline networks. The study highlights the importance of incorporating soil-structure interaction analysis into infrastructure design
and supports the use of structural mitigation strategies to enhance the safety and longevity of buried utilities. Further investigations and
long-term monitoring are recommended to validate performance and address potential risks.

KEYWORDS: Ground movement assessment, rising mains protection, Finite Element Analysis (FEA), soil-structure interaction,
settlement mitigation.

1 INTRODUCTION demonstrated the effectiveness of FEA models in capturing
both axial and bending responses in pipelines subjected to

Urbanisation and infrastructure expansion have significantly embankment and surcharge loading (Kang et al., 2008; Neya et
increased the need to construct highways, embankments, and al., 2017; Trmawan et al., 2024) ? ’

buildings over or near existing buried utilities. Among these,
rising mains commonly used to transport wastewater in
sewerage systems are critical assets that often suffer from
aging, material degradation, and inadequate protection from
surface loading (Zamanian and Shafieezadeh, 2023). These
pipelines are susceptible to excessive deformation or structural
failure when subjected to additional ground movement caused
by embankment loading, especially in soft ground conditions.
The interaction between soil, buried pipelines, and new
surface loads has become a central focus of geotechnical
research. Construction activities can alter the in-situ stress

This paper presents a comprehensive numerical study to
assess ground movement and mitigation for aging rising mains
located beneath a proposed embankment. The primary
engineering challenge involves protecting two existing
pipelines constructed from ductile iron and PVC by designing
a reinforced concrete cover slab. Given the aging condition of
these assets and their importance within the regional utility
network, minimising construction induced ground disturbance
is critical.

The analysis focuses on quantifying anticipated ground
diti dind onificant d ; h movements resulting from embankment construction and
Cotl:l ! 1oni anth 1tn uce signt 1§a:1h gioim moxffm_et s, fSl;C 'ag assessing the effectiveness of a piled concrete slab in mitigating
sertiements, that may excee ¢ folerance imuts ol bune associated risks. Two scenarios were modelled using PLAXIS
infrastructure (Attewell and Taylor, 1984; Kouretzis et al., . . .

. . . 3D: one without any protective structure and another
2015). In addition, the problem is more severe in urban . . . . o
; - . incorporating a piled cover slab above the pipelines. Key
environments where rising mains are often located at shallow " h as total settl t vertical st distributi
depths and were not originally designed to withstand the heav parameters such as fotal settiement, vertical stress distribution,
) P ds f dern infi gt ?[/ g y and induced bending moments in PVC and ductile iron pipes
o4 SP rinfl r.?o em 131 éas rue ]‘tre’ velines due t tructi were examined to evaluate the effectiveness of the mitigation
ind a§ ?tll ures inh amage Otp(lipt; mdes lue 0 cotnsfruc ron- system. The outcomes of this study provide valuable insights
m_tgcef 5¢ terr;en_s aglprorr_lp f d ¢ deve’ Opl?l en ? va;llo us for engineers and asset managers involved in urban
mitigation strategies. 1hese mclude pipe jacking, frenchiess infrastructure projects, supporting the safe integration of new
technology, flexible joints, encasement in reinforced concrete, ¢ . . - . :
. . . ransport infrastructure with existing buried services.
and the use of protective slabs or piled foundation systems to
redistribute loads away from the pipe alignment (Rajani and

Kleiner, 2001; Xi et al., 2024). Among these, the installation of 2 DESCRIPTION OF THE SITE

piled concrete slabs has emerged as an effective technique, 2.1  Site geometry with existing aging rising mains
particularly in cases involving soft soil deposits. This system o o
transfers loads to deeper, more competent strata, thereby The study site is situated within an urban development zone
reducing the stress and deformation experienced by the buried where a new hlghwe}y embqument 18 plapned to be CO“§tTUCted
pipe (Hong and Hong, 2017). above existing buried utilities. Two.agl_ng rising mains, one
The assessment of such mitigation systems requires robust made of PVC and the other of ductile iron, run parallel at a
and realistic numerical modelling. Finite Element Analysis shallow depth beneath the proposed embankment footprint.
(FEA), particularly with tools like PLAXIS 3D software The existing mains are positioned approx1mz}tely 2.1
package, allows for detailed investigation of soil-structure meters below ground level with a centre to centre spacing of 9.7
interaction, simulation of construction stages, and incorporation meters. The ;urroundmg area 18 dgnsely dev§loped, hm}tmg
of complex ground conditions. Recent studies have rerouting options and making in situ protection strategies a

critical requirement. The proposed embankment is designed to
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reach a maximum height of 3.0 meters and spans approximately
50 meters across the pipe alignment. This configuration
presents a clear risk of induced settlement and stress
concentration on the buried infrastructure, especially in the
absence of adequate mitigation measures.

