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A B S T R A C T

Understanding the load-bearing behavior of joints between precast concrete elements under compression is
of great interest for practical applications, such as tunnel linings. Based on a literature review a research
gap on the interaction of a concentrated load introduction (causing geometric confinement) and transverse
reinforcement (causing passive confinement) is identified in this paper. This lack of knowledge was addressed in
26 experimental tests at the Institute of Structural Engineering at TU Wien. In these tests the load introduction
area, the reinforcement ratio and the load introduction material were varied. Thereby it was confirmed that
the confining effect of the transverse reinforcement has a significant influence on the load-bearing behavior.
With the experimental results, a new mechanical model including a semi-empirical component for predicting
the load-bearing capacity of load transfer zones with geometric and passive confinement was verified and
afterwards validated with data from literature. The developed model provides a solution to describe the
interaction of geometric and passive confinement based on simple mechanical considerations. In comparison to
the existing models implemented in current design codes, where no interaction between geometric and passive
confinement is taken into account, a more efficient design for load transfer zones will be enabled.
. Introduction

.1. Motivation and historical background

The transfer of compressive stresses between precast concrete ele-
ents is of great importance in practical applications such as in tunnel

onstructions. There, the stresses have to be transferred from one tunnel
egment to another via a contact surface. The area of the contact surface
ith a reduced cross section and the adjacent part of the segments,
here a discontinuous load distribution occurs, can be designated as

he load transfer zone. As numerous identical prefabricated tunnel
egments are required for the construction of a tunnel structure, there
s a great interest in better understanding the load-bearing behavior of
hese load transfer zones.

According to Saint-Venant’s principle [2] a concentrated force, that
s applied to a limited contact area 𝐴𝑐0, distributes over the height
, which is equal to the decisive width 𝑑 (outlined in Fig. 1), in
he plane parallel to the stress distribution. In this context the term
artially loaded area is the most commonly used in the field of structural
ngineering. To describe the different mechanical effects, which are
elated to the topic of partially loaded areas, more precisely, the
uthors use the terminology geometric and passive confinement. The term
oad transfer zone is used explicitly for the situation when stresses are
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E-mail address: clemens.proksch-weilguni@tuwien.ac.at (C. Proksch-Weilguni).

transferred between two concrete elements instead of using a steel plate
for load application.

The increase of the uniaxial concrete strength 𝑓𝑐 , which is caused
through load distribution is referred to the geometric confinement, since
the geometrical situation of the concrete element is crucial for the
confinement (examples are shown in Fig. 1a and Fig. 1b). The definition
of geometric confinement is based on the circumstance, that there is no
lateral strain, initialized by the axial force, needed (similar to active
confinement) in contrast to passive confinement. This terminology was
used e.g. in Markić et al. [3,4] to describe the load-bearing behavior of
reinforced concrete elements with concentrated load introduction. First
experiments investigating confinement caused by concentrated load
introduction were performed by Bauschinger [5] in 1876 and resulted
in the cubic root equation describing the increase of the uniaxial strength
of stone blocks. The empirically derived square root equation, which is
still widely used in current standards (e.g. EN 1992-1-1 [6], fib Model
Code 2010 [7] and SIA 262 [8]) is the most common approach to
capture the effect of geometric confinement and was presented in the
dissertation of Spieth [9] in 1959.

Passive confinement in general is caused by the impediment of lateral
expansion of the loaded concrete elements by enclosed steel tubes,
fiber-reinforced polymer (FRP) wrapping, a stiff steel plate used for
vailable online 9 February 2024
141-0296/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a

ttps://doi.org/10.1016/j.engstruct.2024.117562
eceived 3 July 2023; Received in revised form 12 December 2023; Accepted 21 J
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

anuary 2024

https://www.elsevier.com/locate/engstruct
https://www.elsevier.com/locate/engstruct
mailto:clemens.proksch-weilguni@tuwien.ac.at
https://doi.org/10.1016/j.engstruct.2024.117562
https://doi.org/10.1016/j.engstruct.2024.117562
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2024.117562&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Engineering Structures 304 (2024) 117562C. Proksch-Weilguni et al.
Nomenclature

𝐴𝑐 Cross-sectional area of the concrete element
𝐴𝑐0 Area of the contact surface
𝐴𝑐1 Area of the concrete element available for load

distribution
𝐴𝑐𝑐 Confined concrete area
𝐴𝑐𝑐.𝑒 Effective confined concrete area
𝐴𝑠 Cross-sectional area of a transverse reinforce-

ment layer (for a cylindrical hoop 𝐴𝑠 =
2(⌀2𝜋∕4))

𝐸𝑐𝑚 Secant modulus of elasticity of concrete
𝐹 Axial force
𝐹𝑐𝑎𝑙.𝐺𝑃𝐶0 Load-bearing capacity according the GPC-

model in section 0–0
𝐹𝑐𝑎𝑙.𝐺𝑃𝐶1 Load-bearing capacity according the GPC-

model in section 1–1
𝐹𝑐𝑎𝑙 Calculated load-bearing capacity
𝐹𝑐𝑚 Load-bearing capacity component caused by

the uniaxial concrete strength
𝐹𝑐𝑎𝑙.𝐸𝐶2 Load-bearing capacity according to EC2-draft
𝐹𝑐𝑎𝑙.𝐸𝐶2𝑐𝑜𝑛𝑓 Load-bearing capacity according to the EC2-

draft [1]
𝐹𝑒𝑥𝑝 Experimentally determined load-bearing ca-

pacity
𝐹𝑡 Resulting tensile force in the tensile ring
𝐻 Height of the test specimen
𝑅0 Region that defines the reinforcement layers

which are not allowed to be considered for
assigning tensile forces of the tension ring

𝑅1 Region that defines the reinforcement lay-
ers which are allowed to be considered for
assigning tensile forces of the tension ring

𝑅2 coefficient of determination
𝑏 Dimension of the concrete element in direction

of the thickness
𝑏0 Dimension of the contact surface in direction

of the thickness
𝑏𝑐 Dimension of a rectangular shaped confined

concrete core at confinement reinforcement
𝑑 Dimension of the concrete element in direction

of the width
𝑑0 Dimension of the contact surface in direction

of the width
𝑑𝑐 Width/Diameter of the confined concrete core

at confinement reinforcement

load introduction, the unloaded concrete outside of the area of the
concentrated load introduction or transverse reinforcement located
inside the concrete. Further it has to be distinguished between pre-
cracking passive confinement (e.g. caused by the unloaded concrete
outside of the area of the concentrated load introduction), which
relies on the tensile strength of concrete, and post-cracking passive
confinement (e.g. caused by transverse reinforcement) which needs
large lateral deformations to be activated. When reaching the peak
load in reinforced concrete elements only post-cracking passive con-
finement and geometric confinement are relevant for the load-bearing
behavior. For this reason only these two effects are investigated in this
publication and post-cracking passive confinement will be simplified
with the term passive confinement. Examples for passive confinement
caused by reinforcement are shown in Fig. 1c and Fig. 1d. The effect has
2

𝑓𝑐 Concrete compressive strength
𝑓𝑐𝑚 Mean concrete cylinder compressive strength
𝑓𝑐𝑚,𝑐𝑢𝑏𝑒 Mean concrete cube compressive strength
𝑓𝑐𝑡𝑚 Mean tensile strength of concrete
𝑓𝑦 Yield strength of reinforcement
𝑓𝑦𝑚 Mean yield strength of reinforcement
ℎ Height of the load distribution zone
𝑘𝑐𝑜𝑛𝑓 .𝑏 Effectiveness factor depending on the reinforce-

ment layout according to the EC2-draft [1]
𝑘𝑐𝑜𝑛𝑓 .𝑠 Effectiveness factor depending on the reinforce-

ment layout according to the EC2-draft [1]
𝑛0 number of reinforcement layers located in 𝑅0
𝑛1 number of reinforcement layers located in 𝑅1
𝑛𝑠𝑝 Number of transverse reinforcement layers which

are considered for covering the transverse tensile
forces

𝑠𝑐 Spacing between the transverse reinforcement
bars in the discontinuity region

𝑠𝑐.𝑐𝑜𝑛𝑡 Spacing between the contact surface and the first
transverse reinforcement layer adjacent to it

𝑥𝑠𝑝 Distance between the compression ring and
the resulting tensile force in the tension ring
depending on the reinforcement layout

𝛥𝐹𝑐 Load-bearing capacity component caused by
geometric confinement

𝛥𝐹𝑠.𝑐𝑐 Load-bearing capacity component caused by
passive confinement

𝛥𝑓𝑐 Compressive strength increase due to load distri-
bution in the concrete

𝛥𝑓𝑠.𝑐𝑐 Compressive strength increase due to steel con-
fined concrete

𝛥𝜎𝑠.𝑐𝑐 Compressive strength increase due to steel con-
fined concrete evenly distributed over the contact
surface 𝐴𝑐0

⌀ Diameter of a reinforcement bar
𝜀𝑢 Ultimate strain when reaching the peak load
𝜌 Volumetric reinforcement ratio
𝜎𝑐0 Compressive stress in the contact surface
𝜎𝑐0.𝑒𝑥𝑝 Experimentally determined compressive stress in

the contact surface
𝜎𝑐𝑐 Transverse compressive stress in concrete gener-

ated by transverse reinforcement

𝜈𝑝𝑎𝑟𝑡 Factor which builds an upper limit for
√

𝐴𝑐1
𝐴𝑐0

𝜔 Mechanical reinforcement ratio

already been investigated in depth for columns, in particular the ductile
behavior when exposed to seismic loads [10]. The first investigation
regarding passive confinement caused by spiral reinforcement goes
back to Richart et al. in 1929 [11]. Later, in 1988, Mander et al. [12]
published a design approach for passive confinement in circular and
rectangular shaped concrete elements, with its fundamentals still used
in current design codes [1,7] and the newly presented model.

In addition to geometric and passive confinement the term active
confinement is generally used for external forces e.g. applied circumfer-
ential prestressing or lateral water pressure which is not relevant for
this research work.

