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ABSTRACT

With the shield tunnel going deeper and deeper, the circumferential axial force becomes the governing

factor rather than the bending moment. The hand hole acts as a weak point and initial damage in the segment joint
especially when the circumferential axial force is extremely high. Despite the wide application of steel fiber or synthetic
fiber in the tunneling, limited researches focus on the structural responses of segment joint with macro structural synthetic
fiber (MSSF). In this paper, a 1:2 reduced-scale experiment was conducted to study the structural performance of the
segment joint with different types of hand holes under ultra-high axial force. Special attention is paid to failure mode and
structural performance (bearing capacity, deformation, cracking, and toughness). Moreover, segment joints with MSSF
are also tested to evaluate the effects of MSSF on the failure mode and structural performance of the segment joints. The
experiment results show that the hand hole becomes the weakest point of the segment joint under ultra-high axial force. A
\ /-type crack pattern is always observed before the final failure of the segment joints. Different types and sizes of the hand
hole have different degree of influences on the structural behavior of segment joints. The segment joint with MSSF shows
higher ultimate bearing capacity and toughness compared to segment joint with common concrete. Besides, the MSSF

improves the initial cracking load and anti-spallling resistance of the segment joint.
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1 Introduction

In recent decades, the use of deep underground space
beneath seas and rivers became an alternative solution to
urban land resources. Many new tunnel utilities including
undersea and riverbed tunnels in China have been
constructed at progressively greater depths by shield
tunneling method, such as the Qiongzhou Strait Tunnel.
For such undersea tunnels, it is important to account for
hydrostatic pressures acting as additional load on the
operating shield tunnel [1,2]. Under ultra-high water
pressure, the tunnel lining are governed by the circular
axial force rather than the bending moment. Therefore, the
axial force acting on the cross section plays a leading role
in the design of segment lining. To ensure the ultimate
bearing capacity, the increase in the thickness of segment
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lining inevitably causes uneconomically and inconveni-
ently construction. Under this circumstance, the loss of
effective area and stress concentrations caused by the hand
hole, which is usually neglected in general underwater
tunnels, should be considered because of the potential
damage to ultimate bearing capacity with limited thickness
of segments.

Previous research mostly focused on the structural
response of such tunnel segments subjected to both
positive and negative bending moments under constant
axial force states. The biaxial loading is often simplified as
uniaxial loading since the bending moment is neglected
under ultra-high water pressure. Moreover, previous
researches focused on the main segment rather than the
segment joints. However, the segmental joints are the most
vulnerable points in the entire tunnel structure as the joints
exhibit a considerably smaller bearing capacity than the
main segments [3—6]. Through experimental tests Feng
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et al. [7] and Liu et al. [8] have shown that the failure of the
segment lining originates from the joint. To improve future
tunnel structures, it is essential to gain a better under-
standing on the structural response and failure mechanism
of the segment joint with hand hole under ultra-high water
pressure. Besides experimental testing, which will be
pursued in this manuscript, computational modeling can be
exploited. Computational modeling provides the opportu-
nity to extract phenomena which are difficult to assess
experimentally [9—12], for instance to study the interaction
between the reinforcement and the matrix material [13].
Commonly structural element formulations are exploited
[14-16] which can be applied to larger structures. The
immersed particle method from Rabczuk et al. [17] is also
capable of accounting for the interaction between the fluid
and the structure in the case of failure. However, such
formulations are not well suited to cover complex failure
mechanisms as they occur locally in tunnel structures. For
these purposes, continuum approaches to fracture are more
common. Efficient remeshing techniques [18-24], crack-
ing particle methods [25-27], enriched methods [28-30],
peridynamics and dual-horizon peridynamics [31,32], as
well as certain meshfree methods [33] belong to the most
popular discrete approaches to fracture while phase field
models [34,35] or models based on the screened-Poisson
equations [18,20] belong to common continuous
approaches to fracture. An interesting contribution
accounting for the hydro-mechanical nature has been
proposed for instance by Zhuang et al. [36].

