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If the serviceability of an existing shield tunnel structure is endangered, strengthening is required. A newly
proposed technique of strengthening of segmental tunnel linings, called steel plate — concrete composite structure
(SPCCS) strengthening, was experimentally investigated in previous research, in which the tunnel lining was
strengthened at the ultimate state. Such a strengthening scheme is denoted as delayed strengthening. Experimental
results have shown that the new strengthening technique is advantageous in enhancing the design life of shield
tunnels, as compared to traditional strengthening techniques. However, in engineering practice, the tunnel lining
must be strengthened before the ultimate state is reached. Hence, the timing of strengthening is a critical
parameter in the design of the strengthening process. In the present research, a full-scale test was conducted such
that the segmental tunnel lining was strengthened ab initio, i.e. before being subjected to external loading. This
mode of strengthening is termed as initial strengthening scheme. The ultimate capacity, the failure process, and the
failure mode were investigated. The failure mechanism, the ultimate capacity, the ductility, and the toughness of
segmental tunnel linings, reinforced by the SPCCS strengthening technique, were compared with the ones of
initial and delayed strengthening schemes. It is shown that the timing of strengthening does not have much
influence on the ultimate capacity. However, it has a significant influence on the stiffness, the ductility, and the
toughness. The ultimate load bearing capacity of the strengthened structure in case of initial strengthening was
found to be only 5.7 % larger than the one in case of delayed strengthening, whereas the increase of the structural
stiffness, the ductility, and the toughness is 520.6 %, 46.1 %, and 64.6 %, respectively. Regarding the utilization
efficiency of the steel plate, the results have shown that the earlier the structure is strengthened, the greater the
utilization efficiency of the strengthening material.

1. Introduction

The shield tunneling method is mechanically effective and environ-
mentally friendly. For these reasons, shield tunnels are widely used in
underground metro systems. The most common form of the cross-section
of shield tunnels is the one of circular segments. An advantage of the
structural behavior of circular segmental tunnel linings is the arching
effect. However, these linings are sensitive to the overburden of the
vertical load and the reduction of the horizontal load [4]. Unfavorable
environmental conditions may result in serviceability problems such as
water ingress through the lining into the tunnel [9], cracking of concrete
[22,1], the opening of segmental joints [6], and even structural failure.
Strengthening is required when the structural serviceability or the safety
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of the structure are endangered.

A new strengthening technique, called steel plate — concrete composite
structure (SPCCS) strengthening technique, as shown in Fig. 1, was
recently proposed [13]. Compared to the traditional epoxy-bonded steel
plate (EBSP) strengthening technique, which is presently the most
widely used strengthening technique on a world-wide scale [8,11],
epoxy is replaced by a combination of studs, embedded steel bars, ad-
hesive anchors, and steel-fiber reinforced concrete to establish the bond
between the strengthening material and the segmental tunnel lining. An
experimental investigation was carried out on a deformed segmental
tunnel lining, reinforced by the SPCCS strengthening technique. It was
shown that the failure mode for this strengthening technique is more
ductile than the one for the EBSP strengthening technique. Additionally,
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Fig. 1. Cross-section of the investigated structure (unit: mm), reinforced by the
SPCCS strengthening technique.

the advantages of the SPCCS strengthening technique are greater than
the ones of the EBSP strengthening technique. Not least, the amount of
steel in the former is significantly smaller than the one in the latter [13].
In previous research, the segmental lining, reinforced by the SPCCS
strengthening technique, was investigated experimentally with a
delayed strengthening scheme [13]. In this loading scheme, the struc-
ture was strengthened when the unstrengthened structure had reached
the ultimate state. This loading scheme was employed to investigate the
mechanical behavior of segmental tunnel linings strengthened by
different techniques, such as the epoxy-bonded filament wound profiles
(EBFWP) strengthening technique [10] and the EBSP strengthening
technique [11].

However, in engineering practice, it is inconvenient and even
dangerous to strengthen the tunnel lining at the ultimate state. The
tunnel should be strengthened earlier to avoid hazards. The proper
timing of strengthening of tunnels is very important. However, so far this
item has not been investigated thoroughly and discussed in sufficient
detail in the literature. On the other hand, the SPCCS strengthening
technique has been discussed intensively for the cases of initial
strengthening of beams and frames, where the structure is reinforced
before being subjected to external loads. Static loading tests were con-
ducted on SPCC beams to investigate the mechanical behavior in case of
bending [16,19], transverse shear [17], and of a combination of bending
and torsion [18]. Mechanical models were established on the basis of the
theory of elasticity [19]. Equations for the calculation of the strength of
SPCC beams were derived [16,17]. Besides, a series of tests on SPCC
frames was performed [3], and an experimental investigation was car-
ried out on a two-story SPCC frame [15]. These tests provided the basis
for the development and the use of analysis models [20]. However, no
literature was found regarding tunnels initially strengthened by the
SPCCS technique. This was the motivation for carrying out a full-scale
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test based on initial strengthening.