1.2. Research gap

Researchers have been investigating the behavior of confinement in

concrete for almost 150 years, with the first experiments conducted by
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Fig. 1. Compressive stress states caused by geometric confinement: (a) spatial case, (b) plane case; Stress states caused by passive confinement: (c) spatial case, (d) plane case.
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).
Bauschinger [5] in 1876. The state of the art in the future European
design code [1] of concentrated load introductions with the square
root equation is based on five empirical tests of unreinforced concrete
cylinders by Spieth (1959) [9,13]. The approach has its limitations
when it comes to describing the behavior of highly reinforced concrete
elements. Despite the great progress made in regard to understanding
the mechanical behavior of confined concrete, the following research
gaps remained which can be partly bridged by the research presented
within this publication:

• An increase in ultimate load due to additional transverse re-
inforcement is neither considered in the square root approach
according to the current EC2 [6] and its application in the German
guideline for designing tunnel segments (DAUB [14]) nor in the
new EC2-draft [1] according to Section 2.3.1. Therein the trans-
verse reinforcement only forms a lower bound to prevent brittle
tensile failure. In the combined models of Wichers [15], Wurm
& Daschner [16] and Niyogi [17], the transverse reinforcement
is considered as an empirically determined additive term with
strong restrictions on its application (the model of Wichers [15],
for example, is limited to transverse reinforcement ratios of 𝜌 =
1%. Therefore the geometric reinforcement ratio 𝜌 = 𝐴𝑠∕(𝑠𝑐 ⋅ 𝑑𝑐 )
in the presented experimental investigations varies from 0% to
2.57%.

• The design models in literature [9,15,16] were developed for a
wide range of load concentration ratios with 𝐴𝑐1∕𝐴𝑐0 ranging
from 1 to 100. When specifying it for longitudinal joints of tunnel
segments with either centric or eccentric loading, the ratio ranges
from 1.44 to 2.5 or 1.44 to 12.5, respectively [18]. Within the
presented experimental campaign the focus is set on the lower
spectrum with 𝐴𝑐1∕𝐴𝑐0 from 1.0 to 4.0.

• In literature most experiments [9,16,17,19–21] regarding the
load-bearing capacity of geometric confinement were carried out
using steel plates (which causes additional passive confinement)
for load introduction. However, in practical applications, like
3

the longitudinal joint between two tunnel segments, the load is
transferred directly between two concrete surfaces. Compared to
this, the influence of the transverse strain restraint due to a load
introduction surface made of steel is investigated in this paper.

When determining the load-bearing capacity of longitudinal seg-
ment joints, there is a considerable need for fundamental research
due to the specific boundary conditions of small ratios of 𝐴𝑐1∕𝐴𝑐0,
high transverse reinforcement ratios and concrete–concrete (c–c) load
introduction.

2. Mechanical principles

In the case of concentrated load introduction with transverse re-
inforcement geometric and passive confinement may occur simultane-
ously, which is illustrated in Fig. 2a. Since the geometry of cylinders
simplifies the mechanical principals and the experimental investiga-
tions, further investigations in this publication will be based on cylin-
drical concrete elements. Existing models in the design codes [1,7,8]
and in literature [12,22] provide solutions for predicting the confine-
ment effects on circular and rectangular shaped concrete elements,
which enable to transfer the presented knowledge in this publication
to the design procedure of rectangular shaped segments. A detailed
adaption of the proposed model for more complex geometries and rein-
forcement layouts (e.g. for the longitudinal joint of a tunnel segment) is
not part of this paper and will be done in a future research work. The
respective behavior of the confinement types including the occurring
transverse stresses is outlined in Fig. 2b and Fig. 2d. In areas adjacent to
the contact surface both effects lead to transverse compressive stresses.
Hence, the transverse reinforcement close to the contact surface can
be completely assigned to the passive confinement. At a greater dis-
tance from the surface, however, tensile stresses occur due to the load
distribution. These stresses are usually attributed to the transverse
reinforcement. To enable a simplified analysis, the transverse stresses
are captured by the corresponding mechanical approaches shown in
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Fig. 2. Confinement in case of concentrated load introduction: (a) centrically loaded cylinder with transverse reinforcement, (b) mechanical behavior of load distribution, (c)
model approach regarding the load distribution — strut-and-tie model, (d) mechanical behavior of passive confinement, (e) model approach of passive confinement — increase of
the uniaxial compressive strength in the effectively confined concrete. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.).
Fig. 2c and Fig. 2e. The idea of the proposed model in Section 3
is to determine the triaxial compressive strength beneath the contact
surface by combining the simplified approaches regarding geometric
and passive confinement in a certain way. The two confinement effects
themselves, are further discussed in Sections 2.1 and 2.2.

2.1. Geometric confinement:

In literature (e.g. [15]), a fundamental distinction is made between
plane and spatial load distribution. With regard to the geometric con-
finement effect, a plane stress state occurs in the plane case (shown in
Fig. 1b), while a triaxial stress state occurs in the spatial case (shown
in Fig. 1a). In addition, triaxial stress states can also be found in plane
load distribution if the transverse reinforcement is placed orthogonally
to the direction of the load distribution. For this reason, the use of
the terms plane geometric, plane passive, spatial geometric and spatial
passive confinement is more precise than the mere distinction between
plane and spatial load distribution.

While transverse compressive stresses (blue arrows orthogonal to
the loading direction in Fig. 1a, 1b and 2b) are caused by the distri-
bution of the compressive stress trajectories in the area immediately
below the contact area, transverse tensile stresses (red arrows orthog-
onal to the loading direction in Fig. 1a, 1b and 2b) occur in the
4

areas at a certain distance. In 1924, Mörsch [23] addressed the tensile
stresses with a strut-and-tie model, which is still seen as state of the
art in the current European design code [6]. A corresponding strut-
and-tie model to the cylindrical test specimens investigated in this
paper is given in Fig. 2c. The tensile force 𝐹𝑡, acting at a distance of
approximately 0.5 ⋅ 𝑑, can be determined according to Eq. (1). Therein
𝑑0 denotes the diameter of the contact surface and 𝑑 the diameter of
the concrete cylinder, which is equal to the diameter available for the
load distribution.

𝐹𝑡 =
𝐹
3𝜋

⋅
(

1 −
𝑑0
𝑑

)

(1)

The model according the current EC2-draft [1] covering the geo-
metric confinement effect is presented in Section 2.3.

2.2. Passive confinement:

While passive confinement in general is caused by transverse pres-
sure that is activated by the impediment of lateral expansion, this paper
only focuses on impediment caused by transverse reinforcement. For
activating the transverse pressure, which is visualized with blue arrows
orthogonal to the loading direction in Fig. 2d, a certain deformation
is needed. In the unloaded state and early stage of loading mainly
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transverse pressure caused by the unloaded concrete around the load
application is generated. As the load increases and the tensile strength
of concrete is exceeded, the impediment of the transverse strain is
mainly caused by the transverse reinforcement. With increasing loading
cracks appear in the non-confined concrete (which is the area between
the center line of the reinforcement and the concrete surface), some-
times even leading to the spalling of the concrete. This, however does
not interfere the confined concrete (which is separated into effectively
and ineffectively confined concrete according Fig. 2e) to take on further
loads resulting in even larger deformations. When reaching the peak
load the compressive stresses in the effectively confined area can be
far above the uniaxial concrete strength 𝑓𝑐 and the transverse stresses
generated by transverse reinforcement are limited with the yielding
point of the steel reinforcement.

Passive confinement is also categorized into biaxial (shown in
Fig. 1d) and triaxial stress states (shown in Fig. 1c). Hence, even in
plane cases of load distribution, a triaxial stress state can be obtained
through a spatial arrangement of adequate transverse reinforcement.
This is the case if the reinforcement layout of Fig. 1c is implemented
within the strip loaded concrete element shown in Fig. 1b. This sit-
uation can be found for example in the longitudinal joints of tunnel
segments.

2.3. Existing models

In this section five models are presented and discussed, which can
be applied to design a concentrated load introduction. They are used
for a comparative calculation to validate the performance of the newly
developed model which will be presented in Section 3. Therefore the
nomenclature in this paper slightly defers from the original literature
to be consistent with the terms and indices defined for the mechanical
approach presented in Section 3. The two models according the EC2-
draft [1] are presented in more detail, because they represent the state
of the art of the future European design code.

2.3.1. Eurocode 2 - Section 8.6 (EC2 approach)
The EC2 approach [1] (square root equation) is dependent on the

ratio between the area of the concrete available for the load distribu-
tion 𝐴𝑐1 and the area of the contact surface 𝐴𝑐0. The increase factor
for the uniaxial concrete strength

√

𝐴𝑐1∕𝐴𝑐0 is based on empirical
investigations according [9] and mainly covers the effect of geometric
confinement. The load-bearing capacity is verified according to Eq. (2):

𝐹𝑐𝑎𝑙.𝐸𝐶2 = 𝐴𝑐0 ⋅ 𝑓𝑐 ⋅

√

𝐴𝑐1
𝐴𝑐0

≤ 𝜈𝑝𝑎𝑟𝑡 ⋅ 𝐴𝑐0 ⋅ 𝑓𝑐 (2)

where 𝜈𝑝𝑎𝑟𝑡 is a limiting factor restricted to 𝜈𝑝𝑎𝑟𝑡 = 3.0 if no external
tensile forces induce cracking in the direction parallel to the applied
load. A requirement for using Eq. (2) is the limitation of the load
distribution to the same distance in both transverse directions, which
is fulfilled for the presented experiments in this paper. Regarding the
application of Eq. (2) to tunnel segments, the limitation of the load
distribution often is neglected based on experimental investigations
from literature (e.g. [24,25]). The occurring splitting tensile forces have
to be covered by transverse reinforcement, which can be determined
according to Eq. (1).

2.3.2. Eurocode 2 - Section 8.14 (EC2conf approach)
The EC2conf approach [1] is presented in the first line of Eq. (3). For

the prediction of the load-bearing capacity of the contact surface 𝐴𝑐0,
he minimum of the confined concrete area 𝐴𝑐𝑐 and the contact surface
𝑐0 is decisive (a definition of the concrete areas is outlined in Fig. 3).
his specification is not discussed in the standard as it is originally
eveloped for confined concrete elements without concentrated load
ntroduction. To emphasize this consideration when applying EC2conf to
oad transfer zones, a min-function is used in the second line of Eq. (3).
urthermore the additive term to increase the compressive strength
5

𝛥𝑓𝑠.𝑐𝑐 is applied to the effective confined concrete area 𝐴𝑐𝑐.𝑒 which may
ot exceed the dimension of the contact surface 𝐴𝑐0. This geometrical
estriction is also covered with a min-function in Eq. (3).

𝑐𝑎𝑙.𝐸𝐶2𝑐𝑜𝑛𝑓 =𝐴𝑐𝑐 ⋅ 𝑓𝑐 + 𝐴𝑐𝑐.𝑒 ⋅ 𝛥𝑓𝑠.𝑐𝑐 =

=min(𝐴𝑐0;𝐴𝑐𝑐 ) ⋅ 𝑓𝑐 + min(𝐴𝑐0;𝐴𝑐𝑐.𝑒) ⋅ 𝛥𝑓𝑠.𝑐𝑐
(3)

ccording to the EC2-draft [1] the effectiveness factors 𝑘𝑐𝑜𝑛𝑓 ,𝑏 and
𝑐𝑜𝑛𝑓 ,𝑠 lower the strength increase depending on the reinforcement
ayout. Instead of using a distributed strength over the whole cross
ection, the cross section can be separated into different areas as
efined in Fig. 3. The effectively confined concrete area 𝐴𝑐𝑐.𝑒, can be
urther adapted for circular cross sections using the effectiveness factors
𝑐𝑜𝑛𝑓 ,𝑏 ⋅ 𝑘𝑐𝑜𝑛𝑓 ,𝑠 according to Eq. (4).

