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Summary:
Precast tunnel lining segments are often subjected to critical impact and concentrated loads
especially during the construction stage. The peripheral regions of segments, such as edges and
corners, are usually exposed to significantly higher stresses than the interior. Under such high
stress concentrations, concrete damages in the form of cracking and spalling are very likely to
occur in these surface-near areas. Compared to conventional rebar reinforcement, owing to the
crack-bridging effect and a randomly discrete distribution in the matrix, steel fibers can also be
used to strengthen the concrete structure, even in the concrete cover.
Based on this fact, a new design concept to manufacture hybrid segments can be feasible. In this
paper, hybrid concrete specimens consisting of steel fiber-reinforced concrete in the surface-near
layer and plain concrete in the interior were produced by means of a special concreting technique.
To simulate the segments subjected to local forces on a small-scale, a concentrated load was
transmitted onto the upper surface of these specimens through a steel block. Parameters
governing the load-bearing and fracture behavior of concrete under concentrated load, such as
load eccentricity, thickness of fiber reinforcement, casting direction and fiber-cocktail, were
investigated. The effects of these variables on the ultimate bearing strength, stress-displacement
response, failure mode and crack pattern were analysed and discussed.
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1. Introduction
In mechanized shield tunneling, precast tunnel lining segments are assembled by erector under
the protection of the TBM tail shield into rings. During the construction stage, segments are often
subjected to critical impact and concentrated loads primarily due to e.g. pressing force of the TMB
[1, 2], dimensional imperfection of segments [3], assembly inaccuracy [2, 4] and offset of
segments [4]. Under such highly concentrated loads, not only compressive stresses but also tensile
stresses can be generated beneath the partially loaded area [5-7]. If the splitting tensile stresses
(perpendicular to the load) exceed the concrete tensile strength, cracking and spalling of concrete
occur unavoidably. This phenomenon is more pronounced in the case of high-strength concrete as
used for precast segmental linings, where the compressive strength typically ranges from 70 to 90
MPa.
In practice, concrete members under concentrated loads are normally reinforced with transverse
rebar reinforcement to withstand the splitting tensile stresses. However, due to adherence to a
minimum thickness of the concrete cover, concrete in the near-surface regions can hardly be
strengthened. An alternative approach is to add steel fibers into the concrete mixture. Owing to
the crack-bridging effect and a randomly discrete distribution of fibers in the matrix, structural
members can be effectively strengthened even in the concrete cover. In the last two decades, steel
fiber reinforcement has been frequently applied for precast segmental tunnel linings worldwide
[8-12].
Based on the fact that the peripheral regions of segments such as corners and edges are usually
the most vulnerable areas, and they are subjected to significantly higher stresses than the interior.
Instead of a full-scale fiber reinforcement in the entire cross-section of segments, a new design
concept to manufacture hybrid segments can be considered, which is characterized by placing
steel fiber-reinforced concrete (SFRC) with high-performance in the peripheral regions combined
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with normal ferro-concrete or plain concrete (PC) in the interior. Besides potential economical
advantages, the engineering properties of the different concretes can be effectively utilized,
however, extensive investigations on concrete composite optimization, production techniques and
structural behaviour of hybrid segment are required.
In this paper, the experimental program was designed firstly to develop a practicable concreting
technique to manufacture small-scaled hybrid concrete elements containing SFRC and PC under
laboratory conditions and secondly to investigate the load-bearing and fracture behaviour of these
hybrid specimens under concentrated load as a simulation of precast tunnel lining segments
subjected to local forces in small-scale. The experimental investigation conducted here serves as a
fundamental study on the development of design concept and production techniques of hybrid
segmental linings within the scope of a research project “SFB 837 B1: Optimized Hybrid Segments
for Durable and Robust Tunnel Lining Systems”.