Fiber reinforced concrete has been gradually adopted as
a solution to improve the structural behavior of segment
lining in terms bearing capacity, cracking resistance, and
toughness. Although Steel Fiber Reinforced Concrete
(SFRC) has been first applied in tunneling, in the last
decade, several types of MSSF have been exploited to
replace SFRC. According to previous research, MSSF
could not only increase the structural behavior of concrete
but also guarantee the long-term performance since MSSF
do not suffer from corrosion problems. With ultra-high
water pressure acting on the segment lining, the thickness
of the segment lining has to be enlarged to meet the
requirement of ultimate bearing capacity. However, the
increased tunnel size cannot avoid localized stress caused
by irregularities during the tunnel construction (e.g.,
eccentricity of jacks, gaps between rings). Previous
research showed that the fiber enables a stable develop-
ment of splitting cracks, leading to relatively small cracks
and a possible reduction or elimination of stirrups placed in
the regions under high localized stress. Moreover, it was
proved that adding fibers to concrete helps to prevent
premature separation of the concrete cover. In addition,
fibers help to prevent local damage as spalling at edges and
chipping of corners [37].

This paper presents segment joint tests subjected to
concentric axial loading. The main objective of this
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research is to investigate the structural performance of
the segment joint with hand hole under ultra-high water
pressure. Special attention is paid to the cracking process
and failure mechanism. Segment joints with different types
of hand holes are tested to investigate their influences on
the failure mode and structural performance (bearing
capacity, deformation, cracking, and toughness) of the
segment joints. A detailed comparison is subsequently
performed to provide suggestions for future designs of
segment joints with hand hole. Moreover, segment joints
with MSSF are also tested to study the effects of MSSF on
the failure mode and structural performance of the segment
joints. A detailed comparison is subsequently performed to
highlight the potential of using MSSF in tunnel applica-
tions.

2 Experimental program
2.1 Prototype and specimen design

The 1:2 reduced-scale experimental program included 9
groups of segment joints specimens varying in the shape of
hand hole and the volume fraction of MSSF. The specimen
names include the type of joint (JS, JB, and JI), the shape
of'hand hole (Rec, stm, and tra), the volume ratio of fiber (0
and 0.55%) and the ratio of longitudinal reinforcement (0,
1.24%, and 1.93%). JS, JB, and JI are the abbreviations for
Straight joint, Bending joint, and Incline joint, respec-
tively. Rec, stm, and tra stand for rectangle, streamline, and
trapezoid, respectively. The last group in Table 1, which
was designed as control group without hand hole, was
named COL_STD 0 1.93. To determine the dimension
and corresponding details of the segment joint specimens,
a survey was conducted based on several completed tunnel
projects in China. Considering the ultra-high water
pressure faced in Qiongzhou Strait Tunnel, the length,
width, and thickness of the segment prototype is 2000 mm,
2000 mm, and 700 mm, respectively. Concerning about the
symmetry, fabrication, and transportation of the segments,
1/3 width of the segment joint was cast by reduced scale of
1:2 for testing. The practical arc-shaped segment was
replaced by flat-shaped segment for the convenience of
fabrication and testing. Actually, this simplification has
been already applied in the previous experiments.
According to Saint-Venant’s Principle [38], there is no
need to test the whole length of the segment because the
obvious structural response of the joint is limited to the end
region. Figure 1 illustrates the simplicity and equivalence
process in this test. Focusing on the influence of the hand
hole, the joint surface is designed into smooth surface, i.e.,
some details of the joint characteristics (gasket groove,
caulking groove, convex concrete surface and gasket) are
neglected. Besides, the connection bolts are not used in the
test since they are non-structural components under
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Table 1 Joint component geometry details
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joint Qty. hole shape 1 (mm) w (mm) d Ve Ay (mm?)
JS_REC_0_1.93 3 rectangle 250 80 170 0% 2260
JB_REC_0_1.93 3 rectangle 200 80 130 0% 2260
JL_STM_0_1.93 3 streamline 150 80 60 0% 2260
JLTRA_0_1.93 3 trapezoid 150 80 60 0% 2260
JLREC_0_1.93 3 rectangle 150 80 60 0% 2260
JLREC_0.55_1.93 3 rectangle 150 80 60 4% 2260
JLREC_0.55 0 3 rectangle 150 80 60 4% 0
COL_STD_0_1.93 3 no hole - - - 0% 2260
steel bar properties used in this test are presented in Table
173 width 4. Material tests were carried out for the concrete and the
" féaled reinforcing steel bar to obtain the material properties. The
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Fig. 1 Simplicity and equivalence of the segment joints

outer groove
inner groove

uniaxial loading condition. The detailed joint geometry can
be found in Table 1. Figure 2 summarizes the layout and
reinforcement details of the RC/MSSF segment joints with
inclined rectangle hand hole(J REC 0 1.93, JI REC
0.55_1.93, and JI REC 0.55_0). The layout and reinfor-
cement details of the other segment joints have been
presented in Supplymentary Information(Figs. S1-S5).