𝑐𝑐.𝑒 = 𝐴𝑐 ⋅ 𝑘𝑐𝑜𝑛𝑓 ,𝑏 ⋅ 𝑘𝑐𝑜𝑛𝑓 ,𝑠 =

= 𝜋
4
⋅
(

𝑑𝑐 −
𝑠𝑐
2

)2 (4)

The compressive strength increase 𝛥𝑓𝑠.𝑐𝑐 due to a transverse compres-
sive stress is to be calculated according to Eq. (5):

𝛥𝑓𝑠.𝑐𝑐 =

⎧

⎪

⎨

⎪

⎩

4 ⋅ 𝜎𝑐𝑐 for 𝜎𝑐𝑐 ≤ 0.6𝑓𝑐

3.5 ⋅ 𝜎
3
4
𝑐𝑐 ⋅ 𝑓

1
4
𝑐 for 𝜎𝑐𝑐 > 0.6𝑓𝑐

(5)

with the transverse compressive stress 𝜎𝑐𝑐 resulting from the transverse
reinforcement is to be calculated according to Eq. (6). Therein 𝐴𝑠
is defined as the cross-sectional area of a transverse reinforcement
layer. For the material parameters and the geometries used for the
test specimens in this publication the transverse stresses do not exceed
0.6 ⋅ 𝑓𝑐 , which means only the first line of Eq. (5) is relevant in this
paper.

𝜎𝑐𝑐 =
𝐴𝑠 ⋅ 𝑓𝑦
𝑠𝑐 ⋅ 𝑑𝑐

(6)

The EC2-draft [1] provides a model for covering geometric confinement
(EC2 approach) and another one for passive confinement (EC2conf
approach), but does not give any advices how to combine these two
approaches (EC2 and EC2conf).

2.3.3. Schmidt-Thrö
The empirical design approach of Schmidt-Thrö [18] is based on

a linear regression of an extensive experimental campaign on tunnel
segments and is shown in Eq. (7). Therein the load distribution ratio
𝐴𝑐1∕𝐴𝑐0 is used for determining the increase of the uniaxial concrete
strength. It is the only model which was calibrated on experiments be-
tween two concrete elements instead of using a steel plate for applying
a concentrated load.

𝐹𝑐𝑎𝑙.𝑆𝑐ℎ𝑚𝑖𝑑𝑡−𝑇ℎ𝑟𝑜̈ = 𝐴𝑐0 ⋅ 𝑓𝑐𝑚 ⋅
(

0.37 ⋅
𝐴𝑐1
𝐴𝑐0

+ 0.76
)

(7)

For covering the occurring tensile splitting forces, Schmidt-Thrö also
recommends the determination of the splitting forces according to
Eq. (1).

2.3.4. Wichers
The model developed by Wichers [15] is based on the model of

Wurm and Daschner [19]. It distinguishes between a spatial and a plane
load distribution. Applied to the presented cylindrical test specimens
only the model for the spatial load distribution has to be considered.
It belongs to the category of models which cover the geometric and
passive confinement effects with empirically determined factors. The
load-bearing capacity can be determined using Eq. (8).

𝐹𝑐𝑎𝑙.𝑊 𝑖𝑐ℎ𝑒𝑟𝑠 = 𝐴𝑐0 ⋅ 𝑓𝑐𝑚 ⋅

(
√

𝐴𝑐1
𝐴𝑐0

+ 0.55 ⋅ 𝜌

)

(8)

The approach is originally limited for concrete elements with a
maximum transverse reinforcement ratio of 1%. For the calculations
in this paper this limit is neglected to enable a comparison based on

the experiments presented in Section 4.



Engineering Structures 304 (2024) 117562C. Proksch-Weilguni et al.
Fig. 3. Mechanical effects and their simplifications acting in a load transfer zone: (a) combination of all effects, (b) passive confinement caused by the transverse reinforcement,
(c) load distribution which causes geometric confinement in 𝑅0 and tensile stresses in 𝑅1, (d) decisive cross sections.
2.3.5. Dual-cone (DC) stress field theory
In Markić et al. [4,26] it was shown, that the Dual-Cone (DC) stress

field theory performs very well with the problem of concentrated load
applications. This analytical approach based on the stress-field theory
comes with the advantage of providing a solution without empirically
determined factors. This model considers both, the geometric and
passive confinement effect and it is explicitly allowed according the
EC2-draft [1] to apply the stress field theory for situations of concen-
trated load introductions. Since the determination of the load-bearing
capacity is an extensive iterative process, the analysis procedure of the
DC-model has to be taken from Markić et al. [4].

3. Proposed geometric and passive confinement-model (GPC-
model)

3.1. Assumptions and considerations

The goal of this paper is to predict the load-bearing capacity of
load transfer zones with a mechanical approach, which is sufficiently
simplified to be applied in a future design code. Therefore a model built
on a mechanical basis and complemented by a semi-empirical compo-
nent is presented as follows. The fundamental requirement for using
the newly presented GPC-model (Geometric and Passive Confinement-
model) is the presence of a triaxial stress state in the cross section of the
6

contact area (section 0–0 in Fig. 3). This can be achieved by geometric
confinement, passive confinement or a combination of both. Since
there is an interaction between geometric and passive confinement, the
different effective cross sections within and beyond the load transfer
zone have to be considered for the design.

The discontinuity region is simplified into two regions (𝑅0 and 𝑅1
which are shown in Fig. 3a for the bottom cylinder), based on the
transverse stresses caused by the linear elastic load distribution. In re-
gion 𝑅0 transverse compressive stresses (geometric confinement) occur
beneath the contact area, where the trajectories are convex toward the
centerline of the load transfer zone (shown in Fig. 3c). In region 𝑅1
mainly transverse tensile stresses occur due to the load distribution. To
simplify the complex stress situation in the discontinuity region two
decisive cross sections (section 0–0 and 1–1) are defined for designing
the load transfer zone shown in Fig. 3a and Fig. 3d. Section 0–0 is
located in the contact area, which is the decisive section in region
𝑅0. Section 1–1 is located at half the distance (𝑠𝑐∕2) between any two
reinforcement layers located in region 𝑅1. Since the cross section of
the effectively confined concrete is variable along the height (shown
in Fig. 3b), the decisive cross section for determining the load-bearing
capacity is defined as 𝐴𝑐𝑐.𝑒 and located in section 1–1 (shown in
Fig. 3d). The cross section of the confined concrete, which includes
the effectively and ineffectively confined concrete, is constant along
the entire discontinuity region and is defined as 𝐴 . Further the cross
𝑐𝑐
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section of the destroyed non-confined concrete does not contribute to
the load-bearing capacity, when passive confinement is fully activated.
For a proper application of the GPC-model the following considerations
have to be taken into account in the design and analysis procedure:

• In the plane of the contact area the geometric and passive confine-
ment effect can be considered to increase the bearing capacity.
The height of the region, where geometric confinement may occur
depends on the load concentration ratio and the type of load
distribution (plane or spatial case). According to literature [27–
29] the region, where transverse compressive stresses can occur
in the linear elastic case, starts form the contact area and ends
at 0.05 to 0.25 𝑑𝑐 . Therefore, a conservative assumption of 𝑅0 =
0.25 𝑑𝑐 (shown in Fig. 3c) is made when applying the GPC-model.

• When the distance to the contact area increases, tensile forces
have to be taken into account. These forces, which can be de-
termined using the well known strut-and-tie model according to
Mörsch [23], reduce the beneficial effect of the passive confine-
ment and have to be additionally considered when assessing the
load-bearing capacity in section 1–1. In this paper the strut-and-
tie model according Fig. 2c was generalized to be applied to
rotationally symmetric cylinders and their individual reinforce-
ment layout. For the simplification of the GPC-model the deter-
mined tensile force is then assigned equally to the accountable
reinforcement layers 𝑛𝑠𝑝 in region 𝑅1. Considering the structural
requirements for practical applications e.g. tunnel segments (con-
crete cover and minimum distance between two reinforcement
layers) usually all reinforcement layers exclusive the first one
fulfill the criteria defined in Section 3.2 to assign tensile forces.

• When surpassing the discontinuity region, the load-bearing ca-
pacity of the regular cross section (shown in Fig. 3) can be
determined without reducing the cross section. In the transition
zone between the last reinforcement layer, which provides con-
finement, and the regular cross section the occurring splitting
stresses are usually covered by the tensile strength of the concrete.
In the case of a relatively large area of non-confined concrete
or a very high transverse reinforcement ratio (both lead to high
splitting stresses) the transition zone needs to be checked in
detail. Since the publication only focuses on the load transfer
zone, the transition zone is not discussed in detail.

The GPC-model was developed for reinforced concrete structures
here the formation of a triaxial stress state can be ensured. Unrein-

orced concrete elements or situations, where the reinforcement only
nsures a plane stress state are not covered by the GPC-model.

.2. Analysis procedure

Based on the two failure regions (𝑅0 and 𝑅1) mentioned above, it
an be stated that the minimum load-bearing capacity of section 0–
and 1–1 (shown in Fig. 3a and Fig. 3d) is decisive for designing a

oad transfer zone. The analysis procedure is presented in the following
ections.

imit state of the contact area 𝐴𝑐0 (section 0–0)
The load-bearing capacity of a geometrically and passively confined

ontact surface according to Eq. (9) is divided into three components.
he first component 𝐹𝑐𝑚 refers to the uniaxial concrete compressive
trength 𝑓𝑐𝑚. The second component 𝛥𝐹 c can be defined as an in-
reasing term, which considers the geometric confinement effect. The
hird component 𝛥𝐹𝑠.𝑐𝑐 (where 𝑠.𝑐𝑐 stands for steel confined concrete)
onsiders the increase due to the transverse reinforcement (passive
onfinement). Eq. (9) is based on mechanical considerations of previ-
7

us publications [13,15–17,26], where it was already proven, that the
eometrical and passive confinement both influence the load-bearing
apacity of the contact region (section 0–0).

