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Abstract The transition from a linear economy to a cir-

cular economy is a significant component of economic,

environmental and social sustainability. Underground

metro infrastructures such as tunnels can play a vital role in

a circular economy, resulting in greater sustainability and

less contribution to climate change. This paper presents

numerical models of small-scale brick-lined railway tun-

nels to identify the critical locations, and then proposes

corresponding circular approaches and solutions for the

design, maintenance, life extension and end-of-service-life

(EoSL) stages of underground infrastructures. The pro-

posed numerical model is firstly verified with respect to the

relevant experimental model based on tests under various

loading conditions. The results demonstrate that detailed

failure processes can be realistically captured by the

numerical model, while the macroscopic behaviour com-

pares well with experimental observations. Numerical

modelling and subsequent prediction stand out as a prac-

tical approach and a powerful performance-based tool for

analysing the reuse/recycling potential of metro tunnels

and then carrying out easy repair and design for adapt-

ability, disassembly and recoverability of underground

infrastructures for a circular economy.

Keywords Resource optimisation � Waste recovery �
Underground metro infrastructures � Numerical modelling �
Circular economy

1 Introduction

A circular economy aims to increase resource efficiency

and retain resources within the economy, compared with a

linear economy where the resources are downcycled or

disposed of in landfills [1]. In recent years, there has been a

growing interest in developing a circular economy in

construction for policymakers, industry, academia, real

estate investors and the public. Policies, targets and guid-

ance for a circular economy, resource efficiency and waste

management, sustainability action plans, and resource and

waste roadmaps [2–11] have been established to reduce the

environmental impacts of construction and demolition

waste. In the construction industry, the construction and

maintenance of aboveground and underground

This paper presents predicted results of segmental linings of

underground structures such as metros and tunnels by numerical

modelling to easily identify the potentially weaker areas for repair

locally rather than globally. In this way, the repair and demolition

waste can be largely utilised either for reuse or recycling, depending

on their mechanical properties.
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infrastructures, e.g. buildings, roads, metro and railway

tunnels, and other infrastructure assets, represent the lar-

gest resource footprint, with 42.4 Gt consumed annually,

equivalent to almost 50% of global material consumption

and 20% ([ 9 Gt of CO2 eq.) of global greenhouse gas

(GHG) emissions [12]. By 2050, the urban construction

stock in Europe is expected to grow by around 12 Gt (13%)

compared with 2015 [13], to satisfy the needs of the future

urban population. Thus, a report by the United Nations [14]

pointed out that the construction sector is the key to

achieving the climate change mitigation goals set in the

Paris Agreement. Construction materials in many parts of

the world are also increasingly scarce. Accordingly, urgent

action is needed to substantially improve the resource

efficiency of urban development, in line with the Sustain-

able Development Goal 11 [15].

In the construction sector, the currently wasteful long-

established practices of the predominant ‘‘take-make-use-

dispose’’ linear economy model need to be rethought, and a

shift to a circular economy (CE) is needed, with innovation

to tackle climate change and resource scarcity in order to

achieve value retention and to create new opportunities

[1, 16, 17]. A circular economy is based on reusing bio-

logical and technological resources for as long as possible

in closed-loop systems [18]. In a future circular economy,

all aboveground and underground infrastructures (struc-

tures/components/materials) would be material and product

banks and demountable/adaptable to retain high-value

components and materials, and remanufacture of compo-

nents from EoSL structures would be carried out and stored

locally and then reused in new structures, also locally, to

minimise transport cost [19]. Reclamation and reuse could

contribute to the UK demand for around 400 Mt of new

materials each year for new construction, replacement or

maintenance of infrastructure and buildings [19].