2.2 Construction and material properties

The tested reinforced/fiber-reinforced concrete joints were
fabricated in a precast plant in Shanghai. After the fresh
concrete was poured into the mold, the joint was
subsequently vibrated with external vibrators. After
compaction and plaster, plastic sheets were placed on the
entire mold to reduce steam and moisture losses. After 24 h
casting, the joint was taken out and under natural curing
with regular wet cotton blankets for 28 days.

The MSSF in this test were provided by EPC Company,
China. The geometric and physical properties of the steel
fibers used in this test program are presented in Table 2.
The concrete mix proportions and properties used in
casting the joints are presented in Table 3. Three different
sizes of steel bars were used in this test program: 18 mm
deformed steel bars and 10 mm plain round steel bars. The

compressive strength of the concrete mixture was
determined from three 150 mm x 150 mm x 150 mm
cubic samples according to the CECS 13 [39]. The elastic
modulus of the concrete mixture was determined from
three 400 mm x 150 mm x 150 mm prism samples
according to the CECS 13 [39]. These samples were cast
and cured under the same conditions as these joints. Three
different sizes of reinforcing steel bars mainly used in the
experiments were tested according to the GB/T 28900
[40]. Properties of the concrete and the reinforcing steel
bars are presented in Tables 3 and 4, respectively.

2.3 Test setup

The test setup for the 27 reinforced/fiber-reinforced
concrete joints is shown in Fig. 1. All these joints were
first subjected to monotonic axial loading at a rate of
3 kN/s until the first crack was observed. Then, we
employed a displacement control at a rate of 0.2 mm/min
until the end of testing. Testing was continued until the
resistance of the joints dropped to 30% of the peak axial
load. The axial loads were measured by the load cell of the
testing machine, while the axial deformation of the joints
were measured by 4 LVDTs mounted at each corner of the
joints over a gage length of 700 mm. These LVDTs were
mounted using 4 angle irons glued to the concrete surface
with the hot melt adhesive on the top and a steel clamp on
the bottom. Each test set was instrumented with 24
electrical resistance strain gauges (23 strain gauges only in
the joints of Str_rec and Ben_rec due to larger hand hole)
in order to measure the detailed concrete strain distribution
on the surface with hand hole, especially around the hand
hole. The overview of the test setup was presented in Fig.
3. Joints were all whitewashed before crack observation.
The first hairline crack was observed by naked eye during
the loading process. The force and displacement of the
actuators were recorded by built-in sensors. The data were
logged and recorded by Datataker Data Acquisition
System at a frequency of 0.5 Hz.
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Fig. 2 Geometry and reinforcement details of segment joints. (a) Front view and cross section B-B’; (b) cross section A-A' and steel
strain gauge locations; (c) concrete strain gauge locations. (unit: mm)

Table 2  Structural synthetic fiber properties

Table 3 Concrete properties

item value materials RC SFRC
length (mm) 48 cement 350 350
modulus of elasticity (GPa) 10 sand 680 680
tensile strength (MPa) 640 coarse aggregate 1159 1159
equivalent diameter (mm) 0.7 water 146 146
density (g/cm?) 0.91 fly ash 36 36
admixture 3.82 4.32
mineral powder 3 3
3 Results and discussions fiber dosage 0 0