2.2 Ground conditions

The stratigraphy consists of a mix of made ground and cohesive
soils, underlain by weathered limestone. Table 1 summarises
the depth and composition of each stratum identified on site.

The presence of soft and compressible clay layers near the
pipe depth increases the likelihood of significant settlement
when embankment loads are applied. This geotechnical profile
was used as the basis for the numerical modelling carried out in
this study.

Table 1. Depth of strata layers.

Soil strata Top (mBGL) Base (mBGL)
Made Ground 0.0 1.2

Soft Clay 1.2 4.5

Stiff Clay 4.5 11.5

Very Stiff Clay 11.5 14.5
Limestone 14.5 19.5

2.3 Proposed development of mitigation plan

Based on the findings of the ground movement assessment, a
mitigation plan has been developed to address potential ground
movement impacts on existing rising mains located within the
construction footprint. This plan is a critical element of the
overall design strategy, aimed at safeguarding utility
infrastructure throughout the construction process and into the
post-construction phase.

The proposed mitigation involves the construction of a
reinforced concrete protection slab supported by bored piles.
This structural system is designed to span the alignment of the
rising mains, thereby isolating them from direct structural and
embankment loading. The slab configuration, including
thickness and pile layout, has been developed to ensure
adequate stiffness and load distribution capacity based on the
geotechnical conditions of the site.

The methodology encompasses detailed design of the slab
and pile system, construction sequencing, and integration with
adjacent infrastructure works. Key stages include the
installation of piles and a concrete slab, and subsequent
backfilling and embankment construction. The design
parameters have been incorporated into a numerical modelling
framework to evaluate the interaction between ground,
structure, and existing utilities under various loading scenarios.

3 PILE DESIGN ASSESSMENT

A pile foundation system was developed to support a protective
slab structure positioned above existing underground utilities.
The design aimed to ensure both structural stability and
geotechnical adequacy while minimising settlement in the
surrounding soils. The approach followed the principles and
requirements of Eurocode 7 (BSI, 2004a) and the associated
UK National Annex (BSI, 2004b), with consideration also
given to best practices for working near buried infrastructure

(Gaba et al., 2003).
3.1 Design Loads and Criteria

The design incorporated both permanent and variable loads,
with the total factored design action calculated under DA1 —
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Combination 2 limit state criteria. This ensures appropriate
levels of safety against bearing capacity failure and excessive
settlement in accordance with Eurocode 7 (BSI, 2004a). The
relevant design load values are summarised in Table 2, which
includes the permanent load (Gk), variable load (Qx), and the
combined factored action used for geotechnical design.

Table 2. Load parameters used in pile design.

Parameter Value (kN)
Permanent load (Gk) 781.2
Variable load (Qk) 458.8
Total working load 1240.0
Factored design action (DA1-C2) 1377.6

3.2 Pile configuration and geotechnical capacity

As illustrated in Figure 1, pile resistance was evaluated for
multiple diameters (ranging from 300 mm to 1000 mm) and
lengths (from 5 m to 19 m). The design load line was compared
against geotechnical resistance curves to determine minimum
acceptable pile dimensions.

Geotechnical capacity (kN)
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Figure 1. Pile design assessment.

The final selected configuration was a 450 mm diameter bored
reinforced concrete pile, installed to a depth of 15.0 m. This
design provides an estimated geotechnical capacity of
approximately 5933 kN, which significantly exceeds the
required ultimate load of 1378 kN. This offers a conservative
factor of safety greater than 4, exceeding the minimum
requirements of Eurocode 7 (BSI, 2004a). The details of the
selected pile configuration are presented in Table 3.

Table 3. Selected pile design configuration.
Pile Parameter Value

Pile type Bored reinforced concrete
Pile diameter 450 mm

Pile length 15.0m

Bearing stratum Limestone

Geotechnical capacity 5933 kN

Required design capacity 1377.6 kN

3.3 Ground conditions and constructability

Subsurface investigations identified a stratigraphy comprising
Made Ground, Soft Clay, Stiff to Very Stiff Clay, underlain by
Limestone at a depth of approximately 14.5 m. The chosen pile
length ensures embedment into the competent limestone layer,



which provides enhanced end-bearing resistance and helps
control settlement.