1.1 Underground Construction

In the underground construction industry in Europe, tunnel

projects form a large portion of the infrastructure market,

and there is continuous demand for new tunnels. Road,

metro and railway tunnels play a central role in the modern

economy, with thousands of people and tonnes of goods

passing through them every day. Failure of such critical

links may lead to significant disruption of large parts of the

European transportation system [20]. As the key building

material of the majority of modern underground infras-

tructures, the unrivalled attributes of concrete have helped

boost global cement production since the 1950s [21]. In

2016, world cement production generated around 2.2 bil-

lion tonnes of CO2—equivalent to 8% of the global total

[21]. From an economic perspective, the increasing

volatility of raw material prices has been highlighted as one

of the main reasons for applying CE principles [22]. As an

example, the price of cement and construction metals in the

UK increased 9.4% and 7.2%, respectively, from 2014 to

2018 [23]. The old railway tunnels built in the nineteenth

and twentieth centuries are supported by a masonry struc-

ture made of clay bricks or stone blocks [24]. Klang et al.

[25] proved through a case study that the environmental

impact of a brick reuse process is only a very small fraction

of the potential impact of primary production. The

embodied carbon savings of reclaiming 1 tonne of bricks is

up to 0.9 tonnes compared with recycling and landfilling

[26].

(i) For aboveground infrastructures such as buildings,

several studies have begun to explore ways to

embody emission reduction and promote CE

approaches in other stages of the life cycle, such

as design [27–29] or end of life [19, 30]. For

instance, the reuse of concrete panels reduced the

cost of new construction by 20–30%, in addition to

having a very low carbon dioxide (CO2) footprint

[27, 31, 32]. Studies on demolishing end-of-

service-life (EoSL) buildings for recoverability

and designing new buildings for optimisation have

been widely highlighted. Steel reuse and recycling

in buildings, e.g. steel sheet cladding, light steel as

door frames, load-bearing steel sections, has been

investigated by researchers [33–37] without reduc-

ing large quantities of construction and demolition

waste. The reuse and recovery of clay bricks and

other masonry blocks jointed by either lime-based

or cement-based mortar has also been increasingly

addressed to retain the high embodied energy of

these products [10, 19, 38]. In terms of concrete

and its related composite structures, research on

demountable composite beams has been conducted

as design for disassembly (DfD) during demolition

[39, 40], and the reuse and recycling potential of

precast concrete wall panels and concrete slabs

from the demolition of high-rise buildings has been

discussed by Huuhka et al. [27] and the Kerkrade

project [41].

(ii) A few studies have already investigated the circular

economy in the underground infrastructures. The

EU-funded project DRAGON [42] has developed a

system to automatically analyse and sort around

800 million tonnes of materials from the soil and

rock excavated during the boring of tunnels and

other underground infrastructures in the near

future. However, circular economy principles have

not been thoroughly investigated for being

implanted in underground infrastructures such as

metro and railway tunnels, which are unique
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structures suffering from various surrounding soils/

rocks with massive soil-structure interactions and

underground water, therefore subjected to massive

surrounding loadings (pressures). Thus, their key

design considerations and structural behaviour are

different from other structures such as buildings

and bridges, as the main bearing element in

underground tunnels is the surrounding soils and

rocks [20]. Therefore, it needs very special design,

robust connection to the linings, and corresponding

numerical simulations to understand the under-

ground structural behaviours before the promotion

of proper CE approaches. The geological uncer-

tainties related to tunnelling are a challenge [20]. In

addition, although various numerical models have

been developed for the performance of structures

such as bridges and buildings [43–47], few studies

have focused on underground infrastructures sur-

rounded by soil pressure [48], and even fewer have

been validated experimentally [49].

1.2 Aims and Outline

This research aims to introduce a sound numerical model to

predict the structural performance of an underground

structure and then to propose appropriate CE approaches

particularly for underground infrastructures. The remainder

of the paper is organised as follows. Section 2 outlines the

key challenges in achieving increased resource efficiency

in underground infrastructures for a circular economy, and

introduces potential circular economy approaches and

solutions. Section 3 describes the numerical simulation and

prediction of the lining structures validated by experi-

mental models. Section 4 draws conclusions regarding the

feasibility of the numerical prediction and potential future

research based on the paper. It should be noted that the

numerical models and methodology can be adapted to both

segmental clay brick and concrete lining, although this

paper focuses on railway and metro tunnels with brick

linings in European countries. In addition, it can serve as a

benchmark for worldwide urban underground

infrastructures.