2. Experiments
The principal variables controlling the load-bearing and fracture behavior of concrete under
concentrated load, such as thickness of fiber reinforcement, fiber-cocktail, casting direction (or
fiber orientation) and load eccentricity, were investigated.
2.1

Materials, specimens and research scope

An ordinary Portland cement CEM I 52.5 R (DIN EN 197-1) was used in this study. The aggregates
used consisted of Rhine river sand and gravel with a maximum grain size of 16 mm (grading
curve A/B 16, DIN 1045-2). For the production of SFRCs, a base concrete mixture corresponding to
a typical concrete composition for precast tunnel lining segments was used throughout the
experiment (Table 1). To maintain a proper workability, all SFRCs were modified by adding a
higher dosage of a PCE-based superplasticizer.
Two types of steel fiber were applied here: The L fiber (RC-80/60-BN) is a hook-ended macro-fiber;
the S fiber (FM 13/0.19) is a straight micro-fiber. The detailed information of the fibers is given in
Table 2. The fiber dosage for SFRC with one single fiber type L was 60 kg/m³ (L60) and 120
kg/m³ for SFRC with fiber-cocktail (L60S60, 50 % of L fiber plus 50 % of S fiber).

Table 1 Proportions of the base plain concrete (PC)
Cement Fly ash Aggregate Water
Superplasticizer
w/c-ratio
[kg/m³] [kg/m³] [kg/m³]
[kg/m³]
[kg/m³]
330
90
1849
148.5
0.45
1.3

Table 2 Types and properties of the steel fibers
Length
[mm]
RC-80/60-BN hook-ended 60
FM 13/0.19
straight
13

Fiber code Fiber type
L
S

Shape

Diameter
[mm]
0.75
0.19

Aspect ratio Tensile strength
[l/d]
[MPa]
80
1225
68
2000

For the SFRCs and PC, the compressive strength was determined on 150 mm cubes and the
splitting tensile strength and Young's modulus were determined on 150 mm x 300 mm cylinders.
All specimens were cast according to DIN EN 12390-2: 2009. The samples were cured in
accordance with DIN EN 12390-2: 24h in the molds, 6 days in a water curing tank at 20 ± 2 °C,
21 days in the air at 20 ± 2 °C with RH = 65 ± 5 % (with the exception of the cylinders for the
determination of splitting tensile strength, which were further stored in a water tank for 27 days
after demolding).
The properties of the fresh as well as hardened PC and SFRCs were determined in accordance with
DIN EN 12350, DIN EN 12390 and DIN 1048, as presented in Table 3. All tests were carried out on
the concrete samples at an age of 28 days.
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Table 3 Properties of the fresh and hardened PC and SFRCs
Properties
Flow consistency [cm]
(DIN EN 12350-5)
Air void content [%]
(DIN EN 12350-7)
Bulk density [kg/m³]
(DIN EN 12350-6)
Compressive strength [MPa]
(DIN EN 12390-3)
Splitting tensile strength [MPa]
(DIN EN 12390-6)
Young's modulus [GPa]
(DIN 1048-5)

PC
42

L60
43

L60S60
37

3.0

1.9

1.3

2356 2437 2468
84.5

87.4

94.4

4.0

6.7

7.5

36

37

-

b

a

c

100 mm

200 mm

a

b

150 mm

Concrete prisms (150 mm x 150 mm x 300 mm) for the concentrated loading tests were produced
in either standing (s) or lying (l) wooden molds. For the production of hybrid concrete (HC)
specimens in standing molds, PC was at first filled and compacted to a certain predefined height
following the placing of SFRC. For specimen production in a lying form, PC and SFRC were
simultaneously placed in the form and temporarily separated by a stainless steel plate with a
predefined distance to the internal wall of the mold. During the concreting, the steel plate was
successively being lifted up and a monolithic combination of the two concretes in the fresh state
was achieved by means of vibration (Fig. 1). The thicknesses of fiber reinforcement are 50 mm,
100 mm and 150 mm, respectively. To prevent any stress concentration through surface roughness,
the casting or testing surface (150 mm x 150 mm) of the prisms was plane parallel ground a few
days prior to testing. The concentrated loading tests were performed on the concrete prisms at an
age of 28 days.