𝑐𝑎𝑙.𝐺𝑃𝐶0 = 𝐹𝑐𝑚 + 𝛥𝐹𝑐 + 𝛥𝐹𝑠.𝑐𝑐 =

= 𝑓𝑐𝑚 ⋅ 𝐴𝑐0
⏟⏞⏟⏞⏟

𝐹𝑐𝑚

+𝛥𝑓𝑐 ⋅ 𝐴𝑐0
⏟⏞⏞⏟⏞⏞⏟

𝛥𝐹𝑐

+𝛥𝑓𝑠.𝑐𝑐 ⋅ min(𝐴𝑐0;𝐴𝑐𝑐.𝑒)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝛥𝐹𝑠.𝑐𝑐

(9)

he load-bearing capacity component 𝛥𝐹𝑐 is caused by load concentra-
ion in the contact area. This geometrical situation leads to a redirection
f the stress trajectories in the confined concrete area (shown in Fig. 3c)
nd is defined as geometric confinement. The empirical function for
apturing the concrete strength increase caused by the load distribu-
ion 𝛥𝑓𝑐 is proposed in Eq. (10), which is based on the fundamental
xperiments of Spieth [9,13]. Therein the innovation, in comparison to
xisting approaches, is the consideration of 𝐴𝑐𝑐 instead of 𝐴𝑐 for the
etermination of the load-bearing increase caused by the application
o a confined concrete area. The idea to consider only the confined
oncrete core for determining the geometric confinement effect for a
ombined approach is based on the fact, that in passively confined
lements the non-confined concrete should not be considered for the
oad-bearing capacity, which is suggested in literature [7,8,12,30].

𝑓𝑐 = 𝑓𝑐𝑚 ⋅
⎛

⎜

⎜

⎝

(

𝐴𝑐𝑐
𝐴𝑐0

)
1
2
− 1

⎞

⎟

⎟

⎠

≥ 0 (10)

The load-bearing capacity component 𝛥𝐹𝑠.𝑐𝑐 is caused by the confine-
ment effect due to the transverse reinforcement and is based on a
mechanical approach. It is assumed, that the transverse reinforcement
causes an effectively confined concrete core (shown in Fig. 3b) with
a triaxial stress state. The increase of the compressive strength 𝛥𝑓𝑠.𝑐𝑐
in the contact area can be calculated according to Eq. (5). For the de-
termination of the transverse compressive stress 𝜎𝑐𝑐 it can be assumed,
that the transverse reinforcement reaches the yield stress according to
Eq. (6).

Limit state of the decisive section in region 𝑅1 (section 1–1)
Along the region 𝑅1 the weakest section is found halfway between

two transverse reinforcement layers with the load-bearing capacity
determined according to Eq. (11).

𝐹𝑐𝑎𝑙.𝐺𝑃𝐶1 = 𝐹𝑐𝑚 + 𝛥𝐹𝑠.𝑐𝑐 = 𝑓𝑐𝑚 ⋅ 𝐴𝑐𝑐
⏟⏞⏟⏞⏟

𝐹𝑐𝑚

+𝛥𝑓𝑠.𝑐𝑐 ⋅ 𝐴𝑐𝑐.𝑒
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

𝛥𝐹𝑠.𝑐𝑐

(11)

The positive effects of the passive confinement are calculated using
the previously presented mechanical model according to Eq. (5). The
determination of the transverse compressive stress 𝜎𝑐𝑐 , which was
shown in Eq. (6), has to be adapted in order to consider the unfavorable
tensile force 𝐹𝑡 in the tensile ring according to Eq. (12). A visualization
of assigning the tensile forces to the accountable reinforcement layers
is shown in Fig. 4a.

𝜎𝑐𝑐 =
𝐴𝑠 ⋅ 𝑓𝑦 − 2𝐹𝑡∕𝑛𝑠𝑝

𝑠𝑐 ⋅ 𝑑𝑐
(12)

ith:

𝑠 Cross-sectional area of a transverse reinforcement layer
(for a cylindrical hoop 𝐴𝑠 = 2(⌀2𝜋∕4))

The tensile force 𝐹𝑡 is determined by the generalized strut-and-tie
odel according Eq. (13), which is shown in Fig. 4b. In comparison

o Eq. (1), the generalized model is applied to the load distribution in
he confined concrete area. The center of gravity of the accountable
einforcement layers 𝑛𝑠𝑝 (colored in red in Fig. 4a) defines the location
f 𝐹𝑡, which can be seen in Fig. 4b.

𝑡 =
𝐹

⋅
(

𝑑𝑐 − 𝑑0
)

(13)

6𝜋 𝑥𝑠𝑝
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Fig. 4. (a) Assignment of 𝐹𝑡 to the accountable reinforcement layers in region 𝑅1, (b)
eneralized strut-and-tie model for determining 𝐹𝑡. (For interpretation of the references
o color in this figure, the reader is referred to the web version of this article.).

ith:

𝐹 Axial load applied on the load transfer zone limited by
𝐹𝑐𝑎𝑙.𝐺𝑃𝐶0

𝑥𝑠𝑝 Distance between the compression ring and the resulting
tensile force depending on the center of gravity of the
accountable reinforcement layers (shown in Fig. 4b)

To follow the linear elastic stress distribution only a certain number
f reinforcement layers 𝑛𝑠𝑝 (determined by Eq. (14)) are allowed to be
onsidered for assigning the tensile force.

𝑠𝑝 =
(

𝑛0 + 𝑛1
)

− max(1; 𝑛0) (14)

ith:

𝑛0 number of reinforcement layers located in 𝑅0
𝑛1 number of reinforcement layers located in 𝑅1

In Fig. 4a the tensile force is assigned to the second and third
einforcement layer (colored in red), which reduces the passive confine-
ent effect of these reinforcement layers. Based on this simplification

he load-bearing capacity of 𝑅1 can be determined by the decisive
oad-bearing capacity of section 1–1. This procedure only works for

constant spacing 𝑠𝑐 between the reinforcement layers placed in the
iscontinuity region.

ransition zone and regular cross section next to the load transfer zone
The load-bearing capacity of the transition zone and the regular

ross section next to the discontinuity region can be determined con-
idering the full cross sectional area 𝐴𝑐 . The low tensile stresses in
he transition zone are usually covered by the tensile strength of the
oncrete. Special attention has to be paid to the transition zone in the
ase of a relatively large area of non-confined concrete or a very high
ransverse confinement in the load transfer zone.

. Experimental investigations

In order to achieve a better understanding of the load-bearing
echanisms and their interaction, the conducted experiments focus
8

n fundamental investigations. Therefore relatively small specimens
ith simple geometric conditions in comparison to tunnel segments
re assessed with the goal of transferring the gained knowledge to the
esign procedure of larger segments. Since the proposed mechanical
odel relies on mechanical principals supplemented by a well known

mpirical term, it is possible to adapt the model to other geometric
ituations.

.1. Testing procedure

The experimental campaign was designed to validate the new me-
hanical approach for predicting the load-bearing capacity of geomet-
ically and passively confined load transfer zones. In two Series (1 and
) 13 different specimen types (shown in Fig. 5) and a total amount of
6 tests were performed to investigate the load-bearing capacity of load
ransfer zones under centric loading. Each type of test was performed
wice in order to validate the respective results, with the nomenclature
f V1 and V2 for the first and second test which was executed. Every
est consisted of two identical concrete specimens, which were pressed
gainst each other until the peak load was reached and a significant
oad drop could be observed in the post-failure behavior.

The GPC-model was developed based on mechanical considera-
ions from literature and verified using the presented experimental
ampaign. The following parameters regarding the geometry and the
einforcement layout are investigated in detail:

• The transverse reinforcement ratio 𝜌 = 𝐴𝑠∕(𝑠𝑐 ⋅ 𝑑𝑐 ) in the area of
the load transfer zone was chosen in regard to practical relevance
in a range between 0% and 2.57%.

• The ratio of the area available for load distribution and the
contact surface 𝐴𝑐𝑐∕𝐴𝑐0 was chosen between 1.0 and 3.3. Higher
load concentrations, which are less relevant for practical applica-
tions, can also be assessed by the model and are investigated in
Section 5.4.

• The first transverse reinforcement element was placed not further
than 0.5 ⋅ 𝑠𝑐 from the contact surface to guarantee a passive
confinement effect of the reinforcement for the limit state of the
contact surface (section 0–0).

The range of the investigated parameters is further extended by a
alidation with tests from literature presented in Section 5.4. A final
roposal concerning the application limits and the design recommen-
ations for load transfer zones is given in Section 5.6.

.2. Test specimens

The experimental campaign (shown in Fig. 5) consists of two series;
eries 1 focuses on the variation of the reinforcement layout and
eries 2 investigates variable load concentration ratios and different
aterials used for introducing the concentrated load. All specimens
ere produced with a height 𝐻 of 300mm and a diameter 𝑑 of 150mm,
hich was reduced to 𝑑0 (according to Table 2), apart for reference

pecimens A1 and H2, at the ends of the specimens over a height
f 3mm. The diameter of the used reinforcement bars was varied
rom ⌀ 4mm for the mounting bars to ⌀10mm for the specimens with
he highest reinforcement ratio. Larger reinforcement diameters were
ot used as the predefined dimensions of the specimens required a
mall bending radius. The ends of the reinforcement hoops were butt
elded to eliminate inaccuracies due to the overlap of conventionally
anufactured hoops. Therefore the spacing between the transverse

einforcement layers 𝑠𝑐 could be manufactured with a tolerance of
1mm.

For the specimen types B1 to G1 of Series 1 the diameter 𝑑0 was
educed to 101mm leading to a load concentration ratio 𝐴𝑐𝑐∕𝐴𝑐0 for C1
o G1 of 1.81 and 2.21 for B1 (unreinforced specimen with 𝐴𝑐𝑐 assumed
s 𝐴 ). For the design of the test specimens, the load concentration ratio
𝑐
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Fig. 5. Geometry and reinforcement layout of the test specimens with all units in [mm]; (a) Series 1; (b) Series 2.
as based on typical values used for tunnel segments. The dimensions
f the test specimens were kept constant to investigate the influence
f the reinforcement layout. This was accomplished by varying the bar
iameter ⌀ and the spacing 𝑠𝑐 between the hoops in order to achieve a
ontinuous increase of the reinforcement ratio 𝜌 from 0% in B1 to 2.57%

in G1. Since the distance between the hoops across the contact surface
is decisive for the failure of the load transfer zone, special attention
was paid to the manufacturing accuracy during the production of the
reinforcement cages. All test specimens were uniformly reinforced over
the entire height (shown in Fig. 5), to prevent failure adjacent to
the discontinuity region. Furthermore, the transverse reinforcement
was designed to cover the occurring tensile forces according to the
strut-and-tie model to prevent failure at the plane of section 1–1.

The diameter referred to the center line of the hoops amounted to
136mm and therefore resulted in varying concrete covers (from 2mm to
4mm) for the different bar diameters. The thickness of the non-confined
concrete was kept to a minimum in order to monitor the behavior of
the confined concrete core when reaching the failure load.