2 Perceived Challenges and Potential Circular
Economy Solutions for Underground
Infrastructures

The supports (linings) of underground infrastructures are

traditionally made of stone blocks and brick masonry to

endure over hundreds of years. For example, the oldest

French tunnels on the record exceed 190 years [50]. After

the twentieth century, modern linings are normally made of

reinforced concrete and are designed to serve for at least

150 years [51–53].

There are some perceived challenges in this field as

shown below:

(1) During the service life, maintenance of underground

infrastructures is not easy, especially for concrete

linings. Precast segmental linings are designed for

easy construction but not for easy repair as the

segments have been assembled piece by piece in a

sequence and jointed by segment accessories, e.g.

plastic dowels in circumferential joints and bolts in

radial (or longitudinal) joints [54]. Once there is a

need to replace a few segments in some areas, the

whole system has to be taken over, which is not

ideal.

(2) The real service life (age) of an underground

structure may be much shorter than expected, which

means the resource is not efficiently used. This may

be due to significant defects or degradation over time

at a local area, a decommissioning plan or the need

to enlarge the structure, e.g. modernisation of

Victorian railway tunnels for the twenty-first century

[51]. The George Massey tunnel was only 60 years

old at the time of decommissioning [55]. Urgent

action is needed to improve resource efficiency, in

line with Sustainable Development Goal 11 [15].

(3) The EoSL typically renders lining components

unusable, as they are not designed for adaptability,

disassembly and recoverability. The enlargement of

existing tunnels results in resource loss of the

existing lining elements. For instance, old brick-

lined railway tunnels are refilled with foam concrete

and excavated to a larger tunnel profile. Thus, bricks

are crushed into pieces for recycling or landfilling

[51, 56]. Unlike segmental concrete linings that have

the potential to be demounted and reused, sprayed

concrete lining can only be recycled if needed, with

no upcycling ability. Similarly, for decommissioned

railway tunnels, it is normally suggested that a tunnel

lining be abandoned, leaving the high embodied

energy products unused [51]. Even after the designed

service life, brick-lined railway tunnels can be

upgraded at weaker areas and still function for

another hundred years or more.

Table 1 summarises some of the circular approaches and

solutions which can be used for underground infrastruc-

tures. The cultural transition from a linear to a circular

economy requires a step change, from traditional design to

design for a circular economy, especially for longevity

(easy repair), adaptability, disassembly and flexibility

(DfL/DfA/DfD/DfF).
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The CE approach includes reversible design for new

material, maintenance and life extension of existing

material for resource optimisation, and deconstruction/de-

molition of EoSL material for resource recovery.

3 Prediction by Numerical Simulation

This paper introduces a sound numerical model to predict

the structural performance of underground infrastructures

during their service life (stage 1 in Fig. 1). It presents how

numerical prediction verified by experimental models

could guide further CE approaches:

(1) Identifying the critical locations where stresses are

close to the failure strength

• New railway tunnels at the design stage, to

strengthen the weaker sections by using stronger

components to increase reusability

• Existing railway tunnels at the maintenance/life

extension stage, to repair/replace the weaker

components (materials) for recycling with stron-

ger and/or better designed components to

increase reusability

In numerical modelling, when the stress approaches the

failure strength of bricks, the components in the critical

locations yield, and ultimately fail and are crush under

compression. At the design stage, stronger and reusable

components with higher embodied energy/more resources

need only be used in these weaker areas, while normal

components can be elsewhere, to optimise the resource

utilisation and efficiency of the underground infrastructure.

