
Highlights

• A fully parametric design model for segmented tunnel linings

• An IGA framework for accurate and computationally efficient design
assessment.

• A fully automated design-through-analysis workflow for tunnel linings.

• We show that the IGA computational approach outperforms FE anal-
ysis for the same problem.

• A kilometre-long tunnel section can be designed and assessed within
20 minutes.
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Abstract

Both planning and design phase of large infrastructural project require analy-
sis, modelling, visualization, and numerical analysis. To perform these tasks,
different tools such as Building Information Modelling (BIM) and numeri-
cal analysis software are commonly employed. However, in current tunnel
engineering practice, there are no systematic solutions for the exchange be-
tween design and analysis models, and these tasks usually involve manual
and error-prone model generation, setup and update. In this paper, fo-
cussing on tunnelling engineering, we demonstrate a systematic and versatile
approach to efficiently generate a tunnel design and analyse the lining in
different practical scenarios. To this end, a BIM-based approach is devel-
oped, which connects a user-friendly industry-standard BIM software with
effective simulation tools for high-performance computing. A fully automa-
tized design-through-analysis workflow solution for segmented tunnel lining
is developed based on a fully parametric design model and an isogeometric
analysis software, connected through an interface implemented with a Re-
vit plugin. The IGA-Revit interface implements a reconstruction algorithm
based on sweeping teachnique to construct trivariate NURBS lining segment
geometry, which avoids the burden to deal with trimmed geometries.
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1. Introduction

Underground infrastructure is an essential ingredient to insure resource-
efficient, low-carbon transportation for both people and goods, in particular
in highly urbanised areas. Mechanized tunnel construction, with the per-
manent support provided by precast segmental tunnel lining structures, has
been proven as one of safest and most efficient construction technologies for
a large range of ground conditions in terms of both costs and construction
times, with minimal impact on the existing environment [1].

In the last decades, the design and assessment of stability and robustness
of the lining structure has been one of the key tasks to ensure a safe and
durable tunnel structure design to withstand demanding use for 100 years
and more. In engineering practice, the design of tunnel linings is in gen-
eral based on simplified beam models. While these tools are efficient for a
fast assessment of the tunnel structure, the underlying models are generally
based on simplifications regarding the consideration of joints, the material
behavior of the linings and soil-structure interaction effects [2; 3; 4]. For
a more accurate assessment of tunnel linings, often Finite Element (FE)
models, either assuming 2D plane strain conditions or 3D discreziation, are
employed, where the lining structure is represented by structural elements
(shell or solid elements), bedded on elastic springs to represent the lining-soil
interaction, considering design loads provided by guidelines [5; 6; 7; 8]. More
recently, 3D FE models have been proposed to more accurately represent the
geometry of segmented tunnel linings and joints and to predict non-linear in-
teractions between individual segments as well as the non-linear tunnel-soil
interactions [9; 10; 11]. These analyses are of vital importance for robust and
detailed assessment of actual loadings acting on the tunnel linings, the iden-
tification of potential stress concentrations and excessive deformations that
may lead to local cracking or spalling, e.g. in the vicinity of joints. Cracks
in linings may affect the durability of the lining structures and eventually
may lead to the disruption of structural integrity. A more detailed analysis,
able to sufficiently resolve those vulnerable areas helps to provide solutions
for more robust designs [12].

Building Information Modelling (BIM) is a widely adopted concept for
the design, construction and management of buildings or industrial facilities
over their entire lifecycle. However, in recent years, there has been a in-
creasing trend of applying BIM for large infrastructural projects, including
urban mechanized tunnelling, due to simplification of planning and analysis
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as well as increased productivity in design and construction. In tunnelling
applications, BIM has been used for tunnel design and construction man-
agement [13; 14]. Moreover, a multi-level information model of the built
environment has been developed to support planning and analysis tasks [15]
as well as collaborative design [16]. Other related work presents the use of
Industry Foundation Classes (IFC) to enable open data exchange between
several BIM software tools for tunnel design and assessment [17]. The same
platform enables the integration of satellite-based monitoring of tunnelling-
induced settlement and an effective visualisation within a tunnel information
model [18]. Furthermore, meta models based on a hybrid machine learning
approach have been applied for a real-time assessment of design alternatives
in tunnelling [19] within an integrated information and numerical modelling
framework. An important aspect of the BIM framework is the systematic in-
tegration of assessment in the design models. In the tunnelling context, the
design is evaluated using sophisticated Element (FE) simulations [20; 21; 22].

In the initial design phases, the effective appraisal of different design
alternatives of tunnel tracks can ensure optimal designs in terms of costs,
construction time and safety. Therefore, to enable efficient generation of
design alternatives, parametric modelling techniques can be employed, util-
ising a BIM object-oriented parametric 3D solid geometry representation
and embedding complex intelligence into a parametric model by script-based
rules [23]. Furthermore, the systematic integration of design and assessment
by dynamically generating simulation models from BIM models facilitates a
seamless workflow for evaluation of a large number of design scenarios. How-
ever, besides the separate effort required to establish suitable discretisations
of the project domain, FE analysis used for the design assessment is sensitive
to mesh refinement. Therefore, to enable robust and efficient conceptual de-
sign of the tunnel lining, our goal is to develop efficient generation of design
alternatives, a robust and automated link with the assessment models, and to
alleviate the mesh-dependency issue in the analysis by directly utilising the
higher-order geometry definition for computationally efficient, higher-order
numerical analysis.