The purpose of this paper is to report on the load-carrying mecha-
nism and the failure process. The failure mechanism, the ultimate ca-
pacity, the ductility, and the toughness of segmental tunnel linings,
initially reinforced by the SPCCS technique, were compared with the
corresponding quantities in case of delayed strengthening schemes. The
full-scale test, with an identical structural configuration including di-
mensions and material properties, but with a different strengthening
scheme compared to the one in the test conducted by Liu et al. [13], is
the basis of this research. The results from this test series are subse-
quently compared. This research is a necessary prerequisite for the
development and the use of analysis models considering the influence of
the timing of strengthening.

2. Experimental program
2.1. SPCCS strengthening technique

The SPCCS strengthening technique was introduced in detail in
previous research [13]. Fig. 1 shows the cross-section of the investigated
structure, reinforced by this technique. The bond between the steel plate
and the concrete segment is established by a combination of struts,
welded to the surface of the steel plate, L-shaped steel bars, embedded
into the inner surface of the segmental tunnel lining (old concrete),
adhesive anchors, providing radial force resistance of the bond, and
steel-fiber reinforced concrete (new concrete). Struts are shear connec-
tors between the steel plate and the new concrete. L-shaped steel bars
are shear connectors between the old and the new concrete. Adhesive
anchors are pull-out connectors between the steel plate and the old
concrete. Steel-fiber reinforced concrete of high crack resistance is used
to fill the gap between the steel plate and the old concrete to bond the
connectors together.

2.2. Experimental specimen

One full ring is tested in this study. The parameters of the experi-
mental specimen are the same as the ones in previous research [13],
listed in Table 1. Unstrengthened segmental tunnel linings are widely
used in the Shanghai rail transit. Such a lining is shown in Fig. 2. It
consists of six segments, named F, L1, L2, B1, B2, and D. The outer and
the inner diameter of the structure are 6200 mm and 5500 mm,
respectively. Bolts are used at the segmental joints to connect adjacent
segments. The six segmental joints are located at 8°, 73°, 138°, 222°,
287°, and 352°. The thickness and the width of the steel plate are 10 mm
and 1200 mm, respectively.

2.3. Loading system and loading process

The self-balanced horizontal loading system and the friction reduc-
tion system are shown in Fig. 3. The self-balanced horizontal loading

Table 1
Material parameters.
Material Dimensions Young’s Compressive Yield
type modulus strength strength
[N/mmz] [N/mmz] [N/mmz]
Old concrete 350 mm X 3.13 x 104 67.43 —
1200 mm
Bolt 30 mm 2.03 x 10° — 454.85
(diameter)
New 50 mm x 3.13 x 104 67.43 —
concrete 1200 mm
Steel plate 10 mm x 1.70 x 10° — 238.22
1200 mm
Embedded — 2.02 x 10° — 281.67
steel bars
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Fig. 2. Cross-section of the unstrengthened segmental tunnel lining (unit: mm).
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Fig. 3. Profile diagram of the self-balanced horizontal loading system
(unit: mm).

system contains 24 load points. The axis of each point load is passing
through the center of the system. The friction reduction system contains
192 steel balls between the specimen and the ground.

As shown in Fig. 4(a), 24 point loads are divided into three groups, i.
e. six forces P1, ten forces P2, and eight forces P3. P1, P2, and P3
simulate the vertical earth pressure, the horizontal earth pressure, and
the load on the shoulder of the structure, respectively. The loading
scheme in the test is shown in Fig. 4(b). It consists of two stages. In stage
1, P1, P2, and P3 are increasing simultaneously, noting that P2 = 0.65 x
P1, where 0.65 is the value of the lateral earth pressure coefficient in
Shanghai, and P3 = 0.5 x (P1 + P2), which results in a smooth distri-
bution of the external loading from the P1 zone to the P2 zone. Stage 2
starts when P2 reaches the value of the passive earth pressure. It is
determined by the soil properties in Shanghai. In this stage, P2 is kept
constant while P1 is increasing continuously, noting that P3 = 0.5 x (P1
+ P2). Stage 2 ends when the structure fails. The loading system is
identical to that in previous research [13], but the loading process is
different. In that research, the unstrengthened structure was loaded up
to a vertical convergence of 120 mm. Afterwards, the structure was
strengthened and the test was continued until the structure failed. The
main difference between these two loading schemes is the timing of
strengthening. In the former scheme, the structure is strengthened
initially, whereas in the latter, it is strengthened just before reaching the
ultimate state.