Given that the existing underground utilities are located at
shallow depths (2.1 m), primarily within soft cohesive strata, a
bored piling solution was selected to minimise the risk of
vibration induced damage. This is consistent with the
recommendations in CIRIA Report C580, which advocates for
low impact construction techniques when operating adjacent to
critical buried infrastructure (Gaba et al., 2003).

3.4  Design summary

The chosen foundation solution comprises 450 mm diameter
bored piles installed to a depth of 15 metres. This design
exceeds structural load requirements with substantial safety
margins, penetrates through weaker soils into a stable bearing
layer, and aligns with Eurocode standards and UK best practice.
It also minimises settlement and disturbance to nearby buried
assets, offering a robust and practical solution for challenging
ground conditions and sensitive infrastructure environments.

4 NUMERICAL MODELLING

The cross-section of the embankment supported by a piled
concrete slab is shown in Figure 2. The slab was constructed
with a thickness of 0.95 m and a span of 18.45 m. Three rows
of bored piles were installed, one row at the centre of the slab
and two rows located near both ends, each positioned 0.375 m
from the edge to the centre of the piles.

/— Embankment surface level

18.45m

0.95m | Concrete slab
PVC pipe Ductile iron pipe
(450 mm) (450 mm)
: 97m !
Bored piles —|
15m

[

Firm soil

S e

Figure 2. Section view of protective slab over rising mains.

The FE model geometry is presented in Figure 3, involving
mesh and boundary conditions. The boundary of the model is
120 m long, 75 m wide and 19.5 m deep. The embankment
height is 3.0 m. In this study, the original soils, as well as the
embankment, were modelled using the Mohr-Coulomb failure
criteria. Table 4 and Table 5 summarise the parameters used in
the analyses for the soil and structural elements, respectively.
The linear elastic behaviour was implemented for the structure
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part, including the bored piles, concrete slab and existing rising
mains. Figure 4 displays the structural sections, including
concrete slab, piles and pipes, conducted in the analysis.

In terms of the analysis, two models were simulated to
investigate the potential impact of the embankment on the
existing buried infrastructures: one without any mitigation
measures, and another incorporating a piled concrete slab for
support. Further details of the analysis are provided in Sections
4.1 and 4.2.

Embankment

W 19.5m

,-»15‘0“\

Made Ground —_ Embankment

Medium Clay
Stiff Clay

Very Stiff Clay

Limestone

Figﬁre 3. FE model mesh and geometry.

Spacing=1.35m

igure 4. FE model of the piled concrete slab.

4.1 Analysis without support

This analysis conducted the simulation of the embankment
construction above the existing rising mains without support.
Three key stages were considered:

The initial loading stage involved the response of the
ground and existing pipes under the initial weight applied.
Secondly, the embankment construction was simulated to
investigate the potential impact on the existing buried pipes.



Lastly, an additional surcharge load of 60 kPa was applied
on the top of the modelled embankment to simulate the extreme
loading and observe the progressive impact on the surrounding
soil and the rising mains.

4.2 Analysis with the support

In this section, the analysis details of the simulation with the
piled foundation support are reported. The construction stages
simulated in this analysis:

e  The initial loading stage was identical to that used in the
previous analysis.

Bored piles and the concrete slab were then installed.

e Upon completion of the foundation construction,
backfilling and additional embankment construction were
carried out.

e Finally, after all construction stages were completed, an
additional load of 60 kPa was applied to the top of the
embankment.

Table 4. Soil parameters.

Material Unit weight E v c (0]
(kN/m3) (MPa) (kPa) (o)
Made Ground 18.0 9 0.3 34 25
Medium Clay 15.0 15 0.3 58 30
Stiff Clay 18.0 30 0.3 115 40
Very Stiff Clay ~ 18.5 52 0.3 202 50
Limestone 21.0 117 0.3 1 30
Embankment 20.0 20 0.3 14 30

Where: E is Young’s modulus, v is Poisson’s ratio, ¢ is Cohesion and
@ is Friction angle

Table 5. Structural parameters.
Unit weight

Material (kN/m3) E (MPa) v

Bored piles 23.6 22,360 0.2
Concrete slab 23.6 22,360 0.2
PVC pipe 13.8 3,000 0.2
Ductile Iron pipe 72.0 165,000 0.2

5 ANALYSED RESULTS AND DISCUSSION

5.1 Total settlement and stress distribution

This section presents and discusses the total settlement and
stress distribution following the completion of embankment
construction and subsequent traffic loading on the embankment
surface. Figure 5 (a) and Figure 5 (b) illustrate the maximum
surface settlements observed in the cases without and with piled
concrete slab support, which are 40.27 mm and 23.38 mm,
respectively. The results indicate that the inclusion of structural
support beneath the embankment reduces total settlement by
approximately 40%, thereby significantly minimising the
impact on existing buried pipelines.