3.1 Compressive strength

The mean values of the compressive strength of all cubic
samples are shown in Table 5. Each value determined by
three cubic samples calibrates the compressive strength of
corresponding joint. Due to the large amount of concrete

and limited number of steel molds are used in this test,
these joints have to be manufactured in different batches.
The compressive strength of the concrete were required to
be as close as possible. The 28-day compressive strength of
all the samples is larger than 55 MPa as expected.
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Table 4 Steel bar properties

bar type usage diameter (mm) area (mm?) fy (MPa) & E, (GPa)

steell8 deformed bar longitudinal 18 2543 465 0.0023 200
reinforcement

steel12 deformed bar longitudinal 12 113.0 478 0.0024 200
reinforcement

steel10 plain bar transverse 10 78.4 423 0.0022 190

reinforcement

1. selfbalancing-frame
2. specimens

3. displacement-meter
4. concrete strain gauge
5. rubber cushion

6. jacking platform

Fig. 3 Overview of the test setup

3.2 General observations and failure modes of the tested
specimens

All segment joints specimens were tested until failure. The
general behavior of the tested specimens as well as the
definition of several parameters used in determining
the overall behavior of the segment joint is presented in
Fig. 4(a) which is the only one obvious peak point. The
behavior presented in Fig. 4(b) is frequently occurring only
in the segment joints with straight bolt hole which may be
caused by damage effect of the large hand hole and low
confinement pressure provided by the transverse stirrups.
All these parameters are calculated and summarized in
Table 6.

The loads, Py, Pyi, Pg,, and P,y are the initial cracking
load at the first visible structural micro-crack, the yield
load of the segment joints, the axial load of the segment
joints at the first peak, the maximum axial load of the
segment joints, respectively. The deformation, dyi, df,, Omax
are corresponded to the loads Py;, Pg, and Ppax. fo is
defined as concrete compression strength. The dy;
corresponds to the intersection point between the hor-
izontal line drawn from the PPeakl and the straight line
passes the origin and the point representing the 0.75 times
of the Py, [41] as shown in Fig. 4.

Classic compression failures and local failures around
the hand hole were observed in combination in this test,
except for the specimens without hand holes. Results
acquired from the test are mainly listed in Table 6. Figure 5

Table 5 Compressive strength of the concrete

joint average compressive variance (MPa)
strength (MPa)
JS_REC 0_1.93 59.99 0.703
JB_REC 0 1.93 59.98 0.703
JI.STM_0_1.93 60.29 0.127
JI. TRA 0.1.93 60.33 0.167
JI_REC_0_1.93 59.67 0.104
JI_REC_0.55_1.93 59.68 0.242
JI_REC_0.55_0 60.08 0.391
COL_STD 0_1.93 60.12 0.000

shows the ultimate failure situation of the specimens.
Classic compression failure characteristics appeared on the
specimens without the hand hole. When the load
approached approximately 42% of the ultimate load, initial
minor cracks were observed at both ends of the specimen.
With load increasing, large longitudinal penetrating cracks
approximately paralleled to the loading direction formed
on the specimen before the concrete was finally crushed.
For those specimens with hand holes, a kind of combina-
tion of classic compression failure characteristics and local
failure characteristics appeared. Except for the longitudinal
penetrating cracks, a \ /-type crack pattern appeared on the
specimens. The formation process of the \ /-type crack
pattern is presented in Fig. 6(a). According to the
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Fig. 4 General behavior of the tested segment joints

experimental observation, the first crack was always
appeared as tensile crack near the upper limb of the hand
hole. The initial cracking load level of all specimens was
recorded in Table 1 as Pg.,. As the load increased, a great
number of cracks were developed on the specimen. Cracks
were mostly distributed around the hand hole and at the
both ends of the specimen. With the load further increased,
the extension and connection of these cracks gradually
leaded to the formation of the \ /-type crack pattern. When
the load approached 80%—90% of the ultimate load or
approached near the first peak load, the cover of ordinary
reinforced concrete specimens began to spall and then
detached from the core concrete. However, cover spalling
of SFRC specimens was not extensive and was well
controlled by MSSF. Detachment of the cover concrete
was not occurred even at the ultimate load which is
presented in Fig. 6(b).

3.3 Load-deformation relationships

Attention has been barely paid to the influence of the hand
hole on the structural behavior of the segment joint in the
past research. It was observed that the size and shape of the
hand hole has varying degrees of damage on the joint. It is
well known that MSSF have beneficial effects on concrete
cracking. Moreover, it was also observed that MSSF
increase the ultimate capacity and structural reliability of
the joint. The load-deflection curves of all testing speci-
mens are presented in Fig. 7.