The design of the loading process is based on the following consid-
erations: (1) The distribution of the loads acting on the tested lining is
similar to the real external loading of segmental linings in engineering
practice. (2) The internal forces (bending moments and axial forces) of
critical cross-sections are equal to those in real tunnel structures.
Numerous numerical simulations were carried out to ensure this. (3)
This design strategy was employed in tests, on the structural level, for
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Fig. 4. (a) Distribution of point loads; (b) loading scheme.
segmental linings [21,2,14,13].
2.4. Measurement program

During the test, the structural deformations, the dilations of the
segmental joints, the strains of the steel reinforcement, of the concrete,
the bolts, and of the steel plate, furthermore, the relative tangential
slippage and the radial stripping value between different material layers
are monitored. Information on the corresponding measurement device is
listed in Table 2.

The above mentioned items are measured in this test to determine
the deformation of the structure and the internal forces during the
loading process. Joint dilations are measured because they contribute, to
a considerable amount, to the total structural deformation. The strains of
each layer of material are measured to calculate the internal forces on
key cross-sections. The relative displacements between different mate-
rial layers are monitored to assess the bond behavior of the strengthened
structure.
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Table 2

Information on measurement points.
Test item Sensor Model Range Precision Number
Overall deformation Displacement meter LVDT 500 mm 0.01 mm 14
Strain of steel reinforcing Strain gauge BX120-3AA 20,000pe lpe 136
Strain of bolt Strain gauge JTM-Y1800 20,000pe lpe 12
Strain of concrete Strain gauge DX50AA-120 20,000pe lpe 136
Joint dilation Displacement meter LVDT 100 mm 0.01 mm 24
Strain of steel plate Strain gauge BX120-3AA 20,000pe lpe 128
Relative slippage Displacement meter LVDT 100 mm 0.01 mm 24
Relative stripping value Displacement meter LVDT 100 mm 0.01 mm 24

3. Experimental results

The load - vertical convergence diagram from the test with initial
strengthening is shown in Fig. 5. In the following, the failure process will
be described: (1) the outer concrete cracked at 270°; (2) the steel plate
yielded at 180°; (3) the core concrete zone cracked in compression at
joint 8° and the steel plate yielded at 15°; (4) the steel plate yielded in
the region from 352° to 0°; (5) the steel plate yielded in the region from
345° to 8° and the bolt yielded at joint 287°; (6) the steel plate yielded in
the region from 180° to 195°, and at 287°, and the bolt yielded at joint
73°; (7) the core concrete zone cracked in compression at joint 352°, and
the outer concrete crushed at joint 8°; (8) the steel reinforcement yielded
at 180°; (9) bond failure occurred at the top and at the bottom of the
structure, the bolts at 73° and 287° failed in tension, and the outer
concrete crushed at joints 352°, 180°, and 195°.

3.1. Structural state at failure

The structure failed at P1 = 821 kN. The state of the structure at
failure is shown in Fig. 6. The outer concrete at joints 8° and 352°
crushed in compression. The outer concrete of the segment at 180° and
195° crushed in compression. The bolts at joints 73° and 287° failed in
tension. The tensile stress of the steel plate reached the yield stress in the
regions ranging from 345° to 15° and from 180° to 195°. The
compressive stress reached the yield stress at 287°. The bond between
the old and the new concrete failed in the regions ranging from 320° to
28° and from 150° to 230°.

3.1.1. Segment failure

Segment failure consists of cracking in tension and crushing in
compression. The first crack occurred at P1 = 506 kN on the outer
surface of the structure at 270°. The crack width was 0.02 mm. Crack
propagation started at P1 = 546 kN on the outer surface at 270°, as
shown in Fig. 7(a). The maximum width of these cracks was 0.05 mm.

1000
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~
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Fig. 5. Load - vertical convergence diagram of a segmental tunnel lining,
strengthened by the SPCCS technique.