This paper presents a combination of emerging computing technologies in
the area of parametric modelling and computational mechanics for the design
assessment of segmented tunnel linings. Implementing an automated design-
through-analysis workflow platform, we are facilitating the design process,
contributing to modelling efficiency and at the same time reducing the pos-
sibility for human error. We present an extension of the recently introduced
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integrated SATBIM platform for information and numerical FE modelling of
tunnel projects on different levels of detail [24; 21], utilizing the advantages
of higher-order geometry definition of the lining structure in the design soft-
ware to generate higher-order and higher-continuity numerical models. To
facilitate higher order geometry, the Isogeometric Analysis (IGA) [25] using
Non-Uniform Rational B-splines (NURBS) as basis functions is employed.
To avoid potential trimming geometries coming from high level definition in
SATBIM, a reconstruction procedure, based on sweeping algorithm is pro-
posed. Focusing on mechanised tunnelling, we provide a platform for the
assessment and optimisation of tunnel design with high computational and
modelling efficiency.

The remainder of the paper is organized as follows: Section 2 discusses
the state of research in the areas of Computer Aided Design, IGA, and para-
metric modelling in general. The research methodology, including parametric
modelling of the segmented tunnel lining, the computational framework and
the reconstruction of the lining geometry is presented in Section 3, while Sec-
tion 4 provides details of the implementation. In Section 5, three numerical
examples are presented to compare the proposed approach with more tradi-
tional FE analysis for tunnelling, quantitatively evaluate the efficiency of the
assessment, and demonstrate the ease of application to practical problems.
The findings from this computational study and the main contributions are
summarized in Section 6.

2. Related work

2.1. Parametric modelling in BIM

Modern BIM tools have grown out of the infant stage as design tools for
interactive object-based parametric design [26]. In contrast to manual mod-
elling of geometric details as in a generic 3D CAD approach, BIM tools allow
for minimisation of direct modelling efforts by using intelligent scripted para-
metric objects and algorithms with embedded knowledge about the relations
between these objects. This is enabled by the extension of the BIM object-
based concept with parametric modelling considering embedded complex re-
lations or intelligence between the models [27]. This approach allows for an
automatic update of the complete model (i.e. the object and constraints
w.r.t. other objects) when object parameters are changed, which provides
the basis for interactive design and analysis. Further enhancements of the
design process are introduced by generative design, where a large number of
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design alternatives is generated based on input design constraints and param-
eters, such as materials, manufacturing methods, and cost constraints. The
integration of parametric modelling and generative design within the BIM
framework allows for an efficient generation of design alternatives, while the
combination with other performance-based assessment methods guarantees
effectiveness in generation of optimal solutions [28].

2.2. Isogeometric analysis

IGA, originally introduced in [25], is bridging the design process and
analysis by direct use of the same shape function originally representing the
geometry also in the analysis. In addition, IGA offers additional advantages
regarding the quality of the approximation, such as higher order and higher
continuity of the approximation space. On one hand, IGA offers better im-
proved approximation for the stress field in typical elasticity problems, en-
abling e.g. the exact representation of the displacement and curvature field
in analyses of thin shells using the Kirchhoff-Love theory, which requires
C1-continuity of the finite element approximations. On the other hand, IGA
reduces the number of Degree of Freedoms (DoFs) of the system significantly,
because the support domain of the shape function can span across multiple
elements. Application of IGA in dynamic analysis results in better accuracy
of the computed Eigenfrequencies, as was shown in [29]. IGA also has ben-
eficial properties for contact analysis, where the non-negativity of the shape
function is leveraged to improve the approximation of the contact forces (see
[30; 31]).

2.3. Computer Aided Design and structural analysis

In FE models, a solid object is represented with trivariate polynomials of
low order (usually one or two), while in design CAD models, these objects
are commonly described by boundary representation (B-Rep) using NURBS
(Non-Uniform Rational B-splines) surfaces. Therefore, to be utilised for the
analysis in FE models, the CAD geometry has to be approximated using re-
meshing techniques. For this purpose, and also for the purpose of controlling
the overall model accuracy, either h-FEM or p-FEM approaches are generally
employed to generated a suitable discretization [32]. More recently, several
authors have proposed to directly utilise the NURBS object definition for
computationally efficient and higher-order numerical analysis by means of
Isogeometric Analysis (IGA) [25; 33; 34; 35] to alleviate this drawback.
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The main objective of integrated design-through-analysis workflows with
IGA is to directly utilise the advantages of high-order geometry representa-
tions in design models to generate higher-order and higher-continuity numer-
ical models, maximizing the computational and modelling efficiency. How-
ever, one of the biggest remaining challenges is the reconstruction of a solid
model defined by boundary trimmed spline surfaces to obtain a parameteriza-
tion suitable for IGA analysis [36]. In the literature, different strategies have
been proposed to solve this problem, such as the use of tetrahedral meshes
or swept volumes based on discrete volumetric harmonic functions [37], a
variational approach to construct NURBS parameterization of swept vol-
umes [38], a topologically equivalent solid bounded by (non-trimmed) B-
spline surfaces [39], or using volumetric representation, known as V-Rep [40].
In an alternative approach, the trimmed domain can be re-parameterized to
form a suitable multipatch structure, accepting a certain geometrical ap-
proximation error [41; 34]. Recently, research has been shifting towards the
ability to parametrize an existing complex CAD boundary into high quality
geometrical patches [42]. It is well known, that CAD objects normally com-
prise only surfaces as boundary representation and therefore are not readily
useable for an analysis. Volumetric parameterization offers a seamless inte-
gration between CAD and FE analysis without further intervention. This
on the one hand can potentially improve the geometry by fixing geometry
artifacts, e.g. gaps, self-intersections, and on the other hand, the high-quality
patch-mesh resulting from parameterization improves the quality and relia-
bility of the simulation results [43].