3.3.1 Influences of the hand hole

It was observed that the size of the hand hole has great
affection on the ultimate capacity of the joint, while the
shape has much less affection compared to the former.
Figure 8 shows the response of the joints with the rectangle
hand hole varying size. The other conditions, such as the

compressive strength of the concrete as well as the
configuration of the transverse reinforcement are quite
similar to each other. In Fig. 8, increasing the size of the
hand hole from 80 mmx150 mmx60 mm (JI REC_
0 1.93) to 80 mmx250 mmx 170 mm (JS_REC 0 1.93)
resulted in decreased ultimate capacity by 22.5% and
decreased yield deformation by 37.7%. Similar results can
be also concluded from Fig. 8, increasing the size of the
hand hole from 80 mmx150 mmx60 mm (JI REC_
0 1.93) to 80 mmx200 mmx130 mm (JB REC 0 1.93)
lead to decreased ultimate capacity by 11.5% and
decreased yield deformation by 29.6%. Figure 9 shows
the response of the joints with the same size hand hole
varying in shape. Observed from Fig. 9, shape (streamline,
rectangle, and trapezoid) of the hand hole showed much
less affection on the ultimate capacity of the joint.
Compared to the joints with the rectangle shape hand
hole and the trapezoid shape hand hole, the joints with
streamline hand hole has an increasing in ultimate capacity
by 3.3% and 2.9% in accordance. However, the joints with
the streamline shape hand hole have a better deformability
than the other two shapes. Compared to the other two
shapes, the yield deformation of the streamline shape has
an increasing by 31.6% and 15.7%. Unlike the size factor,
the influences on the structural behavior of the joints
caused by shape mainly focused on the deformability.

3.3.2 Influences of the MSSF

The experiment results in this study showed that the MSSF
could improve not only the ultimate capacity of the joints,
but also the deformability. This enhancement in the
structural behavior of the joints brought by MSSF could
make up the damage caused by the hand hole to a certain
extent. Since no present formula can be used to calculate
the theoretical design ultimate capacity of the joint, the
theoretical design ultimate capacity of the concrete



Front. Struct. Civ. Eng. 2019, 13(5): 1200-1213

1206

19t°0 SIL'T SIL'T 06L°0 €68°0 970 L1 L1 8L9¢ 0061 7109 D €61 0 dLS 10D
909°0 vSY'l YSY'l 188°0 6L8°0 LTY0 61y 61y 80LE 0081 2109 g €6'1 0 ALS 10D
6£6°0 €€6°0 €€6°0 9.8°0 196°0 vI'0 601% 601% 056€ 00L1 2109 V €61 0 ALS 10D
v18°0 €€5°0 €€5°0 YEP0 7680 LEVO SL6T SL6T $59T 00€1 S D0 §S0 08y If
8660 €250 €250 780 6660 €0v°0 9zcCe 9zee (4443 00€T 81°09 g0 S$0 oIy If
€78°0 L09°0 £09°0 7150 096°0 807°0 681¢ 681¢ 090€ 00€1 7909 V0SS0 0TI If
9L8°0 $06°0 $06°0 T6L0 YL6'0 v0b0 €ITy €ITy SOl 0091 LE09 D €6'1 S0 oAy If
686°0 148'1 8€L°0 0€L°0 2660 £9%°0 LOTY 189¢ 059¢ 0061 1'6S 4 €6'1 §S°0 0ay If
$66°0 €5L°0 €5L°0 6vL°0 $86°0 SSH0 iy wLiy (887 0061 LS'6S V €6'T SS°0 Oad If
L18°0 $69°0 $69°0 895°0 6€8°0 $8¢€°0 08¢€ 08€€ 9514 0021 €L°6S D €61 0 Oad It
896'0 L89°0 L89°0 $99°0 €L6°0 00¥°0 IsLE IsLE 059¢ 0081 €L°65 g €61 0 oIy If
¥0L°0 $58°0 68°0 209°0 818°0 01+°0 006¢€ 006¢€ 061¢ 0091 §5°6S vV €61 0 03 It
016°0 STLO §TLO 099°0 1€6°0 LOY0 LEVE LEVE 00T 00b1 €209 D €61 0 INLS If
¥8L°0 768°0 768°0 10L°0 7580 68€°0 098¢ 098¢ 062€ 00S1 7509 g €6'T 0 WIS If
978°0 7760 760 T9L°0 9€6'0 6LE0 756€ 756€ 00L€ 00ST €709 V €6'T 0 WIS If
9760 vIL0 8€5°0 867°0 Y760 8LE0 10L€ 4333 seee 001 S1°09 D €610 VAL Ir
1€6'0 8LS°0 8LS°0 8€5°0 €560 €LE0 (4343 (4343 0zee 00€1 LE09 4 €61 0 VIL If
88°0 8L6°0 §59°0 0850 €€6°0 8LE0 S0LE L99¢ [§443 00b1 LE09 V€61 0 VL If
- - 10S°0 756°0 70 14843 14843 0sz€ 0011 7509 D €61 0 D9y dr