c

Fig. 1 Special formwork for the production of hybrid concrete specimen: a) steel fiber-reinforced
concrete (SFRC); b) plain concrete (PC); c) temporary partition steel plate
The test program for specimens produced with L60 fiber reinforcement is listed in Table 4, which is
identical with that for specimens reinforced by L60S60 fiber reinforcement. Each testing series
consists of 3-4 prisms. All specimens were loaded by a steel plate with a cross-section of 50 mm x
50 mm corresponding to an area ratio of 9 (area ratio: ratio of total area Ac to loaded area Ac0). In
addition to centric load introduction (m), the specimens were also loaded eccentrically: on the
edge (e) or on one corner (c), as illustrated in Fig. 2, right. As a comparison, specimens of PC
were tested under the same testing conditions as well.
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Table 4 Test program for specimens produced with L60 fiber reinforcement (FR)
FR-Type Mold type Load introduction FR-thickness [mm] Series index
50
L60_s_m_50
100
L60_s_m_100
m
150
L60_s_m_150
300
L60_s_m_300
s
100
L60_s_e_100
e
300
L60_s_e_300
L60
100
L60_s_c_100
c
300
L60_s_c_300
50
L60_l_m_50
100
L60_l_m_100
l
m
150
L60_l_m_150
300
L60_l_m_300
2.2

Test set-up and testing procedure

All tests were performed by using a servo-hydraulic universal testing machine with a maximum
load capacity of 5 MN. The load was transmitted onto the upper surface of the prism through a
steel plate. By use of LVDTs (HBM 1-WA/20MM-T) the horizontal and vertical deformations of the
specimen were measured (Fig. 2, left). The load was continuously applied at a loading rate of
0.5 mm/min. The testing process was automatically terminated by the software under the
condition that a load drop by 60% of the maximum load was detected. In the case of eccentric
(edge and corner) loading, to avoid an overturning of the prism, the specimen was accordingly
placed eccentrically on the lower machine platen (Fig. 2, right).

corner

edge

centric

Loaded area
(Steel plate)

Machine platen

Fig. 2 Test set-up for concentrated loading tests (left) and positioning of the specimen for centric
and eccentric loading (right)

3. Results
3.1

Ultimate local compressive stress

The mean values of ultimate local compressive stress (σmax, defined as the ultimate force divided
by Ac0) under centric and eccentric loading are summarized in Tables 5 and 6. For HC samples cast
in standing molds under centric loading, a considerable increase in σmax with increasing thickness
of fiber reinforcement was observed compared to PC specimens, in particular for fiber-cocktail
reinforcement. In this case, by incorporating an only 50 mm thick reinforcement layer (1/6 of the
total specimen height), an increase of 30.1 % in σmax was recorded implying a higher effectiveness
in improving the bearing capacity. With a 150 mm thick layer of fiber reinforcement (1/2 of the
specimen height), all HC samples exhibited the same, or slightly higher values of σmax than those

„SEE Tunnel:Promoting Tunneling in SEE Region“
ITA WTC 2015 Congress and 41st General Assembly
May 22-28, 2015, Lacroma Valamar Congress Center, Dubrovnik, Croatia
of SFRC specimens (L60_s_m_150 vs. L60_s_m_300). This indicates that concerning the ultimate
load-bearing capacity, a fiber incorporation into the entire specimen is not necessary.
For HC specimens produced in lying molds, the increase in σmax through fiber reinforcement was
comparatively unnoticeable, especially for reinforcement layers over 100 mm due to a preferred
fiber orientation with respect to the load direction as reported in [13]. As is well known, fibers
aligned to the acting direction of tensile stresses (perpendicular to load) have the best crackbridging
capacity. Placing fibers into a thin layer with 50 mm in thickness did not seem to
effectively and positively affect the fiber orientation for the cases studied here.

Table 5 Results of centric concentrated loading tests
Series index

σmax [MPa] Δ [MPa] Δ [%]