Using such techniques, significant progress has been made towards inte-
gration of design and analysis based on IGA for applications in structural
engineering within the area of Analysis in Computer Aided Design (AiCAD).
AiCAD has demonstrated to be a powerful and effective tool for the analysis
of structural membranes, shells, and lightweight structures [44; 33; 34; 45; 46;
47]. However, to our knowledge, our recent work [35] was the first attempt in
developing an integrated design and analysis workflow for segmented tunnel
linings. In this paper we present details of methodology and implementa-
tion of a fully parametric modelling of segmented tunnel lining and analysis
enabled by an automated link with an IGA simulation tool.
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3. Methodology

The methodology for the presented integrated design-to-analysis workflow
for segmented tunnel linings consists of:

1. Fully parametric modelling of the segmented tunnel lining using the
universal ring approach,

2. IGA computational framework,
3. Reconstruction of the lining geometry for IGA analysis and automatic

setup and extraction of computational IGA model, and
4. Computational model for segmented tunnel linings.

These four parts are presented in detail in the subsequent subsections.

3.1. Parametric modelling of tunnel structure

In mechanised construction of tunnels, advancement phases of the tunnel
boring machine are accompanied by stillstand phases, during which a new
ring of precast lining segments is installed at the back of the shield, which
eventually forms the final tunnel shell. Each ring consists of modular seg-
ments (from 4 to 10) and the narrowest spot on the segmental ring is usually
at the so-called key segment, which, as the last wedge element, closes and
braces the ring. A complete segment ring is cone-shaped in order to accom-
modate curve radii (usually larger than 150 m). The geometry of the entire
ring and its individual segments as well as the arrangement of the joints and
their sealing must be designed such that the can be easily moulded for the de-
signed tunnel alignment. In order to enable a modular segment production,
the solution is to employ so-called universal rings.

A universal ring is characterized by the average ring length Lr, the inner
and outer radius of the ring (rinner and router), and the angle describing the
tapered geometry of the ring αt. These parameters depend on the curvature
κ, the number of segments, and their divisions within the ring. The designed
alignment of the tunnel is formed by adjusting the rotations of the rings.

Figure 3 outlines an algorithm for the determination of ring rotations,
which leads to the best match between design and achievable tunnel align-
ment and enables the generation of the actual design model using the univer-
sal ring approach. Starting from the actual design alignment, imported as a
polyline or CAD spline, and the ring parameters, target points are created
along the curve and ring rotations are determined based on the allowable ring
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Figure 1: Segmental tunnel lining.
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Figure 2: (a) Tapered geometry of the universal ring and main geometrical parameters.
(b) Alignment of subsequent rings by means of rotation with angle θi and calculated global
position points pi and global rotation angles β and γ

rotations such that the actual ring positions have minimum discrepancy from
the target design. For the calculation of the actual ring positions pi(xi, yi, zi),
and spatial rotations (β and γ), the following equations are derived:

xi = xi−1 + ∆xi yi = yi−1 + ∆yi zi = zi−1 + ∆zi, (1)
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with

∆xi = Lr cos

[
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2
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2
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]
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(2)

The differential displacement depends on the geometrical properties of the
ring Lr and αt, as well as on the rotation of the ring in the ring plane θ:

αt = arccos
1− L− r2

2κ2
,

βi = βi−1 +
αt

2
cos(θi−1) +

αt

2
cos(θi),

γi = γi−1 +
αt

2
sin(θi−1) +

αt

2
sin(θi). (3)

Finally, having the starting point, the end point and the rotation of the
ring θri , the mid point of the ring pi = [xmi , y

m
i , z

m
i ] is calculated as:

xmi = xi +
Lr

2
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4

]
· cos
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4
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]
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· sin
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4
cos(θri )
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i

4
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,

zmi = zi +
Lr

2
cos

[
αt

4

]
· cos

[
βi +

αt

4
cos(θri )

]
· sin

[
γi +

αt
i

4
sin(θri )

]
. (4)

The starting point, mid point and the end point are defining the curvature
of the ring, and the position of the mid point will also determine the rotation
of the ring in the ring plane.

The algorithm shown in Figure 3 is employed to generate a tunnel struc-
ture composed of segmented rings with Lr = 2 m, rinner = 5.5 m, router = 6 m,
and curvature κ = 300 m along a CAD arc of ≈ 400 m length and radius of
600 m. Figure 4 (a) shows the calculated deviation of the calculated align-
ment from the target values of the design. The two curves nearly coincide.
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Figure 3: Algorithm for generation of the adapted tunnel alignment.

For this particular example, the calculated discrepancy evaluated by means
of the root mean square error (RMSE) is 2.2 mm. The actual geometric-
semantic design model of the segmented tunnel lining is shown in Figure 4
(b).
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(a) (b)

Figure 4: Evaluation of algorithm for generation of adaptive tunnel alignment.

3.2. Isogeometric Analysis: From NURBS geometry to NURBS basis func-
tions

Univariate and multivariate NURBS geometries. A B-Spline geometry is
characterized by the linear combination of B-Spline basis function and the
control points:

G =
∑
I

NIPI (5)

The multi-index I has the form I = {i} in 1D, I = {i, j} in 2D and
I = {i, j, k} in 3D, which leads to the univariate B-Spline basis function
NI = Np

i (p: order of the B-spline basis functions) and the resulting geome-
try is a B-Spline curve. In addition, B-Spline surfaces and B-Spline volumes
are constructed from bivariate (NI = Np

i N
q
j ) and trivariate B-Spline basis

functions (NI = Np
i N

q
jN

r
k ), respectively. The generalization of the B-Spline

basis function to the rational case by associating each control point PI with
the control weight wI to form projective control points in homogeneous coor-

dinates Q =
[
wIPI wI

]T
leads to the NURBS basis functions and NURBS

geometry:

RI (ξ) =
wINI (ξ)∑
I wINI (ξ)

, G̃ = G =
∑
I

RIPI (6)

It should be noted, that the B-Spline shape function can be represented
as a linear combination of Bézier shape functions of the same order as in
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[48], which allows a more straightforward implementation similar to standard
finite element models. The computational analysis of the tunnel linings using
isogeometric analysis is based upon the weak form of the initial boundary
value problem, ∫

Γt

δuhtdA+

∫
Ω

δuhbdV −
∫

Ω

δεh : σdV = 0, (7)

where σh is the stress tensor depending on the discretized displacement field
uh, δεh are the virtual strains obtained from the discretized test functions
δuh, t are the boundary tractions and b the distributed volume forces. The
system of algebraic equations resulting from Equation (7) is solved for the
unknown displacements u. To provide a seamless connection between the
CAD-based geometry description and the analysis model, the spatial dis-
cretization of the displacements u and the test functions δu of the NURBS
volume is based on the IGA approach, where the trivariate NURBS basis
functions RI (Equation (6)) are directly employed to approximate the dis-
placement field:

uh(x) =
∑
I

RI(ξ(x))uI . (8)

3.3. BIM-to-IGA

The definition of geometries in design models by means of trimmed NURBS
surfaces has been recognised as one of the main challenges in uninterrupted
design-through analysis work flows. The geometry of tunnel segments is rep-
resented either with trivariate or trimmed NURBS, depending on the com-
plexity of the segment geometry. For segments with parallel edges, the ge-
ometry is represented with trivariate NURBS surfaces (see Figure 5(a)), and
for segments with inclined edges, such as keystone or neighbouring segments,
NURBS surfaces are trimmed (see Figure 5(b)). In both cases, in order to use
the segment geometry for IGA analysis, the NURBS volumes needs to be re-
constructed from surfaces according to Equation (6). Bivariate NURBS sur-
faces could be directly used for the generation of NURBS volumes by sweep-
ing NURBS surfaces along the path using isogeometric application (see
Section 4). However, a trimmed-NURBS boundary representation (BRep) is
not suitable for direct analysis using IGA, and therefore a method for NURBS
reconstruction for tunnel linings along arbitrary alignments is proposed.

To render the lining geometry suitable for analysis, a trivariate NURBS
representation of the lining segment is reconstructed based on the same pro-
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Figure 5: Trivariate NURBS surfaces; (b) Trimmed NURBS surfaces.

cedure by which the lining segment is generated in Revit R©. The geomet-
ric data concerning tunnel segments, bolts and tunnel alignment is exported
from the design model and directly used to reconstruct the trivariate NURBS.
As described in Section 3.2, the segment volume is constructed by sweeping

pi

pi+1

pm
i

r_inner

κ
rinner

router

Figure 6: Left: Parametric segment family with angle definition on front and back surface,
denoted as αfront, βfront, αback and βback, respectively, for NURBS reconstruction, Right:
Definition of the angles α and β on the profile surface S0.

a profile surface, denoted as S0, along a path. Figure 6 (left) illustrates the
segment in 3D and the angles on the front and back surface to reconstruct the
trivariate NURBS definition of the segment. If we look at the description of
the profile surface in Figure 6 (Right), we recognise, that the profile surface
S0 coincides with the front face of the segment.

The profile surface is constructed as the surface between two arcs, which
can be directly represented with bivariate NURBS [25]. The homogeneous
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coordinates of the control points that describe these arcs are given as function
of the starting angle α and the opening angle β and the inner and outer radius
of the lining rinner and router, respectively (see Eq. 9). The knot vectors for
the profile surface are ks

u = {0, 0, 0, 1, 1, 1} and ks
v = {0, 0, 1, 1}, respectively.

P1 = [ri cos(α), ri sin(α), 1.0]

P2 = [ro cos(α), ro sin(α), 1.0]

P3 = [ri cos(α + β/2), ri sin(α + β/2), cos(β/2)]

P4 = [ro cos(α + β/2), ro sin(α + β/2), cos(β/2)]

P5 = [ri cos(α + β), ri sin(α + β), 1.0]

P6 = [ro cos(α + β), ro sin(α + β), 1.0]

(9)

The profile surface to be swept along the path C, in which C is defined
by three key points (see Fig. 7 (a)). The sweeping path is approximated by
a quadratic B-Spline curve with knot vector kp

u = {0, 0, 0, 1, 1, 1}. Then, the
sweeping path is sampled and a series of Frénet frames is constructed over
the sampling points as shown in Fig. 7 (b). This Frénet frame is used to
construct the intermediate surfaces for trivariate representation.

(b)

(a) (c) (d) (e)

C

Figure 7: (a) Sweeping path (C) represented as a B-Spline curve; (b) Frénet frame of the
sampling points; (c) profile surface relative to the sweeping path; (d) intermediate surfaces
constructed from the profile surface and Frénet frame; (e) generated segment volume.