LLSO - 6¥€°0 90€°0 §16°0 ¥TE0 060¢€ LT 01sT 0001 61°6S g €6'1 0 0dy df
L160 6750 6750 S81°0 8L6°0 97€'0 vLEE vLEE 00€€ 0011 §T°09 vV €6'T 0 Oa dr
9960 6£4°0 6£1°0 Yo 6960 €vT0 8L8T 8L8T 06LT 00L §T09 D €610 OaY SI
LS6'0 - 96£°0 6LE0 9960 $9T°0 S10¢€ L9ST 08+C 008 7509 g €61 0 Ooad Sr
176°0 9LE0 9LE0 ¥S€0 196°0 €920 LS9T 09S¢ 09+¢C 00L 61°6S V €61 0 O3¥ SI

() (t) (w) g xeuw g (D) ((\e)) (N ((\e)) (edN)
xoug ap o Wy e xew g g K g Vi Jurof

S)[NSA1 359} Jo Arewwing 9 dqeL



Shaochun WANG et al. The influence of hand hole on shield tunnel segment joints

JL_REC 0.55_1.93

JLREC 0_1.93

1207

Fig. 5 Ultimate failure mode of test specimens

reinforced column with the same cross section area was
used as an approximate theoretical value to evaluate the
enhancement brought by MSSF. This approximate theore-
tical value is calculated according to Chinese National
Code (GB50010-2010) [42]. The theoretical design
ultimate capacity, N, was determined as follow:

N<0.99(f A + [ y4y)

Figure 7 shows the load-deformation relationship of the
joints with/without MSSF. The theoretical design ultimate
capacity is marked by the horizontal dotted line. By adding
MSSF in the joints, the ultimate capacity and yield
deformation in Fig. 10 increased by 8.2% and 8%
compared to the joints without MSSF. Besides, the
structural behavior of the joints without MSSF is observed
to be more fluctuant than those joints with MSSF. Similar
situations also appeared in other joints indicating that
MSSF is beneficial to reducing the variability among
specimens and improving structural reliability of the joints.

3.4 Concrete strain and steel strain

Two strain gauges were glued around the hand hole to
measure the concrete surface strain. Meanwhile, two strain

gauges were also glued to the nearest longitudinal and
transverse steels to measure the steel strain. Measured
strain values showed that there exists a serious stress
concentration near the hand hole. Besides, the degree of
the stress concentration varies with different sizes of hand
holes. Figure 11 shows the measured tensile and
compressive concrete strain of the joints with different
sizes of rectangle hand holes and the joints without hand
hole. In Fig. 11(a), the tendency of these load-strain curves
could be divided into two stages by an obvious yield point.
Before the yield point, the load-strain curve is approxi-
mately to a straight line. Since then, the curve appears to be
nonlinear because of the unstable crack development. The
tensile strain at the yield point in this test is around 250,
which may only be associated with properties of the
concrete. Compared with the COL_STD 0 1.93 speci-
mens, the tensile strain of the joints with the hand hole has
an obvious magnification effect. The specific value
between the strain of other specimen and the strain of
COL_STD 0 1.93 specimen is defined as magnification
coefficient, which is recorded in Table 1. The magnifica-
tion coefficient of the tensile strain between the
JS REC 0 1.93 specimen and COL_STD 0 1.93 speci-
men at the load of 1500 KN is 3.32, while the coefficient
between the Inc_recl specimen and the COL_STD 0 1.93
specimen is 1.63. With larger hand hole, the magnification
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Fig. 6 Failure process of representative joints: (a) RC joint (b) MSSF joint

coefficient is also larger indicating that the stress
concentration effect is more significant. By adding the
MSSF, the tensile strain magnification coefficient was
reduced from 1.63 to 1.42 indicating that MSSF is
beneficial to improving the concrete cracking resistance.
Similar results were also observed in the compressive
strain values. However, the compressive strain magnifica-
tion effect is not as obvious as the tensile strain.