For the specimen types H2 to K2 of Series 2 the reinforcement
9

layout was kept constant with a geometrical reinforcement ratio of 𝜌 =
1.65%, corresponding to a typical amount of reinforcement in practical
applications. The load concentration, quantified by the ratio 𝐴𝑐𝑐∕𝐴𝑐0,
was increased from 1.0 to 3.3 in order to investigate the influence of the
geometric confinement under these conditions. For the specimen types
I2a and K2a a high-strength steel plate was used for load introduction
instead of the concrete–concrete (c–c) load transmission, allowing for
a direct investigation of the influence of the load application types.
These two types (c–c and st–c) were chosen as they represent, on the
one hand, the most realistic setup and, on the other hand, the most
convenient load introduction system frequently used in literature [9,
16,17,19–21].

The material properties of all specimen components are summarized
in Table 1. Normal concrete with a mean compressive strength between
48.0N∕mm2 and 55.6N∕mm2 and a maximum aggregate size of 𝐷𝑚𝑎𝑥 =
16mm was used. The compressive strength was determined by testing
multiple samples according to ONR 23303 [31]. Instead of storing the
specimens in a water bath the cylinders were exposed to the same
weathering conditions as the test specimens. To minimize the effect

of concrete aging all tests were performed at ages above 28 days. The
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Table 1
Material properties.

Material 𝑓𝑐𝑚 𝑓𝑐𝑚,𝑐𝑢𝑏𝑒 𝑓𝑐𝑡𝑚 𝑓𝑦𝑚 𝐸𝑐𝑚
[N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2]

Concrete Series 1 48.0 61.8 3.1 – 29 395
Concrete Series 2, Batch 1 55.6 – 3.2a – 29 979
Concrete Series 2, Batch 2 52.8b 66.0 3.2a – –
Reinforcement steel B550B – – – 580c 200000a

High strength steel 1.2312 – – – ≈1100d 210000d

a Determined according to EN 1992-1-1 [1].
b Determined with 0.8⋅𝑓𝑐𝑚,𝑐𝑢𝑏𝑒.
c Rounded value based on 9 samples with 3 different diameters with 𝑓𝑦𝑚 = 581.5 N/mm2 (COV = 1%).
d According to the technical data sheet [32].
steel plates, which were used for load introduction, were made of high-
strength steel with a strength twenty times higher than the concrete
strength of the test specimens.

4.3. Test setup

All tests were carried out in a vertical testing rig at the laboratory
of the Institute of Structural Engineering. The compressive load was
applied displacement-controlled with a speed between 0.1mm∕min and
0.2mm∕min. The specimens were tested under uniaxial pressure with
installation tolerances of ±1mm. Four linear variable differential trans-
formers (LVDTs) were used to monitor the displacements in direction
of the load introduction (shown in Fig. 6). To prevent an early failure
of the test specimens due to imperfections of the concrete interface,
two additional confining steel elements were installed next to the load
introducing steel plates (for I2a and K2a only one bottom element
was used). In order to better assess the failure process and crack
development, digital image correlation (DIC) measurements (Aramis by
Gom GmbH) were applied to one side of the test specimens.

5. Results and discussion

5.1. Load-bearing behavior

In all executed tests, a progressive load drop occurred after the peak
load was reached. The load–strain curves of all experiments can be
found in Appendix A, where Series 1 is shwon in Fig. A.1 and Series 2
in Fig. A.2 . The abrupt load drop post failure in some of the tests can
be explained by a sudden failure of the welding points of the first or
second stirrup next to the contact surface (e.g. Fig. A.1a and Fig. A.1c).
Experiments with very extensive post-failure behavior (without failure
of the welding point) were stopped when a deformation of 1.3 to 2.0
times 𝜀𝑢 was reached.

When reaching the peak load, the reference specimens with exclu-
sively passive confinement (A1 and H2) showed longitudinal cracks in
the area between the stirrups and circumferential cracks at the level
of the stirrup reinforcement. In the post-failure behavior, the parabolic
fracture pattern, known from tests of passively confined columns, devel-
oped. As the failure planes of the specimens A1-V1, A1-V2, and H2-V2
were located at distances of 90mm, 135mm and 70mm from the contact
area, a significant influence of the contact area on the ultimate load
under centric compressive loading can be excluded.

The unreinforced test specimens B1 showed no noticeable cracks
when the peak load was reached. A brittle failure occurred, as can be
deduced from the load–strain curves in Fig. A.1b, which can be assigned
to a splitting tensile failure in the discontinuity region (section 1–1).

Once the peak load was reached, longitudinal cracks were moni-
tored in the discontinuity areas of all reinforced test specimens. With
a growing transverse reinforcement ratio, the number of longitudinal
cracks increased as well. This observation confirms the theoretical
assumption in the GPC-model that the non-confined concrete area (𝐴𝑐−
𝐴 ) is no longer relevant for predicting the load-bearing capacity.
10

𝑐𝑐
Fig. 6. Test setup at TU Wien.

For the test specimens with geometric and passive confinement
(C1 to G1 and I2 to K2), the failure can be assigned to the area of
the contact surface (section 0–0). The position of the failure plane
was detected by visual inspection of all surfaces, fractures and plastic
deformations of the test specimens after the test was finished. This
specific failure is difficult to distinguish from a splitting tensile failure
when analyzing the crack pattern at the moment of reaching the peak
load, as can be seen using the DIC measurements for test J2-V1 in
Fig. 7. In the post-peak period, however, further plastic deformations
can be monitored that clearly identify the occurring failure mechanism.
With the exception of the unreinforced test specimens, an extensive
destruction of the concrete microstructure close to the contact area and
a failure of the first reinforcement layer adjacent to the contact area
(shown in Fig. 7b) was observed in all specimens.

The increase in the transverse reinforcement ratio 𝜌 leads to higher
stresses in the contact joint and a significant increase in the longitudinal
ultimate strain 𝜀𝑢, as clearly shown in Table 2 for all test results. The
increase of the load distribution ratio also leads to higher stresses in
the contact area but has no significant influence on the longitudinal
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Fig. 7. Specimen J2-V1: (a) Crack pattern at peak load illustrated by the major strain in 𝑦-direction, (b) failure plane after testing.
ultimate strain 𝜀𝑢. It has to be stated, that higher stresses due to higher
geometric confinement do not lead to higher absolute peak loads, since
an increase of the load distribution ratio results in the direct reduction
of the contact area 𝐴𝑐0.

5.2. Model verification

The satisfactory performance of the GPC-model in predicting the
load-bearing capacity is visualized in Fig. 8 where the experimental
peak loads 𝐹𝑒𝑥𝑝 are compared to the top of the stacked gray colored
bars (𝐹𝑐𝑎𝑙.𝐺𝑃𝐶0 = 𝐹𝑐𝑚 + 𝛥𝐹𝑐 + 𝛥𝐹𝑠.𝑐𝑐). The results of Series 1 show that
the passive confinement effect has a significant impact on the load-
bearing capacity of load transfer zones. By looking at C1 to G1 (varying
reinforcement ratio 𝜌) a continuous increase of the peak load can be
seen, which can be covered by the geometric confinement component
𝛥𝐹𝑠.𝑐𝑐 .

The experiments H2 to K2 (constant reinforcement ratio was kept
and varying ratio of 𝐴𝑐𝑐∕𝐴𝑐0 does influence the bearing capacity of all
three components (𝐹𝑐𝑚, 𝛥𝐹𝑐 and 𝛥𝐹𝑠.𝑐𝑐). Due to the separated consid-
eration of the load-bearing components, this trend can be covered as
well by the GPC-model.

The predicted total load-bearing capacity according to the pre-
sented GPC-Model agrees very well with the experimental data. In
the next step the accuracy of the geometric and passive confinement
shares were investigated. Therefore the individual load-bearing com-
ponents were isolated based on the experimental dataset and compared
with the presented mechanical approaches according to the following
procedure:
11
1. The individual components of the load-bearing capacity are nor-
malized in Eq. (15) by dividing Eq. (9) by the uniaxial concrete
strength 𝑓𝑐𝑚.

2. The components have to be related to the section of the contact
area 𝐴𝑐0 which turns Eq. (9) into Eq. (15). This expression allows
a direct comparison of the experimental results with different
concrete compressive strengths, contact areas and reinforcement
ratios.

𝜎𝑐0
𝑓𝑐𝑚

= 1
𝑓𝑐𝑚

⋅

⎛

⎜

⎜

⎜

⎜

⎜

⎝

𝐹𝑐𝑚
𝐴𝑐0

⏟⏟⏟
𝑓𝑐𝑚

+
𝛥𝐹𝑐
𝐴𝑐0

⏟⏟⏟
𝛥𝑓𝑐

+
𝛥𝐹𝑠.𝑐𝑐
𝐴𝑐0

⏟⏟⏟
𝛥𝜎𝑠.𝑐𝑐

⎞

⎟

⎟

⎟

⎟

⎟

⎠

= (15)

3.1 The normalized increase factor of the geometric confine-
ment (𝜎𝑐0∕𝑓𝑐𝑚−𝛥𝜎𝑠.𝑐𝑐∕𝑓𝑐𝑚) can be separated according to
Eq. (16) by transforming Eq. (15) and replacing 𝛥𝐹𝑐 by
the related expression in Eq. (9) and (10). The expression
𝛥𝜎𝑠.𝑐𝑐 stands for the compressive strength increase due
to steel confined concrete uniformly distributed over the
contact surface 𝐴𝑐0.

𝜎𝑐0
𝑓𝑐𝑚

−
𝛥𝜎𝑠.𝑐𝑐
𝑓𝑐𝑚

=
(

𝐴𝑐𝑐
𝐴𝑐0

)
1
2

(16)

3.2 The normalized increase factor of passive confinement
(𝜎𝑐0∕𝑓𝑐𝑚−𝛥𝑓𝑐∕𝑓𝑐𝑚) in Eq. (17) can be separated with simi-
lar steps of derivation as those used for Eq. (16). Starting
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Table 2
Properties and experimental data of Series 1 and Series 2.