PC_m

152

-

-

L60_s_m_50

157

4,9

3,2

L60_s_m_100

194

42,6

28,1

L60_s_m_150

215

63,3

41,7

L60_s_m_300

214

62,8

41,4

L60_l_m_50

160

8,7

5,7

L60_l_m_100

165

13,6

8,9

L60_l_m_150

168

16,1

10,6

L60_l_m_300

173

21,3

14,0

L60S60_s_m_50

197

45,7

30,1

L60S60_s_m_100

247

95,3

62,8

L60S60_s_m_150

270

118,0

77,8

L60S60_s_m_300

266

114,5

75,5

L60S60_l_m_50

158

6,8

4,5

L60S60_l_m_100

181

29,4

19,4

L60S60_l_m_150

188

35,9

23,7

L60S60_l_m_300

201

49,3

32,5

Generally, specimens loaded eccentrically showed lower values of σmax than specimens loaded
centrically due to an excessive reduction in confinement effect of the surrounding concrete [14-15].
The bearing strength of HC specimens was also consistent with this tendency. For HC samples with
a 100 mm reinforcement layer, the value of σmax was up to 32.5 % higher than that of PC
specimens (L60S60_s_c_100 vs. PC_c). Compared to SFRC samples, a maximum reduction in σmax
was only 11.8 % (L60S60_s_e_100 vs. L60S60_s_e_300). Notice that, HC specimens with a fibercocktail had the same bearing strength as that of SFRC samples under corner loading.

Table 6 Results of eccentric concentrated loading tests
Series index

σmax [MPa] Δ [MPa] Δ [%]

PC_e

113

-

-

PC_c

83

-

-

L60_s_e_100

129

16

14,2

L60_s_e_300

141

28

24,8

L60_s_c_100

100

17

20,5

L60_s_c_300

110

27

32,5

L60S60_s_e_100

142

29

25,7

L60S60_s_e_300

161

48

42,5

L60S60_s_c_100

110

27

32,5

L60S60_s_c_300

110

27

32,5
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3.2

Stress-displacement behavior

Figures 3-5 show the influences of the investigated variables on the stress-longitudinal
displacement response of PC, HC and SFRC specimens under centric or eccentric loading,
respectively. It can be seen that under a given testing condition the structural stiffness for all
concrete specimens is nearly identical in the pre-peak branch. In the case of specimen production
in standing molds, the casting direction is identical to the loading direction. With increasing
reinforcement thickness, HC specimens exhibited not only an increase in load-bearing capacity but
also a remarkable improvement in post-cracking ductility in comparison to PC samples. For a
reinforcement thickness of 150 mm, besides an almost identical σmax, HC prisms with L60
reinforcement showed nearly the same ductile post-cracking behavior as that of SFRC prisms (Fig.
3, left). However, for L60S60 reinforcement, SFRC specimens exhibited a quite more ductile
behaviour even with a slightly lower σmax (Fig. 3, right). It can be explained as following: With the
proceeding of crack propagation, fibers in the lower section of specimen were also activated and
the crack-bridging effect was further enhanced by the synergy of the fiber-cocktail.
300
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Fig. 3 Stress displacement response of concrete specimens cast in standing molds under centric
loading: left for L60 reinforcement and right for L60S60 reinforcement
For concreting in lying molds, despite an unremarkable increase in σmax in comparison with PC, HCs
with L60 reinforcement exhibited a certain improvement in the ductility (Fig. 4, left). Nevertheless,
no noticeable difference in the post-cracking behavior was found for reinforcement thicknesses
over 100 mm. For HCs with L60S60 reinforcement, although the increase in σmax and material
ductility was slightly higher, compared to HCs cast in standing molds, this improvement was even
not comparable. In other words, the casting direction (fiber orientation) exerts more
dominant influence on the load bearing behavior of concrete reinforced by steel fibers than the
type or thickness of fiber reinforcement does.
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Fig. 4 Stress displacement response of concrete specimens cast in lying molds under centric
loading: left for L60 reinforcement and right for L60S60 reinforcement
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In the case of eccentric loading, by incorporating 100 mm thick fiber reinforcement, a ductile postcracking behavior can be introduced to the concrete, as shown Fig. 5. The ductile behavior of
SFRC specimens with L60S60 reinforcement, as explained above, is related to the activation of
fibers in the lower section and a synergy effect in crack-bridging of the fiber-cocktail.
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Fig. 5 Stress displacement response of concrete specimens cast in standing molds under eccentric
loading: left for L60 reinforcement and right for L60S60 reinforcement
3.3