On a sampling point with local coordinate t on C, the local Frénet frame
can be computed by first evaluating the derivative r′ and the second deriva-
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tive r′′ of C with respect to t:

r′ =
∂C(t)

∂t
r′′ =

∂2C(t)

∂t2
. (10)

Then, the three orthogonal vectors representing the local Frénet frame
Ft = {Tt,Bt,Nt} at local coordinates t are computed as

T =
r′

‖r′‖
, B =

r′ × r′′

‖r′ × r′′‖
, N = B×T. (11)

The local Frénet frame at the profile surface S0 is denoted as F0. Due to
the invariant property of NURBS with respect to affine transformation, the
intermediate surface according to local coordinates t on C can be constructed
by transforming the control points of S0 from the local Frénet frame F0 to
Ft. The transformation matrix for this operation is

Tt
0 =


N t

0 Bt
0 T t

0 Ct
0

N t
1 Bt

1 T t
1 Ct

1

N t
2 Bt

2 T t
2 Ct

2

0 0 0 1



N0

0 B0
0 T 0

0 C0
0

N0
1 B0

1 T 0
1 C0

1

N0
2 B0

2 T 0
2 C0

2

0 0 0 1


−1

(12)

The knot vectors of the intermediate surface St are the same as of the
profile surface S0. This facilitates the construction of the trivariate NURBS
from the intermediate surfaces by connecting the control points along the
sweeping direction. Ultimately, the sweeping direction becomes the local
parametric direction w of the trivariate NURBS. Fig. 7 (c) illustrates the
profile surface S0 and the local Frénet frame of the intermediate surfaces,
and Fig. 7 (d) illustrates the intermediate surfaces St after transforming S0

to the intermediate local Frénet frame. The knot vector kw of the trivariate
NURBS depends on the number of sampling points nw and the order pw.
Note that pw is different to the order of the sweeping curve C, because C is
only used to create the sampling points and form the local Frénet frame. For
simplicity, kw is selected as the uniform knot vector:

kw = { 0, . . . , 0︸ ︷︷ ︸
pw+1 times

,
1

nw − pw
,

2

nw − pw
, . . . , 1, . . . , 1︸ ︷︷ ︸

pw+1 times

}. (13)

With the control points from the intermediate surfaces as illustrated in
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Fig. 7 (d) and the knot vector {ks
u,k

s
v,kw}, one can fully construct the trivari-

ate NURBS, as shown in Fig. 7 (c).

3.4. Computational model for segmental lining

Figure 8 illustrates a section of a segmental tunnel lining, including the
individual segments and their interconnection along the longitudinal and the
ring joints via contact interfaces. The lining segments are represented by
means of structural volume elements, characterized by a linear-elastic con-
stitutive law and NURBS shape functions, which are computed based on
Bézier shape function and the Bézier extraction operator [49]. They are
constructed as described in Section 3.3. Individual segments are connected

σv

σh

kn
ks

RiRo

(a) (b)
longitudinal joints:

contact interface

steel bolts

ring and transverse:

beam elements

ring joints:

contact interface

Figure 8: Computational model: (a) Illustration of geometrical components (segments
and steel bolts) and contact interfaces; (b) Boundary conditions of the numerical model
(loading and soil bedding model).

through their external boundaries. To prevent the penetration of the seg-
ment volumes into neighbouring segments, contact conditions are imposed
on these boundaries, along the longitudinal joints as well as the ring joints,
using the Gauss-point-to-surface technique, as illustrated in Fig. 8 (a), and
explained below in Section 4. Besides contact conditions between the sur-
faces, bolted connections between two adjacent segments are considered by
means of Bernoulli beam elements embedded in the volume of 3D segments.
This is optionally set by defining the parameter params["create bolts"]

= True (Fig. 8 (a)). In the implementation of the beam element using tying
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constraints, small rotational springs are added along the beam element to
restrain the rigid body motion.

Figure 8(b) illustrates an example of the loading acting on the lining as
usually assumed in design codes. The vertical soil pressure σv results from
the soil self weight, while the later earth pressure σh depends on both vertical
pressure σv and the lateral pressure coefficient K0. Other types and different
distributions of loadings could be also considered in the model (e.g. surcharge
load or hydrostatic water pressure) simply by defining a new load variable
in the “ Lining simulator”, and assigning loads on defined faces, similar
as done for the earth pressure (for details see Section 4). The interaction
between the soil and the tunnel lining is considered by means of non-linear
springs, using the Variational Hyperstatic Reaction Method [50; 51; 52] as
illustrated in Figure 11 (b). It is noted, that a more realistic distribution of
the loading acting on the lining can be obtained directly from 3D process-
oriented simulations of the tunnel advancement [53; 54], in which the soil-
structure interaction during tunneling is implicitly taken into account.

4. Implementation

The implementation of the automated design-through-analysis workflow
for segmented tunnel linings is illustrated in Figure 9. The figure outlines how
the parametric model for the segmented tunnel lining has been implemented
using the industry-standard tools Revit and Dynamo [55]. For the gener-
ation of the universal rings, a parametric segment family was developed as
described in Sections 3.1 and 3.3. Instances of the parametric segment family
are imported using the methodology and algorithm presented in Section 3.1
and Figure 3. The design model is then exported to ACIS (.sat) format,
and the geometrical description of the segments is used to reconstruct the
bivariate NURBS volumes using the methodology described in Section 3.3.

For an accurate representation of the curved segment geometry, which
is characterized by a trimmed-NURBS BRep, NURBS surfaces are recon-
structed using the same parametric rules used to generate the individual
segments. For this purpose, a utility is developed in C++ with an interface
to Python. This utility reads in the geometrical description of the segment
and performs the necessary geometric operations to generate the NURBS
volumes (see Section 3.3) exactly as computed from the parametric model
in Section 3.1. It also supports the extraction of the surface information re-
quired for applying boundary conditions (load and interaction with soils), and
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Figure 9: Implementation of the integrated design-through-analysis workflow for the seg-
mented tunnel linings.

setting the contact conditions between the segments. The program structure
of the relevant part of the computational framework is shown in Figure 10.

Kratos
(Variables, Mesh Database, Python interface, . . . )

StructuralApplication
(Geometrical-linear finite
element, elastic material)

MortarApplication
(Contact links, active set strategy)

IsogeometricApplication
(NURBS definition, geome-

try creation, Bézier extraction)

LiningApplication
(Loads definition, joints)

IsogeometricMortarApplication
(Isogeometric contact, tying)

IsogeometricLiningApplication
(NURBS reconstruction for tunnel lining)

IsogeometricStructuralApplication
(Structural Bézier elements)

Figure 10: Structure of the simulation software.