Figure 12 shows the measured steel strain and concrete
strain of the JI REC _0_1.93A specimen. In Fig. 12(a), the
compressive concrete strain is nearly consistent with the
corresponding longitudinal steel strain. However, the
tensile concrete strain was much larger than the transverse
steel strain indicating that the transverse steel has no
obvious help in preventing concrete cracking around the
hand hole (Fig. 12(b)).

3.5 Joint toughness

The toughness (J) of these joints were calculated by
estimating the area under the load-deformation curves at
the yield points. It was observed that the JI REC
0.55_1.93 joint exhibited much higher average toughness

at the yield points compared to the other joints (Table 2).
This can be attributed to the fact that the yield load and
yield deformation of the JI REC 0 1.93 joint is larger
than the other joints. Comparing JI REC 0.55 1.93 joint
with JI REC 0 1.93 joint, the average toughness
increased from 1274.3 to 1501.8 which can be attributed
to the application of MSSF. Comparing JI REC 0 1.93
joint with JS REC 0 1.93 joint and JB_ REC 0 1.93
joint without MSSF, the toughness decreased with the
increasing in the size of the hand hole. The toughness of
JS REC 0 1.93 jointand JB_ REC 0 1.93 joint was only
39.2% and 67.7% of the JI REC 0 1.93 joint. Among
three shape of the hand hole, the streamline shape hand
hole showed the largest toughness of 1341.7 indicating that
the joint with streamline shape hand hole could provide
better energy absorption ability before failure.

4 Conclusions

This paper presented experimental studies of Reinforced
concrete (RC) and MSSF joints varied in the size and shape
of the hand hole. The experiments was conducted under
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monotonic axial loading aimed to simulate the ultra-high
axial force acted on the joints under ultra-high water
pressure. The specimens were also simplified based on
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Fig. 11 Tensile and compressive concrete strain of segment joints
around the hand hole: (a) tensile strain; (b) compressive strain

existing engineering projects with the aim to study the
influence on the structural behavior caused by the hand
hole. The findings are summarized as follows:

1) Under ultra-high axial force, the hand hole becomes
the critical position of the segment joint. The first structural
micro-crack on the concrete surface always tends to appear
on the tensile area of the hand hole.

2) Under ultra-high axial force, the failure mode is a
combination of global compression failure and local
failure. A \ / type crack pattern is always observed before
the final failure of the specimens.

3) The application of MSSF improves the initial
cracking load of the concrete by restricting the tensile
strain around the hand hole. The MSSF joints showed
remarked enhancement in the cracking resistance. Further-
more, the MSSF helps to control the premature spalling of
the unconfined cover concrete.

4) The MSSF joints exhibit higher ultimate capacity than
the RC joints leading to higher reliability in structural
design. The application of MSSF in segment joints could
increase the ultimate capacity by 8.2%.

5) There exists an obvious stress concentration effect
around the hand hole. The tensile strain and compressive
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strain around the hand hole are magnified in varying
degrees. The application of MSSF is beneficial to relieve
the stress concentration by restricting the tensile strain.

6) The size of the hand hole obviously influences not
only the ultimate capacity of the joint, but also the
deformability of the joint. The structural performance
deteriorates with increasing hand hole size. However, the
shape of the hand hole only influences the deformability of
the joint. The streamline shape exhibits a better structural
performance compared with the other two shapes.

7) The joints with smaller hand hole and MSSF exhibit
higher toughness than other joints. Therefore, the joints
with smaller hand hole and MSSF show remarked energy
absorption ability before failure.

In the future, we intend to carry out a sensitivity analysis
as suggested in Refs. [43,44] in order to quantify the key
input parameters governing the failure and load carrying
capacity. Furthermore, we aim to carry out numerical
simulations as done in Refs. [45,46] in order to gain a
better understanding of the failure mechanisms. This
allows also for parameter studies which reduces costs
and time related to experiments.
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