At the maintenance/life extension stage, the components in

dangerous sections of underground tunnels yield and fail

when reaching the failure strength, crushing into pieces that

can be collected for recycling. Then, stronger reusable

components with higher embodied energy/more resources

can be implemented in these weaker areas. For instance,

existing masonry in railway tunnels can be refurbished or

retrofitted by repairing the weaker components rather than

decommissioning them.

(2) Assessing the quality of all components by region

This may be applied to existing railway tunnels at

the EoSL stage, to optimise the components for reuse

over materials for recycling and disposal. The

components in non-critical locations do not yield,

preserving their linear-elastic or non-linear-elastic

status and remaining intact. Thus, all the lining

components in the good condition can be reclaimed

for reuse rather than recycled to retain their value.

Table 1 Summary of circular approaches and solutions for underground infrastructures

Challenges Potential circular approaches and solutions

Existing brick lining

Repair of damaged historical bricks Numerical simulations of lining behaviour and numerical prediction of weaker

areas and change of stronger bricks at worn areas

Recovery (reuse) of non-damaged historical bricks in the

enlargement of existing railway tunnels

Technical feasibility of reclamation of bricks during local excavation to embrace

the reuse of existing construction products, from laboratory-scale development to

numerical simulations

Development of a tunnel boring machine (TBM) to achieve reclamation and further

excavation procedures, with embedded punching and saw cutting to reclaim

bricks from mortar joints [19]

Updating product value to promote the economics of

brick reclamation

Remanufacturing the reclaimed brick into brick slips with higher economic value as

a façade for new railway stations and new metros [19]

New segmental concrete lining

Designing for easy repair, disassembly and

recoverability (waste reuse)

Developing new designs for the circumferential and radial joints of concrete

segments to enable easy repair and demountability, from laboratory-scale

development to numerical simulations (placement of stronger bricks at weaker

areas)

Designing for adaptability Developing new forms of segments which can be easily adapted and used from a

smaller lining diameter to larger lining diameter, and vice versa, with various key

stones

New sprayed concrete lining

Designing for disassembly and recoverability (waste

reuse)

Developing new methods for spraying of concrete which is demountable when

needed

74 Urban Rail Transit (2020) 6(1):71–83

123



The components in dangerous sections are more

likely to endure heavy pressure and yield. For safety

reasons, the remaining unreliable ones that are close

to the yield strength can be recycled to optimise the

resource recovery of the underground infrastructures.

Table 2 summarises the required predictions relating to

critical locations and quality of materials at various stages

of underground infrastructure service life, along with the

expected results in numerical simulation and the implica-

tions of these results.

Numerical models were developed by using UDEC

Universal Distinct Element Code (UDEC) software, which

is based on the distinct element method. The numerical

results were then compared with the experimental values.

UDEC modelling can simulate local behaviours well, and

thus it can support precise prediction of weaker areas. A

simplified micro-modelling strategy, as described by Idris

et al. [48], was employed in UDEC. In this strategy, the

thickness of mortar joints is assumed to be zero, and thus

there are only brickwork blocks joined by zero-thickness

interfaces. In the simulations, the Mohr–Coulomb consti-

tutive model was used for soil and brick masonry structures

similar to brittle materials such as rocks. Most of the

material properties were derived from laboratory property

testing. Both deep-seated and shallow underground

infrastructures were simulated using the numerical mod-

elling, varying the depth of overburden soil and the load

conditions from uniform to concentrated load.

3.1 Model Generation

For this study, three small-scale brick-lined tunnel models

were built both numerically and in the laboratory, and were

subjected to static load until failure occurred, so as to

mimic the tunnel instability issue and to assess the

mechanical behaviour progression during the loading.