Test 𝑓𝑐𝑚 𝑑0 𝑠𝑐 𝜌 𝜔 𝐴𝑐𝑐∕𝐴𝑐0 𝐹𝑒𝑥𝑝 𝜀𝑢 𝜎𝑐0∕𝑓𝑐𝑚
– [N/mm2] [mm] [mm] [–] [–] [–] [kN] [–] [–]

A1-V1 48.0 150 45 0.0164 0.198 1.00a 1154 0.00772 1.36
A1-V2 48.0 150 45 0.0164 0.198 1.00a 1151 0.00829 1.36
B1-V1 48.0 101 0 0.0 0.0 2.21a 529 0.00176 1.38
B1-V2 48.0 101 0 0.0 0.0 2.21a 526 0.00179 1.37
C1-V1 48.0 101 70 0.0059 0.072 1.81 646 0.00291 1.68
C1-V2 48.0 101 70 0.0059 0.072 1.81 684 0.00296 1.78
D1-V1 48.0 101 70 0.0106 0.128 1.81 769 0.00431 2.00
D1-V2 48.0 101 70 0.0106 0.128 1.81 745 0.00463 1.94
E1-V1 48.0 101 70 0.0165 0.199 1.81 832 0.00488 2.16
E1-V2 48.0 101 70 0.0165 0.199 1.81 851 0.00568 2.21
F1-V1 48.0 101 45 0.0164 0.198 1.81 867 0.00532 2.25
F1-V2 48.0 101 45 0.0164 0.198 1.81 902 0.00671 2.35
G1-V1 48.0 101 45 0.0257 0.310 1.81 1022 0.00816 2.66
G1-V2 48.0 101 45 0.0257 0.310 1.81 1082 0.00990 2.81

H2-V1 52.8 150 70 0.0165 0.181 1.00a 1033 0.00520 1.11
H2-V2 52.8 150 70 0.0165 0.181 1.00a 1014 0.00543 1.09
I2-V1 52.8 125 70 0.0165 0.181 1.18 980 0.00555 1.51
I2-V2 52.8 125 70 0.0165 0.181 1.18 985 0.00571 1.52
J2-V1 52.8 101 70 0.0165 0.181 1.81 868 0.00526 2.05
J2-V2 52.8 101 70 0.0165 0.181 1.81 807 0.00473 1.91
K2-V1 55.6 75 70 0.0165 0.172 3.29 614 0.00488 2.50
K2-V2 55.6 75 70 0.0165 0.172 3.29 608 0.00461 2.48
I2a-V1 52.8 125 70 0.0165 0.181 1.18 1052 0.00634 1.62
I2a-V2 52.8 125 70 0.0165 0.181 1.18 1001 0.00578 1.54
K2a-V1 55.6 75 70 0.0165 0.172 3.29 665 0.00532 2.71
K2a-V2 55.6 75 70 0.0165 0.172 3.29 636 0.00601 2.59

a Determined with 𝐴𝑐∕𝐴𝑐0.
Fig. 8. Experimental and calculated load-bearing capacities of Series 1 and Series 2.
from Eq. (15) the term 𝛥𝐹𝑠.𝑐𝑐 has to be replaced by the
related expression in Eq. (5) and (9). For the conducted
experiments 𝜎𝑐𝑐 is always smaller than 0.6𝑓𝑐𝑚 explaining
why 𝛥𝑓𝑠.𝑐𝑐 was considered with 4 ⋅ 𝜎𝑐𝑐 in Eq. (5). Since
the decisive cross section for applying the passive confine-
ment always equals 𝐴𝑐0 (except I2) the last part of (17)
can be simplified to 1. In case of I2 with 𝐴𝑐𝑐.𝑒 < 𝐴𝑐0, the
normalized increase factor regarding passive confinement
(𝜎𝑐0∕𝑓𝑐𝑚 − 𝛥𝑓𝑐∕𝑓𝑐𝑚) cannot be compared to 𝛥𝑓𝑠.𝑐𝑐∕𝑓𝑐𝑚
directly. Therefore specimen type I2 was neglected for
12
this simplification
𝜎𝑐0
𝑓𝑐𝑚

−
𝛥𝑓𝑐
𝑓𝑐𝑚

=

= 1 + 4 ⋅ 𝜌 ⋅
𝑓𝑦𝑚
𝑓𝑐𝑚

⏟⏟⏟
𝜔

⋅min(𝐴𝑐0;𝐴𝑐𝑐.𝑒) ⋅
1

𝐴𝑐0
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

≈1

=

= 1 + 4 ⋅ 𝜔

(17)

4. As a result the left side of Eqs. (16) and (17) are plotted in
Fig. 9 using the experimentally determined stresses in the con-
tact area (𝜎 = 𝜎 ) and the material properties according to
𝑐0 𝑐0.𝑒𝑥𝑝
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Fig. 9. Stress increase in the contact surface due to (a) geometric confinement as a function of the ratio between 𝐴𝑐𝑐∕𝐴𝑐0, (b) passive confinement as a function of the transverse
mechanical reinforcement ratio 𝜔.
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Table 1 showing a good agreement with the theoretical function
on the right side of the equations. It must be mentioned that
only experiments with a reduced contact surface and transverse
reinforcement were considered.

In Fig. 9a the selected experimental dataset is plotted as a function
f the ratio between 𝐴𝑐𝑐∕𝐴𝑐0. The dashed line is a single term power
it of the experimental results. The solid line represents the increase
actor of the geometric confinement, according to the GPC-model which
orresponds well with the experimental dataset. The performance of the
assive confinement approach is described by a 1st order polynomial

fit, which is plotted as a function of 𝜔 in Fig. 9b. By comparing the
polynomial fit (dashed line) with the chosen mechanical approach to
describe the passive confinement effect (gray line) the good agreement
can be confirmed.

Based on the verification shown in Fig. 8 and Fig. 9 it can be stated,
that the GPC-model and its components provide quite accurate results
to describe the load increase due to geometric and passive confinement.

5.3. Comparison with existing models

In the following section the GPC-model (Geometric and Passive
Confinement-model) is compared to five models from literature, which
were presented in Section 2.3 for predicting the bearing capacity of
concentrated load applications.

In Fig. 10 and Fig. 11 the ratios of experimental and predicted load-
bearing capacities are plotted using the previously discussed models,
including the newly presented GPC-model. Out of 26 tests done at
TU Wien 16 tests addressing load transfer zones with both transverse
reinforcement and load concentration were used for the comparison.
Specimen type A1, B1, H2, I2a and K2a were excluded because they
do not meet the application requirements of some of the previously
presented models. To avoid brittle failure all the design approaches
need or recommend a minimum of transverse reinforcement. For de-
termining the calculated load-bearing capacities in Fig. 10 and Fig. 11,
the mounting bars ⌀ 4mm, which are orientated parallel to the loading
direction (shown in Fig. 5), have been neglected due to their relatively
small load-bearing capacity.

The GPC and DC approaches provide the best predictions ap-
13

plied to the presented experimental campaign with a mean value of (
𝐹𝑒𝑥𝑝∕𝐹𝑐𝑎𝑙 = 1.02 and 0.98, respectively. Both the variation of the
oad concentration (shown in Fig. 10a and 10b) and the transverse
einforcement ratio (shown in Fig. 11a and 11b) are covered by the
wo models. In comparison to the DC-model the GPC-model can also
e applied to specimens with pure passive confinement (A1 and H2
hich was done in Fig. 8) and the analysis procedure in general is more
ser-friendly.

The approach of Wichers [15] significantly overestimates the ul-
imate loads with a mean value of 𝐹𝑒𝑥𝑝∕𝐹𝑐𝑎𝑙 = 0.89. The model was
eveloped for concrete elements with a transverse reinforcement ratio
of less than 1%. Since only two of the 16 investigated tests had
transverse reinforcement ratio of less than 1%, this might be an

xplanation for the deviation of the model. Fig. 10c shows, that the
urely empirical factors, which are used in Wichers [15] to represent
he geometric and passive confinement effects are inaccurate when it
omes to small load distribution ratios 𝐴𝑐𝑐∕𝐴𝑐0.

The approaches of Schmidt-Thrö and EC2 [1], which only consider
he geometric confinement effect, are not able to cover situations with
n increasing reinforcement ratio (shown in Fig. 11d and 11f). This
eads to experimentally determined capacities up to 1.8 and 1.9 times
igher than the prediction which can be seen in Fig. 10d, 10f, Fig. 11d
nd 11f. This problem can be solved with the GPC-model, which can
e seen in Fig. 11a where the model yields accurate results along the
hole spectrum of practically relevant reinforcement ratios.

The EC2conf approach [1] considers the passive confinement effect
ut does not predict accurately when the ratio 𝐴𝑐𝑐∕𝐴𝑐0 is increased.
his trend can be seen by looking at the inclination of the 1st order
olynomial fit in Fig. 10e.

.4. Model validation with a literature dataset

In this section the bearing capacity predictions of the GPC-model
re validated using a literature dataset containing 57 external experi-
ents and 22 experiments conducted at TU Wien previously discussed

n Section 4. The range of the investigated parameters compared to
he presented experimental campaign can therefore be extended to
ifferent geometries (rectangular shapes) of the test specimens and
einforcement layouts, as well as a wide range of mechanical rein-
orcement ratios 𝜔 (0.008–0.470) and load concentration ratios 𝐴𝑐𝑐∕𝐴𝑐0

1.18 - 9.0). For the application of the GPC-model to rectangular shaped
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Fig. 10. Ratio of experimental and predicted load-bearing capacities using different models from literature as a function of the load distribution ratio 𝐴𝑐𝑐∕𝐴𝑐0 within (a) 𝐹𝑐𝑎𝑙.𝐺𝑃𝐶
according to Eq. (9), (b) following the flowchart according to Fig. 7 on page 13 in Markić et al. [4], (c) 𝐹𝑐𝑎𝑙.𝑊 𝑖𝑐ℎ𝑒𝑟𝑠 according to Eq. (8), (d) 𝐹𝑐𝑎𝑙.𝑆𝑐ℎ𝑚𝑖𝑑𝑡−𝑇ℎ𝑟𝑜̈ according to Eq. (7),
(e) 𝐹𝑐𝑎𝑙.𝐸𝐶2𝑐𝑜𝑛𝑓 according to Eq. (3), (f) 𝐹𝑐𝑎𝑙.𝐸𝐶2 according to Eq. (2). (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.).
elements the passive confinement was determined following the proce-
dure according to [22] which is based on the EC2-draft [1]. The whole
dataset containing experimental results from Wurm & Daschner [16],
Bonetti [20] and Ahmed [33] is enclosed in Appendix B.

Beside the spatial load distribution and the impediment of lateral
expansion by reinforcement, other parameters like the slenderness of
the specimens, an insufficient reinforcement layout and the load in-
troduction system may influence the load-bearing capacity of concrete
elements. To make sure that the two investigated effects are responsible
for the reached load-bearing capacity, the following criteria have to be
met by the test specimen design to be selected for the validation:

• The specimens have to be loaded centrically.
• Geometric and passive confinement effects must be fully activated

when reaching the failure load, meaning section 0–0, according
to Fig. 3, should be decisive for failure.