Furthermore, Figure 6 (a) and Figure 6 (b) illustrate the
vertical total stress distributions above the pipe crown for the
cases without and with structural support. In the unsupported
scenario, the maximum vertical stress acting on the pipe reaches
160 kPa, whereas this value decreases to 100 kPa when the
piled concrete slab is included. This reduction of approximately
38% in vertical stress leads to a substantial decrease in the
induced bending moment within the pipes.

Table 6 summarises the maximum induced bending
moments observed in the analyses. The results demonstrate that
the implementation of a support system above the pipes
significantly reduces the induced bending moment by 50% for
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the PVC pipe and 42% for the ductile iron pipe. This reduction
directly contributes to lowering the risk of structural damage
and preserving the integrity of the buried pipelines.

Table 6. Structural parameters.

Max. Induced bending moment (Nm/m)

Analysis case

PVC pipe Ductile Iron pipe
Without support 240 520
With support 120 300

The findings are consistent with the study by Hong and Hong
(2017), which demonstrated that embankments supported by
piled foundations can significantly reduce pipe settlement, as
the load is transferred to a firm soil layer through the
mobilisation of the soil arching effect.

103 m)

Max. Settlement = 40.27 mm

(@

Max. Settlement = 23.38 mm i

(b)
Figure 5. Total settlement above the embankment surface obtained from
the analysis: (a) without support and (b) with support.
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Figure 6. Maximum total vertical stress distribution observed above the
crown level of the pipes obtained from the analysis: (a) without support
and (b) with support.

5.2 Pipe vertical deformation

The induced vertical deformation of the PVC and ductile iron
pipes is illustrated in Figure 7 and Figure 8, respectively, in
response to embankment construction and subsequent traffic
loading. For the PVC pipe, the maximum vertical displacement
observed at the crown level is 14.58 mm following the
completion of embankment construction and application of a 60
kPa surcharge. However, this deformation is significantly
reduced to 7.55 mm when a piled concrete slab is installed
above the pipe as a support system. These findings suggest that
the support system plays a crucial role in mitigating vertical
pipe movement and helps reduce differential deformation along
the pipeline.
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Figure 7. Vertical deformation of the PVC pipe.

A similar trend is observed for the ductile iron pipe, where the
maximum settlement is 14.51 mm without any mitigation
measures. When the piled concrete slab is introduced, the
deformation is reduced to 7.53 mm. This consistent reduction
in deformation further highlights the effectiveness of the
support system in protecting buried pipelines from excessive
ground-induced movement.
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Figure 8. Vertical deformation of the ductile iron pipe.

6 CONCLUSIONS

This study investigated the use of a piled concrete slab as a
mitigation strategy to protect aging rising mains from ground
movement induced by embankment construction in soft ground
conditions. Through advanced numerical modelling using the
PLAXIS 3D software package, the research assessed the
performance of this mitigation system by comparing two
scenarios: one without protection and one incorporating a piled
concrete slab. The outcomes clearly demonstrate the
effectiveness of the mitigation strategy, with the following key
findings:

e Total surface settlement above the pipe alignment was
reduced by approximately 40% when a piled concrete slab
was introduced, significantly improving ground stability
and reducing the risk of settlement.

e  The vertical stress acting on the pipe crowns decreased by
about 38%, reducing the likelihood of overstressing the
pipes due to embankment and surcharge loads.

e The induced bending moments in the buried utilities were
also substantially reduced by 50% for the PVC pipe and
42% for the ductile iron pipe. This suggests a marked
improvement in the structural response and a reduction in
long-term fatigue risk.

e  The maximum vertical deformation of the pipelines was
nearly halved, decreasing from 14.58 mm to 7.55 mm for
the PVC pipe and from 14.51 mm to 7.53 mm for the
ductile iron pipe. This highlights the slab’s effectiveness in
limiting pipeline displacement.

These findings underline the value of implementing
structural mitigation strategies, particularly piled slabs, to
ensure the safety and longevity of critical buried infrastructure
in urban environments. The approach not only addresses the
technical challenges posed by embankment loading in soft soils
but also aligns with best practices for working near sensitive
underground assets. Future research should incorporate field
monitoring to validate numerical predictions and explore the
long-term behaviour of the mitigation system under varying
load conditions.
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