Advanced non-destructive monitoring techniques including

laser scanning and photogrammetry, rather than exten-

someters, were used in the experiment during the loading

to record the lining deformation and defects [57–59]. The

numerical and experimental models were of the same

geometrical dimensions, as shown in Fig. 2. The rigid box

filled with surrounding sand is 2017.5 mm long, 332 mm

wide and 1500 mm tall. H is the surrounding soil depth

from the overburden soil surface to the bottom of the box,

h is the surrounding soil depth from the overburden soil

surface to the tunnel crown, and P is the load applied over

the load spreader beam and plate to the homogeneous soil

and the tunnel. There were three brick courses at the tunnel

arch, as in a traditional brick-lined tunnel built in the

Victorian era in the UK. The sidewalls were in a stretcher

bond, as can be seen in the right image in Fig. 2.

Table 3 presents variations of the three model tests at

1075 mm and 1170 mm soil depth under uniform and

concentrated load, respectively.

For the boundary condition, the left and right sides and

the bottom side were assigned as rollers (shown in Fig. 3).

First, the model was set to equilibrium state to simulate the
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lining construction and sand filling of the box before

loading. Loading was then added until failure (loading rate:

0.3kN/s), in line with the experimental test. Afterwards, the

model response was analysed.

Chen et al. [49] conducted a comprehensive parametric

study of mechanical properties input in numerical mod-

elling with corresponding experiments to study the influ-

ence of different properties on brick-lined structure

performance. Optimum parameters (shown in Table 4)

were identified and embedded in the three numerical

models for numerical prediction under various conditions.

More properties regarding the surrounding soil, brick-

work/soil joint and brickwork block joint can be found in

Table 5 [49].

3.2 Experimental Validation

The experimental models were subjected to uniform and

concentrated load, as detailed by Chen et al. [49]. A

comparison of the results is shown in Fig. 4. The numerical

modelling results are consistent with the experimental

results, with a similar displacement tendency. Therefore,

the developed numerical models were quantitatively vali-

dated by experimental tests.

3.2.1 Under Distributed Load

Deflection behaviour

Considering the UDEC A simulating the experimental test

1 under uniform load, the deformation trend in the

numerical simulation illustrates that the lining deforms and

Table 2 Summary of numerical predictions to guide circular approaches for underground infrastructures

Required

Prediction

Stage of underground

infrastructure

Expected results Implications

Critical

locations

Design Showing yield and failed area Use stronger components

Maintenance or life

extension

Showing yield and failed area Recycling old components; use stronger

components

Quality EoSL Showing non-yielded area (i.e. linear/non-linear-

elastic status)

Reuse old components

Showing yield and failed area Recycling old components

P

Load spreader plate

P

Brick-lined 
tunnel

Homogenous soil

H

h

Load spreader hollow beam

Rigid box

Fig. 2 The brick-lined railway

tunnel under uniform load

(adapted from [49])

Table 3 Variations for

experimental and numerical

tests

Mortar mix proportion Load condition

Experimental test 1/UDEC A 1:1:6 (cement: lime: sand) Uniform

Experimental test 2/UDEC B 1:2:9 (cement: lime: sand) Uniform

Experimental test 3/UDEC C 1:2:9 (cement: lime: sand) Concentrated
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Fig. 3 UDEC model grids with

boundary conditions

Table 4 The optimum

mechanical properties of

brickworks

Mortar mix E (MPa) v c (MPa) U (�) JKn = JKs (GPa/m) Ju (�)

1:1:6 384.33 0.2 0.16 50 112.97 25

1:2:9 218.67 0.2 0.1 52 64.28 25

Table 5 Surrounding soil, brickwork/soil joint and brickwork block joint properties

q (kg/m3) E (MPa) v u

Surrounding soil 1832 26a 0.3a 44�

JKn (GPa/m) JKs (GPa/m) Ju Jc JTr (MPa)

Brickwork/soil joint 112.97 112.97 25a 0 0

Brickwork blockjoint 0.1521 0.218

aYoung’s modulus and Poisson’s ratio of the surrounding soil refer to Juspi [60]. The friction angle of the joint (Ju) refers to Idris et al. [48]
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is squeezed inwards, especially at the crown, and bent

everywhere (see Fig. 5). It was in line with the experi-

mental results leading to a crushing phenomenon just at the

end of the arch, i.e. the springing. The same pattern was

found in the results of UDEC B simulating the experi-

mental test 2.