• Therefore the test specimens have to include a minimum mechan-
ical transverse reinforcement ratio 𝜔 and

• the geometrical requirement 𝐴𝑐0 < 𝐴𝑐𝑐 has to be fulfilled to
enable the passive confinement effect.

• Detailed information about mechanical and geometrical proper-
ties have to be available, to exclude an early failure in region 𝑅1
according to Fig. 3.

• To exclude side effects in the discontinuity area next to the
contact surface the ratio of 𝐻∕𝑑 (according to Fig. 5) has to be
at least 1.5.

Test datasets derived from literature meeting all the above men-
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tioned criteria are rare. If tests which were performed with steel plates
for load introduction were additionally excluded, no meaningful valida-
tion would be possible. Therefore, the influence of the load application
is investigated in Section 5.5.

The dataset summarized by Wichers [15] gives a good overview
on previously performed tests regarding concentrated load applications
in concrete structures. The well known experiments of Niyogi [17]
are, however, excluded from this paper due to the ratio of 𝐻∕𝑑 only
amounting to 1.0. Furthermore, for the dataset of Bonetti [20] detailed
information regarding the location and the amount of reinforcement is
missing.

In Fig. 12 the ratio of the experimental and calculated bearing
capacities is plotted as a function of the transverse mechanical ratio.
The optimum for a prediction is represented by the horizontal red line.

The experimental data was underestimated with the mean ratio of
𝐹𝑒𝑥𝑝∕𝐹𝐺𝑃𝐶 of 1.19 (shown in Fig. 12). One reason for the inaccuracy
could be the load introduction systems used in literature. As shown in
Section 5.5, using a steel plate can lead to an underestimation of up
to 6.5% for moderate confined specimens. Another reason might be the
missing geometrical data of the experiments from literature. The spac-
ing between the contact surface and the first transverse reinforcement
layer 𝑠𝑐.𝑐𝑜𝑛𝑡, for example, had to be estimated with 𝑠𝑐∕2 (see Table B.1)
within the calculations using the GPC-model. If the distance in reality
was smaller than assumed, the load-bearing capacity could exceed the
prediction of the GPC-model.

The DC-model, was the only one which performed on the same level
of accuracy applied to the experiments presented in this paper (shown
in Fig. 10). The literature validation of the Dual Cone-model in Markić
et al. [26] resulted in a mean ratio between 𝐹𝑒𝑥𝑝∕𝐹𝐷𝐶 of 1.32 and a
variation coefficient of 32%, which is slightly more inaccurate than the
validation of the GPC-model with the values of 1.16 and 13%.
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Fig. 11. Ratio of experimental and predicted load-bearing capacities using different models from literature as a function of the transverse mechanical reinforcement ratio 𝜔 within
(a) 𝐹𝑐𝑎𝑙.𝐺𝑃𝐶 according to Eq. (9), (b) following the flowchart according to Fig. 7 on page 13 in Markić et al. [4], (c) 𝐹𝑐𝑎𝑙.𝑊 𝑖𝑐ℎ𝑒𝑟𝑠 according to Eq. (8), (d) 𝐹𝑐𝑎𝑙.𝑆𝑐ℎ𝑚𝑖𝑑𝑡−𝑇ℎ𝑟𝑜̈ according
to Eq. (7), (e) 𝐹𝑐𝑎𝑙.𝐸𝐶2𝑐𝑜𝑛𝑓 according to Eq. (3), (f) 𝐹𝑐𝑎𝑙.𝐸𝐶2 according to Eq. (2). (For interpretation of the references to color in this figure, the reader is referred to the web version
of this article.).
Fig. 12. Ratio of experimental and predicted load-bearing capacities as a function of the transverse mechanical reinforcement ratio 𝜔 [-] for the GPC-model. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.).
5.5. Relevance of the load introduction system

Table 3 provides an overview of the peak loads and derived mean
values of the test specimens which were accessed to investigate the
influence of the load introduction system. When compared to a more
realistic setting where load transmission occurs between two concrete
elements, specimens examined with a load applied to a steel plate led
15
to higher peak loads, increasing by 4.5% for specimen type I2 and
6.5% for K2. For a detailed discussion regarding the differences of the
load–strain curves and the contact surface failures the authors refer
to [34].

As all tested specimens had the same reinforcement layout, it is not
possible to assign the results to specimens with reinforcement ratios
different to 𝜌 = 1.65% without a degree of uncertainty. However, it is
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Table 3
Comparison of peak loads 𝐹𝑒𝑥𝑝 [in kN] regarding c–c (concrete–concrete) and st–c (steel
plate–concrete) load introduction.

Specimen type I2 I2a K2 K2a

Load transfer c – c st – c c – c st – c

𝐹𝑒𝑥𝑝–V1 980 1052 614 665
𝐹𝑒𝑥𝑝–V2 985 1001 608 636
𝐹𝑒𝑥𝑝–average 983 1027 611 651

100% 104.5% 100% 106.5%

to be expected that the impact of the load introduction system increases
for unreinforced specimens and decreases for reinforced specimens
as the reinforcement ratio increases. With regard to the validation
with the literature dataset, where all the tests were conducted with
steel plates, an inaccuracy of about 4.5%–6.5% for moderate passively
confined specimens is seen as acceptable. This might be an explanation
for the slight underestimation of the GPC-model in comparison to the
experimental failure loads compared in Fig. 12.

5.6. Suggestions for a practical design of a load transfer zone

Based on the experimental campaign and the proposed GPC-model
the following suggestions for a practical design of a load transfer zone
are given:

• A minimum transverse reinforcement ratio is required to avoid
a brittle failure and enable geometric and post-cracking passive
confinement. It is recommended to set the minimum at 𝜌 = 0.5%.
For reinforcement with a lower yield strength or a higher concrete
strength than used in the experiments a minimum mechanical
transverse reinforcement ratio of 𝜔 = 6% must be provided.

• There need to be at least two reinforcement layers inside the
discontinuity region to provide passive confinement in 𝑅0 and to
cover the tensile stresses in 𝑅1.

• The first transverse reinforcement element has to be located at a
distance ≤ 0.5 ⋅ 𝑠𝑐 from the contact surface to guarantee a passive
confinement effect of the reinforcement.

• The last transverse reinforcement should be positioned ≥ 0.9⋅ℎ
from the contact surface, to provide passive confinement along
the entire discontinuity region and to avoid an overlap of trans-
verse tensile stresses caused by the load distribution [27] and the
transition zone.

• The spacing 𝑠𝑐 between the reinforcement layers in the disconti-
nuity region has to be constant.

• If the ratio of the area available for load distribution and the
contact surface 𝐴𝑐𝑐∕𝐴𝑐0 gets too large, a reduction of the pas-
sive confinement effect can be expected. According to the EC2-
draft [1] the confinement has to be reduced by a factor when
𝐴𝑐𝑐 is more than twice 𝐴𝑐0. The experimental campaign presented
in this paper covers a maximum ratio between 𝐴𝑐𝑐∕𝐴𝑐0 of 3.3,
resulting in the authors’ recommendation to set the 𝐴𝑐𝑐∕𝐴𝑐0 ratio
at a maximum of 3.3 for a feasible application of the GPC-model.

6. Conclusions

The goal of this research was to investigate the load-bearing behav-
ior of load transfer zones regarding their specific boundary conditions
of small ratios of 𝐴𝑐𝑐∕𝐴𝑐0 (1.0–3.29), high transverse reinforcement
ratios (up to 2.57%) and concrete–concrete (c–c) load introduction
such as can be found in the longitudinal joint of tunnel segments.
In a systematic experimental campaign the load-bearing behavior of
geometric and passive confinement in load transfer zones was investi-
gated. The following conclusions can be drawn regarding the conducted
16

experiments:
• Both, the transverse reinforcement ratio (passive confinement)
and the load distribution, which causes geometric confinement,
have a significant influence on the compressive stresses in the
contact surface when reaching the peak load (Fig. 8).

• It was found that only the passive confinement has a significant
influence on the ductility of the load transfer zone (Table 2).

• Both design approaches of the EC2-draft [1] yield inaccurate re-
sults depending on the reinforcement and the load concentration
ratio (Fig. 8).

• The use of steel plates for load introduction of moderately pas-
sively confined specimens leads to an increase of the load-bearing
capacity of about 4.5%–6.5% compared to the concrete to con-
crete load transfer.

The authors present a mechanical approach for more accurate pre-
iction of the load-bearing capacity for geometric and passive confine-
ent in load transfer zones. The Geometric and Passive Confinement-
odel (GPC-model) is built on a mechanical basis and complemented

y a semi-empirical component to capture the effects of load distri-
ution and confinement reinforcement. While some models have been
stablished that cover the geometric and passive confinement effects
nly individually and some models permit a combination but with
everal limitations or a high computational effort, this work provides

solution that accounts for both effects without these limitations.
ue to its simple analysis procedure it has the potential to be widely
pplied by practitioners in the future. In comparison to most existing
odels, it covers failure mechanisms along the entire discontinuity

egion (simplified in two sections as outlined in Fig. 3), which ensures
safe design and enables resource-efficient reinforcement layouts for

oad transfer zones. Due to the mechanical basis, the GPC-model can
e adapted for more complex geometries and reinforcement layouts
e.g. the longitudinal joint between two tunnel segments). A detailed
ransition of the proposed model for tunnel segments and a verifica-
ion with an experimental campaign on longitudinal joints of tunnel
egments will be shown in upcoming publications.
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Appendix A. Load–strain curves

Fig. A.1. Load–strain curves of the experiments conducted at TU Wien.
17
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Fig. A.2. Load–strain curves of the experiments conducted at TU Wien.
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Appendix B. Dataset

Table B.1
Experiments used to validate the GPC-model.