The computational framework used for the implementation of IGA is the
open-source FE simulation software KRATOS [56; 57]. KRATOS provides
the necessary functionality to manage the components of the finite element
model, such as the finite elements, boundary conditions, etc. Furthermore,
it supports multiphysics simulations via a plugin mechanism, in which the
isogeometric application is developed as a special plugin supporting IGA
modelling and analysis. To provide further analysis capability for lining anal-
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Listing 1: Parameter definition and setup of the simulator

## import segment and b o l t geometry
import segment geometry
import bol t geometry segments
import i g a l i n i n g s i m u l a t o r

## de f ine model parameters
params [ ” tunne l depth ” ] = overburden
params [ ” volume element name ” ] = ” KinematicLinearBezier3D ”

## parameters f o r the g eo t e chn i ca l l oad ing and VHRM bedding
params [ ” load ing cond i t i on name ” ] = ” GeotechnicalLoadIBezier2D3 ”
params [ ” bedding condit ion name ” ] = ” Hyperstat icBeddingBezier2D3 ”

## parameters f o r the l o n g i t u d i n a l ( repea t f o r r ing j o i n t s )
params [ ” l ong i tud ina l mor ta r cond i t i on name ” ] = \

” SurfaceMortarCondit ionBezier2D3 ”

## setup s imulat ion , r e cons t ruc t segments to NURBS and run
sim = i g a l i n i n g s i m u l a t o r . IGALiningSimulator ( params )
[ mpatch , segment layers , t r a n s t o t ] = sim . CreateMultiPatchFromSATBIM ( )
sim . Ref ineMult iPatch ( mpatch , nu , nv , nw)
[ volume elems , bo l t e l e ms ] = \

sim . CreateModel ( mpatch mp , s egment laye r s )
sim . Run( mpatch mp )

ysis and contact, isogeometric application is coupled with other plugins,
as shown in Figure 10.

Listing 1 provides an example to call the lining simulator, which in-
vokes the necessary functions and utilities from the isogeometric lining application

plugin. The important components of the simulation framework are the
construction of NURBS patches representing the lining segments, i.e. the
NURBS reconstruction via the function sim.CreateMultiPatchFromSATBIM(),
and the construction and initialization of the computational model via the
function sim.CreateModel(). These are listed in Listings 2 and 3. In List-
ing 2, individual segments are created by the function lining generator.CreateSegment().
Note that a lining segment is a cluster of structural Bézier elements provided
by the isogeometric structural application plugin.

During the construction of the computational model, the contact condi-
tions, which are provided in the isogeometric mortar application plugin,
are added on the lining boundaries to enable the contact search and the def-
inition of the contact constraints. In addition, the bolts are created as beam
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Listing 2: IGA multipatch creation: NURBS reconstruction

mpatch = MultiPatch3D ( )

segment geometry = s e l f . params [ ” segment geometry ” ]
[ a l l r i n g d a t a , aux params ] = segment geometry . ReadSegmentGeometry ( )

sweep params = s e l f . params [ ’ sweep params ’ ]
l i n i n g g e n e r a t o r = c u r v e d l i n i n g g e n e r a t o r . CurvedLiningGenerator ( sweep params )

for step , r i ng da ta in a l l r i n g d a t a . i t e r i t e m s ( ) :
for segment id , segment data in r i ng da ta . i t e r i t e m s ( ) :

[ segment ptr , t r a n s l i s t ] = \
l i n i n g g e n e r a t o r . CreateSegment ( segment data , i n i t i a l t r a n s )

mpatch . AddPatch ( segment ptr )

## e l e v a t e the degree
for segment ptr in mpatch . Patches ( ) :

m u l t i p a t c h r e f i n e u t i l . DegreeElevate ( segment ptr , l i s t o r d e r s )

mpatch . Enumerate ( )
return mpatch

elements and are tied to the volume of the lining elements by means of penalty
constraint method.

The complete workflow for generation of the optimal arrangements of
tunnel rings, generation of the tunnel structure, and the reconstruction of
the design geometry, simulation set-up and execution of IGA computational
kernel, is fully automatized with two “clicks”, as illustrated in Figure 9.
The first click is used to execute the “ Lining design model generator” in
Dynamo, create the design model, and to export the geometry and semantics
of the model. The second click is to execute the “ Lining simulator”, which
performs all operations related to NURBS reconstruction, model setup, and
calculation.

5. Numerical examples

5.1. Computational efficiency

The efficiency of the proposed framework as compared to standard Finite
Element analysis is demonstrated by means of the analysis of a segmented
tunnel ring shown in Figure 11. In this example, a tunnel lining with 4.7 m
outer radius and a thickness of 40 cm is assumed to be composed of 5 seg-
ments, which are connected using a surface joint model. The distance from
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Listing 3: Initialization of the computational model

# i n i t i a l i z e the computat ional model
mpatch mp . BeginModelPart ( )
mpatch = mpatch mp . GetMultiPatch ( )
model part = mpatch mp . GetModelPart ( )

# crea te the con t ro l po in t s
mpatch mp . CreateNodes ( )

# crea te the l i n i n g volume elements
volume elems = s e l f . AddVolumeElement ( mpatch mp , segment layers , \

volume element name , l i n i n g p r o p )

# crea te the sur face load ing cond i t i ons
l oadd ing conds = s e l f . AddSurfaceCondition ( mpatch mp , segment layers , \

l oad ing cond i t ion name , l oad ing prop )