Mode of failure and cracking behaviour

Because of its unique shape, the tunnel acts as a

monolith on the arch of the tunnel under a uniformly dis-

tributed load to transmit the load downwards to the two

sidewalls. Both UDEC A and B yielded and failed in shear

under uniform load at the sidewalls (see Figs. 6 and 7).

During the loading process, the accompanying cracks

started from the end of the arch and spread diagonally

towards the bottom of the sidewalls, ultimately leading to

imminent shear failure. It was again in line with the

experimental results, as shown in Fig. 6 with visible

diagonal cracks.

Thus, after both quantitative (crown displacement versus

pressure) and qualitative (deflection behaviour and mode of

failure) validation by experimental model tests, the devel-

oped numerical models can be effectively used to predict

the weaker areas of a railway masonry tunnel and its sta-

bility. This encouraged further prediction of weaker areas

in UDEC C under concentrated load, which will be dis-

cussed in Sect. 3.2.2.

3.2.2 Under Concentrated Load

To mimic the real situation of the brick-lined structure with

the overburden soil under a concentrated load 330 mm

wide, various soil depths (H) from 980 mm to 1265 mm

were generated in the numerical prediction. The following

results show an overburden soil depth of 1170 mm.

Deflection behaviour

Considering UDEC C under concentrated load, the

deformation trend in Fig. 8 shows that the lining deformed

inwards at the crown and conversely deformed outwards at

the sidewalls. It was again in line with the experimental

results.

Mode of failure and cracking behaviour

In the numerical results from Figs. 9 and 10, the tunnel

crown showed tensile failure and developed a couple of

structural hinges. The numerical results were validated by

the experimental results, as shown in the left image in

Fig. 9, where the failure in tension was due to the devel-

opment of five structural hinges, points A to E.

Deformation 
trend

Fig. 5 Displacement vectors

for UDEC A under uniform load

(H = 1075 mm)

No. zones: 1318 (total) 
At yield (*): 130
Not yield (x): 1016

Fig. 6 Failure state of UDEC A compared with experimental test 1 under uniform load (H = 1075 mm)
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3.3 Prospective Impacts

Decisions on whether to conduct further CE approaches for

resource optimisation and recovery of underground struc-

tures are highly dependent on the environmental benefit

and resource efficiency (economic benefit) compared with

the use of virgin materials. Numerical prediction served as

a means to link CE approaches to the practical field of

underground infrastructures and upcycle resource man-

agement and waste treatment. Since the numerical mod-

elling has been verified by experimental models, it is

reliable and can predict the structural performance of the

underground infrastructures during the service life and

guide the design of infrastructures to implement proper CE

approaches.

The prospective advantages of CE approaches using

numerical prediction are strongly linked to (a) greenhouse

gas (GHG) emissions and global warming potential (GWP)

and (b) energy demand and embodied energy to quantify

the environmental impacts on climate change; and (c) re-

source demand to quantify the economic impacts with

much less demand for virgin resources. To demonstrate the

prospective impacts of CE approaches using numerical

prediction, a case study has been analysed using the tunnel

model UDEC A (a brick-lined tunnel under uniform load,

at soil depth H = 1075 mm). After numerical modelling of

the model UDEC A, the failure profile of the model (see

Fig. 6) indicated 42 damaged bricks with recycling

opportunity (equivalent to 0.10 tonnes/m in the length of

the tunnel). It also indicated 72 non-damaged bricks with

high potential for reuse (equivalent to 0.17 tonnes/m in the

length of the tunnel).