General information Concrete specimen Reinforcement Material properties Results

Source Name 𝑏1; 𝑑1
[mm]

H [mm] 𝑏0; 𝑑0
[mm]

𝑠𝑐
[mm]

𝑠𝑐.𝑐𝑜𝑛𝑡
[mm]

𝑏𝑐 ; 𝑑𝑐
[mm]

ø[mm] 𝜌 𝜔 𝑓𝑐𝑚
[N/mm2]

𝑓𝑦𝑚
[N/mm2]

𝐹𝑒𝑥𝑝
[kN]

𝜎𝑐0/
𝑓𝑐𝑚

𝐹𝑒𝑥𝑝/
𝐹𝑐𝑎𝑙.𝐺𝑃𝐶

W
ur

m
&

Da
sc

hn
er

[1
6]

16 (III D) 300 600 150 42 – 270 10 0.0139 0.1983 26.1 374 1980.0 3.37 1.41
22 (III D) 300 600 150 42 – 270 10 0.0139 0.1903 27.2 374 1912.0 3.12 1.33
28 (III D) 300 600 150 42 – 270 10 0.0139 0.1917 27.0 374 1892.0 3.11 1.32
18 (III F) 300 600 150 60 30 270 12 0.0140 0.2004 26.1 375 1402.4 2.39 0.92
24 (III F) 300 600 150 60 30 270 12 0.0140 0.1923 27.2 375 1382.7 2.26 0.88
30 (III F) 300 600 150 60 30 270 12 0.0140 0.1937 27.0 375 1343.5 2.21 0.86
15 (III C) 300 600 150 51 – 270 12 0.0164 0.1710 27.5 286 1775.0 2.87 1.26
21 (III C) 300 600 150 51 – 270 12 0.0164 0.1717 27.4 286 1843.0 2.99 1.31
27 (IIIC) 300 600 150 51 – 270 12 0.0164 0.1823 25.8 286 1873.0 3.23 1.39
13 (III A) 300 600 150 41 – 270 12 0.0204 0.2099 27.5 282 2079.0 3.36 1.38
19 (III A) 300 600 150 41 – 270 12 0.0204 0.2106 27.4 282 1873.0 3.04 1.25
25 (III A) 300 600 150 41 – 270 12 0.0204 0.2237 25.8 282 1931.0 3.33 1.34
14 (III B) 300 600 150 46 – 270 14 0.0248 0.2926 27.5 325 1981.0 3.20 1.16
20 (III B) 300 600 150 46 – 270 14 0.0248 0.2937 27.4 325 2020.0 3.28 1.18
26 (III B) 300 600 150 46 – 270 14 0.0248 0.3119 25.8 325 1952.0 3.36 1.18
36 (IV B) 300 600 150 50 – 270 8 0.0074 0.0806 25.9 280 1373.0 2.36 1.23
37 (IV B) 300 600 150 50 – 270 8 0.0074 0.0692 30.2 280 1461.0 2.15 1.15
38 (IV B) 300 600 150 50 – 270 8 0.0074 0.0692 30.2 280 1569.0 2.31 1.23
35 (IV B) 300 600 150 51 – 270 10 0.0114 0.1283 25.9 291 1520.0 2.61 1.24
39 (IV B) 300 600 150 51 – 270 10 0.0114 0.1100 30.2 291 1589.0 2.34 1.15
40 (IV B) 300 600 150 51 – 270 10 0.0114 0.1142 29.1 291 1608.0 2.46 1.20
33 (IV B) 300 600 150 49 – 270 12 0.0171 0.1499 27.3 239 1942.0 3.16 1.44
34 (IV B) 300 600 150 49 – 270 12 0.0171 0.1580 25.9 239 1853.0 3.18 1.43
41 (IV B) 300 600 150 49 – 270 12 0.0171 0.1406 29.1 239 1961.0 3.00 1.39
31 (IV B) 300 600 150 47 – 270 16 0.0317 0.2903 27.3 250 2001.0 3.26 1.18
32 (IV B) 300 600 150 47 – 270 16 0.0317 0.2903 27.3 250 1952.0 3.18 1.15
42 (IV B) 300 600 150 47 – 270 16 0.0317 0.2723 29.1 250 2001.0 3.06 1.14
115 (XIII) 300 600 150 42 – 270 8 0.0089 0.1615 26.7 486 1726.0 2.87 1.28
116 (XIII) 300 600 150 42 – 270 8 0.0089 0.1348 32.0 486 1677.0 2.33 1.09
117 (XIII) 300 600 150 42 – 270 8 0.0089 0.1335 32.3 486 1824.0 2.51 1.18
119 (XIII) 300 600 150 42 – 270 10 0.0139 0.2569 26.7 495 1952.0 3.25 1.24
120 (XIII) 300 600 150 42 – 270 10 0.0139 0.2144 32.0 495 2236.0 3.11 1.27
121 (XIII) 300 600 150 42 – 270 10 0.0139 0.2124 32.3 495 2197.0 3.02 1.24
123 (XIII) 300 600 150 42 – 270 12 0.0199 0.3846 26.7 515 2520.0 4.19 1.34
124 (XIII) 300 600 150 42 – 270 12 0.0199 0.3209 32.0 515 2540.0 3.53 1.23
125 (XIII) 300 600 150 42 – 270 12 0.0199 0.3179 32.3 515 2471.0 3.40 1.19
127 (XIII) 300 600 150 42 – 270 14 0.0271 0.4697 26.7 462 2638.0 4.39 1.26
128 (XIII) 300 600 150 42 – 270 14 0.0271 0.3919 32.0 462 2442.0 3.39 1.07
129 (XIII) 300 600 150 42 – 270 14 0.0271 0.3882 32.3 462 2697.0 3.71 1.18
118 (XIV) 300 600 100 42 – 270 8 0.0089 0.1369 31.5 486 1255.0 3.98 1.35
122 (XIV) 300 600 100 42 – 270 10 0.0139 0.2178 31.5 495 1520.0 4.83 1.48
126 (XIV) 300 600 100 42 – 270 12 0.0199 0.3260 31.5 515 1687.0 5.36 1.45
130 (XIV) 300 600 100 42 – 270 14 0.0271 0.3981 31.5 462 1775.0 5.63 1.41

Bo
ne

tti
[2

0]

1 (C50) 200 600 100 38 – 152 8 0.0174 0.1691 56.6 550 1241.0 2.19 1.14
2 (C50) 200 600 100 38 – 152 8 0.0174 0.1756 54.5 550 1208.0 2.22 1.15
2 (C50) 200 600 100 38 – 152 8 0.0174 0.1559 61.4 550 1245.0 2.03 1.07
4 (C70) 200 600 100 33 – 152 10 0.0313 0.2121 81.2 550 2195.0 2.70 1.33
5 (C70) 200 600 100 33 – 152 10 0.0313 0.2116 81.4 550 2136.0 2.62 1.29
6 (C70) 200 600 100 33 – 152 10 0.0313 0.2106 81.8 550 2185.0 2.67 1.31
7 (C105) 200 600 100 43 – 152 12 0.0346 0.1657 114.9 550 2699.0 2.35 1.24
8 (C105) 200 600 100 43 – 152 12 0.0346 0.1639 116.1 550 2859.0 2.46 1.30
9 (C105) 200 600 100 43 – 152 12 0.0346 0.1573 121.0 550 3012.0 2.49 1.33
10 (C110) 200 600 100 32 – 152 12 0.0465 0.1983 129.0 550 2972.0 2.30 1.15
11 (C110) 200 600 100 32 – 152 12 0.0465 0.2038 125.5 550 2895.0 2.31 1.14

Ah
m

ed
[3

3]

R2 - C 200 300 50 50 – 150 2.5 0.0013 0.0081 47.0 290 359.0 3.06 1.01
R2 - C 200 300 50 50 – 150 2.5 0.0013 0.0081 47.0 290 459.0 1.95 0.91
R2 - C 400 600 100 100 – 300 6 0.0019 0.0116 47.0 290 1268.0 2.70 0.89

TU
W

ie
n

(t
hi

s
pa

pe
r)

A1-V1 150 300 150 45 22.5 136 8 0.0164 0.1985 48.0 580 1154.0 1.36 1.07
A1-V2 150 300 150 45 22.5 136 8 0.0164 0.1985 48.0 580 1151.0 1.36 1.06
C1-V1 150 300 101 70 35 136 6 0.0059 0.0718 48.0 580 645.8 1.68 1.03
C1-V2 150 300 101 70 35 136 6 0.0059 0.0718 48.0 580 684.3 1.78 1.09
D1-V1 150 300 101 70 35 136 8 0.0106 0.1276 48.0 580 769.4 2.00 1.08
D1-V2 150 300 101 70 35 136 8 0.0106 0.1276 48.0 580 744.5 1.94 1.04
E1-V1 150 300 101 70 35 136 10 0.0165 0.1994 48.0 580 832.3 2.16 1.01
E1-V2 150 300 101 70 35 136 10 0.0165 0.1994 48.0 580 851.0 2.21 1.03
F1-V1 150 300 101 45 22.5 136 8 0.0164 0.1985 48.0 580 867.0 2.25 1.05
F1-V2 150 300 101 45 22.5 136 8 0.0164 0.1985 48.0 580 902.0 2.35 1.10
G1-V1 150 300 101 45 22.5 136 10 0.0257 0.3101 48.0 580 1021.6 2.66 1.03
G1-V2 150 300 101 45 22.5 136 10 0.0257 0.3101 48.0 580 1082.1 2.81 1.09
19
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Table B.1 (continued).
General information Concrete specimen Reinforcement Material properties Results

Source Name 𝑏1; 𝑑1
[mm]

H [mm] 𝑏0; 𝑑0
[mm]

𝑠𝑐
[mm]

𝑠𝑐.𝑐𝑜𝑛𝑡
[mm]

𝑏𝑐 ; 𝑑𝑐
[mm]

ø[mm] 𝜌 𝜔 𝑓𝑐𝑚
[N/mm2]

𝑓𝑦𝑚
[N/mm2]

𝐹𝑒𝑥𝑝
[kN]

𝜎𝑐0/
𝑓𝑐𝑚

𝐹𝑒𝑥𝑝/
𝐹𝑐𝑎𝑙.𝐺𝑃𝐶

TU
W

ie
n

(t
hi

s
pa

pe
r)

H2-V1 150 300 150 70 35 136 10 0.0165 0.1812 52.8 580 1033.0 1.11 0.96
H2-V2 150 300 150 70 35 136 10 0.0165 0.1812 52.8 580 1014.0 1.09 0.94
I2-V1 150 300 125 70 35 136 10 0.0165 0.1812 52.8 580 980.0 1.51 0.97
I2-V2 150 300 125 70 35 136 10 0.0165 0.1812 52.8 580 985.0 1.52 0.97
J2-V1 150 300 101 70 35 136 10 0.0165 0.1812 52.8 580 868.0 2.05 0.99
J2-V2 150 300 101 70 35 136 10 0.0165 0.1812 52.8 580 807.0 1.91 0.92
K2-V1 150 300 75 70 35 136 10 0.0165 0.1721 55.6 580 614.0 2.50 1.00
K2-V2 150 300 75 70 35 136 10 0.0165 0.1721 55.6 580 608.0 2.48 0.99
I2a-V1 150 300 125 70 35 136 10 0.0165 0.1812 52.8 580 1052.0 1.62 1.04
I2a-V2 150 300 125 70 35 136 10 0.0165 0.1812 52.8 580 1001.0 1.54 0.99
K2a-V1 150 300 75 70 35 136 10 0.0165 0.1721 55.6 580 665.0 2.71 1.08
K2a-V2 150 300 75 70 35 136 10 0.0165 0.1721 55.6 580 636.0 2.59 1.03
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