# crea te the sur face bedding cond i t i ons
bedding conds = s e l f . AddSurfaceCondition ( mpatch mp , segment layers , \

bedding condit ion name , bedding prop )

# f i n a l i z e the computat ional model c rea t i on
mpatch mp . EndModelPart ( )

the centre of the tunnel to the ground surface is 20 m, which accounts for
an overburden of 15.3 m. The resulting deformation of the lining from the
earth pressure is shown in Figure 11 (c). Although the joint opening is not
adequately visible in the figure, it is measured to be in the range of 1◦ − 2◦

between each segment.
The performance of the proposed methodology for the assessment of the

tunnel lining design is verified against the performance of a standard FE
model, discretised using Lagrange basis functions, in terms of model size, i.e.
the number of degrees of freedom (DoFs) required to reach a converged solu-
tion (setting the error tolerance for displacements to 10−7). In Figure 12(a),
it can be clearly observed that using IGA the solution is reached immedi-
ately, with only a very small number of DOFs (< 500). In contrast, the FE
solution shows the typical convergence behaviour depending on the polyno-
mial degree of the shape functions. For linear interpolation functions, the
solution does not even converge for the considered maximum model size of
6000 DoFs; for quadratic shape functions, approximately 3000 DOFs are
needed. In Figure12(b), FE and IGA are compared in terms of computa-
tional time needed to achieve the same accuracy of the numerical solution.
The time is measured from start of the simulation until the end, without
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Figure 11: Analysis of a segmented tunnel ring: (a) Geometry of the ring discretized with
5760 quadratic hexahedral elements; (b) boundary conditions of the numerical model; (c)
deformed configuration of the lining ring subjected to earth pressure [400-fold magnifica-
tion].

including the pre- and post-processing time. For IGA analysis, the time
includes generating the NURBS mesh and computing the Bezier extraction
operator. Figure12(b) clearly shows that using IGA a high accuracy of the
solution can be achieved without affecting the computational time. In other
words, a sufficiently accurate numerical solution using a standard finite ele-
ment model requires approximately 10 times more computational time than
the IGA model.
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accuracy of the solution.
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5.2. Scalability in modelling and assessment efficiency

In this subsection we examine the effort required for the generation and
and analysis of tunnel models, characterized by different lengths of the tunnel
section. To this end, we tested the design model generation and assessment
of 10 m, 50 m, 100 m, 250 m, 500 m, 750 m, and 1000 m long tunnel sections.
The tunnel models are built by aligning tunnel rings with rinner = 4.8m,
router = 5.35m and Lr = 2m, inner and outer radius and ring length, respec-
tively, along a straight alignment. For the model generation, the parametric
modelling procedure described in Subsection 3.1 is used. The computational
(IGA) models are built automatically for the different design models, using
the reconstruction and model set-up algorithm described in Subsection 3.3,
using the workflow described in Section 4. The design models of the six in-
vestigatedtunnel sections and the corresponding computational models are
illustrated in Figure 13.
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Figure 13: Design models (top) and deformed computational models including vertical
displacements under earth pressure [250-fold magnification] (bottom) for 6 different lengths
(10 m, 50 m, 100 m, 250 m, 500 m, 750 m, and 1000 m) of the tunnel section.

In order to assess the scalability and robustness of the proposed approach,
we compare the time required for the model generation, model setup and
analysis. The models are generated on a standard PC with an Intel Xeon
processor with four cores, each core running at 3,6 GHz, and 32 GB of RAM.
All analyses were executed on a shared memory system with a direct solver
(here we employ the PARDISO solver) using 32 processes on a single com-
puter, employing an Intel Xeon processor with 64 cores, each core running
at 2.67 GHz, and 256 GB of RAM. The second column of Table 1 shows the
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approximate time needed for model generation (manually measured), while
the third column of Table 1 gives the total time for simulation setup and
computation of the tunnel sections. The table shows, that generation and
the analysis of a small tunnel section (10 m) (with arbitrary geometry and
loading conditions), takes less than 10 seconds, while for a very large tunnel
section (1000 m), the complete process of generation of design and assessment
takes approximately 20 minutes.

Length of tunnel Model generation Computing time
(m) ≤ (s) (s)
10 5 2.382
50 30 9.45
100 90 21.903
250 150 66.972
500 300 195.862
750 420 431.879
1000 540 728.649

Table 1: Modelling and computing times
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Figure 14: Time required for model generation, set-up and computational analysis vs.
model size.

The results from Table 1 are plotted in Figure 14 to better visualise the
scalability in terms of model size. From this plot, we can see that the time
required for the model generation linearly depends on the model size, while
the assessment time follows an exponential trend. It should be noted, that
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the scalability of the computation time strongly depends on the type of solver
used to solve the resulting system of equations. In the present simulations, a
direct solver was employed, which typically is characterised by an exponential
increase of solution time with the number of degrees of freedom. The time
required for the computational analysis of the system can be substantially
reduced (in particular for very large model sizes), if an iterative solver is
used, which we leave for future work.

5.3. Design of large 3D tunnel sections

In this example, we demonstrate how the proposed framework can be used
for the efficient generation of design alternatives and automated assessment
for any arbitrary 3D tunnel structure. In the examples in Figures 15 and 16,
we show that our BIM-to-IGA framework enables rapid and robust investi-
gation of design alternatives by employing an automatized design-through-
analysis workflow. The only items to be defined by the user in a user-friendly

Define spline and ring parameters

Run lining generator

Run lining simulator

Adjust spline and ring parameters

Run lining generator

Run lining simulator

Assess design

Need adjustment ?