The corresponding CE approaches including reuse and

recycling have been employed to calculate the environ-

mental and resource impacts of the measures. Compared

with a linear economy approach (take-make-use-dispose),

CE approaches show great advantages, especially when

reusing non-yielded brick components, as shown in

Table 6. Research [61–63] has shown that the embodied

energy of a new brick is 6.9 MJ, which is equivalent to

0.29 kg of CO2/kWh of electricity. Given one brick is

equivalent to 1.92 kWh of electricity, the GHG emissions

per brick are 0.56 kg CO2. The embodied carbon savings of

reclaiming 1 tonne of bricks is up to 0.9 tonnes compared

with recycling and landfilling [26]. Therefore, according to

the numerical prediction results for circular economy

approaches (reuse and recycling potential of bricks), the

GHG emissions and energy demand/embodied energy for

No. zones: 1318 (total) 
At yield (*): 94
Not yield(x): 1031

Fig. 7 Failure state of UDEC B

under uniform load

(H = 1075 mm)

Deformation 
trend

Fig. 8 Displacement vectors

for UDEC C under concentrated

load (H = 1170 mm)
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the reuse and recycling approaches amount to 10% and

90% of the linear economy approach, respectively.

Table 6 indicates that, as expected, the carbon emissions

of bricks for reuse (non-yielded bricks in simulation) are

only a very small fraction (9.6%) of that for manufacturing

new bricks, while bricks for recycling (yielded and failed

ones in simulation) have slightly lower carbon emissions

than for manufacturing (90% of the manufacturing). The

results show a large reduction of the energy demand using

reclaimed bricks over new bricks (dropped by 90%).

Similarly, by reusing brick components and recycling

damaged bricks, the resource demand for virgin materials

(clay) and new products (bricks) is reduced by 0.43 tonnes/

m and 0.36 tonnes/m over the length of the tunnel,

respectively. Thus, the original waste will be reduced and

upgraded to a precious resource during the process, in order

to establish a new business model within a closed loop in

the future and a more sustainable supply chain towards a

circular economy. Based on the above discussion and

evidence shown in Table 6, for any specific underground

structure, it is also strongly suggested that numerical sim-

ulation be used to predict whether the approach provides

environmental benefits.

4 Conclusions and Future Research

Potential circular economy approaches and solutions have

been introduced to tackle the key challenges and increase

the resource efficiency of construction materials for the

design and maintenance of underground infrastructures.

Numerical models of small-scale brick-lined railway

tunnels have been developed, and quantitative agreement

was achieved with the results of the experimental tests.

Therefore, it is possible to predict weaker areas (reaching

the material yield and failure strength) and even local

failure mechanisms of segmental structures. The numerical

modelling and subsequent prediction stand out as a

B

E

No. zones: 1318 (total) 
At yield (*): 538
Not yield (x): 513
Tensile failure (o): 82

D
C

HingesA

Fig. 9 Plastic state of UDEC C compared with experimental test 3 under concentrated load (H = 1170 mm)

Fig. 10 Failure pattern of

UDEC C under concentrated

load indicating hinges

(H = 1170 mm)
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practical circular economy approach. They serve as a

powerful tool for carrying out easy repair and waste

material optimisation in underground infrastructures for a

circular economy. Furthermore, the entire concept would

be of greater benefit for predicting the mechanical beha-

viour of the popular segmental concrete lining as one type

of jointless masonry structure. By varying the material and

interface properties, numerical models can be adapted to

agree with real scenarios.

As a recommendation for further modelling work, it

would be interesting to introduce other constitutive models

related to masonry and concrete linings to simulate longer-

term deformation and the likelihood of major cracking of

segmental linings after years of degradation. More realistic

conditions could be applied, such as under cyclic loading,

representing moving vehicles on the rail, or under extreme

conditions such as earthquakes. A railway field case study

using the developed model can serve as a powerful per-

formance-based tool to identify the appropriate CE

approaches. This would be very beneficial for analysing the

reuse/recycling potential for metro tunnels towards a cir-

cular economy, and for carrying out easy repair and design

for adaptability, disassembly and recoverability of under-

ground infrastructures for a circular economy.
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