Failure mode and crack pattern

For all concrete specimens, no visible cracking or spalling was observed until shortly before
reaching the ultimate load. Soon afterwards, all PC specimens showed a brittle failure, especially
under edge loading (Fig. 7e). Specimens produced with fiber reinforcement, even in the case of
HC samples only with 50 mm thick reinforcement, showed a ductile fracture behavior.
Under centric loading, HC prisms cast in standing molds shared a similar crack pattern with that of
SFRC samples, which is characterized by a random multi-crack distribution on the testing surface
and longitudinal crack propagation on the lateral surfaces (Fig. 6c). However, for HC specimens,
the cracks on the lateral surfaces spread over half of the height of the specimens (Fig. 6b). This
typical crack pattern of HC specimens is independent of the thickness or type of fiber
reinforcement. For HC specimens reinforced by L60S60 reinforcement, in addition to longitudinal
cracks, transverse cracks were also observed propagating along the borderline of the PC and SFRC
layer on the lateral surfaces.
For concreting in lying moulds, the crack pattern of HC and SFRC specimens under centric load is
almost identical and characterized by two main cracks starting from the testing surface and
propagating through the lateral surfaces (parallel to yz cross-section [16]) and independent of the
thickness or type of fiber reinforcement, as demonstrated in Fig. 6 d-f.

y

x
z

a) PC_m

b) L60_s_m_150

c) L60_s_m_300

d) L60_s_l_50

e) L60_s_l_300

f) crack distribution

Fig. 6 Typical examples of tested specimens produced in standing molds under centric loading
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In the case of corner loading, HC samples reinforced by 100 mm fiber reinforcement showed a
nearly identical failure pattern to that of SFRC specimens. No fatal concrete damages were found
even by PC samples under defined testing conditions. On the contrary, under edge loading, for PC
samples concrete adjacent to the loaded area was one-sidedly punched out (Fig. 7d). The HC
specimens remained their integrity after the test, however, two main diagonal continuous cracks
were observed on the lateral surface in addition with minor concrete spalling close to the specimen
bottom (Fig. 7e), whereas the concrete damages of SFRC specimens were restricted to local
regions under the loaded area (Fig. 7f).

a) PC_c

b) L60_s_c_100

c) L60_s_c_300

d) PC_e

e) L60_s_e_100

f) L60_s_e_300

Fig. 7 Typical examples of tested specimens produced in standing molds under eccentric loading

4. Conclusions and Discussions
A series of concentrated loading tests on plain concrete, hybrid concrete and steel fiber-reinforced
concrete prisms was carried out. The influences of thickness of fiber reinforcement, fiber-cocktail,
casting direction (or fiber orientation) and load eccentricity were systematically investigated.
Incorporating a thin layer of steel fiber reinforcement into plain concrete led to a considerable
increase in the load-bearing capacity and changed the failure mode of concrete from a brittle to a
ductile one, not only for centric but also for eccentric loading situations. This positive effect can be
further enhanced by increasing the thickness of fiber reinforcement or using a fiber-cocktail.
Therefore, it is highly recommended to use hybrid steel fiber-reinforced high-performance concrete
to strengthen the surface-near regions of the segments. However, the mixture composition and
properties of this fiber concrete in fresh and hardened states should be intensively investigated as
well as its compatibility with the concrete in the interior.
Varying the casting direction exerted a preferred fiber orientation in the concrete, even in a thin
layer; compared with other factors, fiber orientation had a more dominant effect on the loadbearing behavior of concrete under concentrated loads. Thus, a preferred fiber orientation
perpendicular to the load direction is essential to ensure a higher bearing capacity and a better
crack resistance. To achieve this, further experiments should be performed with the focus on the
interaction among fiber reinforcement thickness and properties of SFRC (concrete consistency,
fiber types and dosages etc.) and production techniques (concreting direction etc.).
Concrete under eccentric loading, particularly in the case of edge loading, was more vulnerable to
concentrated load than concrete under centric loading. Based on this, a multi-lateral fiber
reinforcement in the near-surface regions of the specimen should be taken into account. In the
case of segmental tunnel linings, all the external sides of segment (contacting with soils and
adjacent segments) should be strengthened by fiber reinforcement to effectively withstand the
directionally unpredictable impact loads or concentrated loads.
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