Y
E

S

Figure 15: Investigation of different design alternatives using automatized design-through-
analysis workflow for segmented tunnel linings.

interface are the designed tunnel alignment, the parameters defining the tun-
nel lining geometry (see Figure 9 for details), and the semantic parameters
describing the lining and soil materials. In Figure 15 (left), it is shown
how, based on ring parameters and the tunnel alignment described with an
approx. 300 m long spline, the tunnel design model can be automatically
generated executing the “Lining design model generator” (≈ 240 sec), and
then assessed executing the “Lining simulator” (150 sec). Figure 15 (right)
shows how the user can simply adjust the shape of the spline in the Revit
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model, which in this case is S-shaped and more than 600 m long. Again, we
automatically create the design model (≈ 450 sec) and perform the analysis
(292 sec). This means that the whole process of creating, changing and as-
sessing a new design of a large tunnel sections is performed within less than
20 minutes.

Lining ring 35 cm thickness

Deformation ± 5 mm

Lining ring 55 cm thickness

Deformation < ± 3 mm

Z Disp.
[mm]

5

-5

Figure 16: Adjustments of design parameters and automatized assessment of design re-
quirements: Design models for tunnel linings with ring thickness 35 cm and 55 cm, respec-
tively (top); deformed configuration of tunnel shell subjected to earth pressure [500-fold
magnification] (Bottom).

The example shown in Figure 16 demonstrates, how not only the shape
of the alignment, but also the geometric properties of ring (in this case the
thickness), can be easily adjusted to meet the design requirements. Increas-
ing the thickness of the ring by 20 cm reduces the deformation of the ring
by approx. 30 %. Evidently, any other design quantity of interest, such as
stresses or stress resultants (normal and shear forces as well as bending mo-
ments) in the lining ring can be equivalently assessed. Having an automated
approach to asses the design, not only the time for model generation and
setup is reduced, but also the possibility of human error is eliminated; and
it is ensured that the computational assessment model will always exactly
correspond to the given design model.

Finally, Figure 17 shows how CAD 3D NURBS splines can directly be
imported to generate a digital representation of the tunnel alignment. The
NURBS data is converted to a polyline and then used for the generation of
the design model for the segmental tunnel lining. In this application, we have
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generated a 300 m long 3D spline, with a generation time of ≈ 200 sec and
assessment time of ≈ 95 sec.

Z Disp.
[mm]

3

-3

CAD 3D spline 3D Design  model 3D IGA assessment of vertical deformation

Lining design generator

Lining simulator

Figure 17: Application of an automatised design-through-analysis workflow to a 3D seg-
mental tunnel lining structure with the spatially curved tunnel alignment imported as a
3D CAD spline.

6. Conclusions

In this paper, a systematic and versatile approach to efficiently gener-
ate digital tunnel design models and to translate these design models into
highly efficient computational models was proposed. Using NURBS both
model classes for the geometrical representation of tunnel linings enables a
fast design-through-analysis workflow for different design scenarios, consid-
ering different alignments as well as different designs for the tunnel shell.
The computational efficiency of the computational model is provided by us-
ing NURBS-based approximation spaces for the computational model. To
this end, a BIM-based approach is developed, which connects user-friendly
industry-standard BIM software with effective simulation tools, supporting
high-performance computing and parallel simulation. The main contribu-
tions of this paper are:

• A fully parametric design model for segmental tunnel linings imple-
mented using standard design tools.
• A computational framework for the analysis of segmental tunnel linings

using high-order, high-continuity numerical representation by means of
isogeometric analysis (IGA).
• A robust reconstruction procedure was developed and implemented

in the proposed framework to produce trivariate NURBS suitable for
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the analysis. This procedure circumvents the pitfall of dealing with
trimmed geometries of the CAD definition.
• An automatized design-through-analysis workflow solution for segmented

tunnel lining based on a fully parametric design model developed as a
Revit plugin and an IGA software, connected through an interface im-
plemented with the Revit plugin Dynamo.
• We have demonstrated that the proposed computational approach out-

performs state-of-the art analysis tools (FEM) in terms of computa-
tional efficiency and accuracy:

– The IGA approach offers superior mesh convergence, i.e. de-
crease of the numerical error with increasing number of degrees
of freedom (DoF), as compared to standard FEM solutions. It
was shown, that a low-order FEM approach requires a significant
larger number of DoFs to converge to an acceptable accuracy, and
that the high-order FEM converges slower than the IGA counter-
part with the same approximation order.

– For the same solution accuracy, IGA requires 10 times less com-
putational time

• A parametric study has shown that the modelling time, i.e. the time
required to set up the design model, linearly scales with the model size;
while, even when the computational time exponentially increases with
model size in case of using direct solvers, the simulation of a 1 km long
tunnel section can be set up and solved within 12 minutes.
• The robustness and effectiveness of the approach for the investigation

of design alternatives has been demonstrated by a number of examples,
which show that large tunnel sections can be rapidly modelled, assessed
and re-adjusted within less than 20 minutes time.

In the current approach, even when non-linearities are included for mod-
elling of lining bedding and interfaces between the segments, the material
model used for representation of the segments is linear-elastic. In the fu-
ture, this modelling platform will be extend to consider non-linear damage
models for more accurate and physical modelling of the structural behav-
ior of the tunnel structure. Also, it is worth noting that due to relatively
simple design of the tunnel lining structure, it was possible to fully paramet-
rically describe the geometry and develop a relatively simple reconstruction
procedure and use the design model for IGA analysis. Representation of full
3D soil-structure interaction models for tunnelling including components like
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ground layers, the tunnelling machine and existing infrastructure, would re-
quire further developments of the NURBS reconstruction techniques. It also
should be noted, that the scalability of the computation time for large tunnel
models can be improved by exchanging the currently employed direct solver
by iterative solvers.
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