With increasing load, more cracks occurred in the regions around 90°
and 270°. At the load level P1 = 809 kN, the crack distance at 90° and
270° was 200 mm; the maximum crack width was 0.1 mm. When P1
reached 821kN, the outer concrete at 180° and 195° crushed in
compression. The distribution of the cracks around 90° and 270° is
shown in Fig. 7(b) and Fig. 7(c), respectively. Concrete crushing at the
failure state, i.e. at P1 = 821 kN, at 180° and 195°, is illustrated in Fig. 7
(d). Regions of segment failure are shown in Fig. 7(e), where the black
solid lines represent the cracks, and the shading indicates failure in
compression. The cracks on the inner surface of the segmental tunnel
lining could not be inspected because they were hidden by the steel plate
and the new concrete. The inner surface cracks are insignificant, because
the steel plate and the new concrete prevent durability problems caused
by these cracks.

3.1.2. Joint damage

The segmental joints represent discontinuities of the tunnel lining.
The six joints are subjected to combinations of an axial force and a
bending moment. In the test, negative bending moments occurred at
joints 73° and 287°, where the outer part of the joint opened and its
inner part was closed. Positive bending moments, however, occurred at
the remaining four joints, where the inner part of the joint opened and
its outer part was closed. Fig. 8 shows all joints after the strengthened
structure has reached the failure state. The outer concrete at joints 8°
and 352° was crushed and spalled. Splitting in form of compression
cracks of the inner concrete occurred at joints 73° and 287°. Joints 138°
and 222° remained intact. It is noteworthy that the bolts at joints 73°
and 287° failed in tension.

3.1.3. Damage of bond

The bond between the steel plate and the concrete segment has two
interfaces, namely the interface between the steel plate and the new
concrete and the one between the new and the old concrete. In the test,
radial stripping of the bond between the new and the old concrete is
dominating. Its distribution is shown in Fig. 9. A comparison of the bond
damages in the two strengthening schemes, as shown in Fig. 10, will be
further discussed in Section 4.

Radial stripping occurred in the region from 320° to 28° and in the
one from 165° to 230°. The maximum value of stripping occurred at 8°.
Its value was 47.69 mm. The failure mode of the bond shows that the
adhesive anchors were pulled out from the concrete segment without
failing in tension. No tangential slippage was observed in the test.

3.2. Failure mechanism

The failure process of the strengthened structure under initial
strengthening, tested in this study, was explained earlier in this section.
The failure process of the strengthened structure under delayed
strengthening was reported in previous research work [13], where six
categories of cross-sections of the strengthened structure were defined.
As regards the initial strengthening scheme, three situations are defined:
situation 1, where the inner side of the cross-section is in tension and the
outer side is in compression; situation 2, where the inner side of the
cross-section is in compression and the outer side is in tension; and
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Fig. 6. Failure state of the segmental tunnel lining, strengthened by SPCCS before the start of loading.

situation 3, where both the inner and the outer side of the cross-section
are in compression. The six categories are: (a) composite segment in
situation 1; (b) composite segment in situation 2; (c) composite joint in
situation 1; (d) composite joint in situation 2; (e) composite segment in
situation 3; and (f) composite joint in situation 3. When the materials
fails either in compression or in tension, the stiffness of the cross-section
decreases rapidly, resulting in a plastic hinge.

The failure mechanism of the segmental tunnel lining, initially
strengthened by SPCCS, is characterized by elasto-plastic deformations.
The failure process is divided into the elastic range, the elasto-plastic
range, and the plastic range. At P1 = 505 kN, tensile cracks occurred
on the outer surface of the structure, which entered into the elasto-
plastic range. This load level represents the elastic limit. At P1 = 788
kN, the bolt at joint 287° yielded. Hence, material in the tensile zone of
the cross-section, belonging to category (d), was lacking. This resulted in
the first plastic hinge. At P1 = 790 kN, the bolt at joint 73° yielded,
resulting in the second plastic hinge. At P1 = 809kN, the outer concrete
crushed at joint 8°, which belongs to category (c) of cross-sections.
Material in the compressive zone was lacking. This resulted in the
third plastic hinge. At P1 = 812 kN, the steel of the plate and of the
reinforcement at the cross-section 180°, belonging to category (a), was
yielding. This led to the fourth plastic hinge. Originally, the strength-
ened structure was statically indeterminate to the third degree. Thus, a
kinematic chain developed at this load level, and the structure entered
into the plastic range. This load level represents the bearing capacity
limit. The structure was able to carry a slightly higher load instead of
collapsing immediately, because it was surrounded by the horizontal
loading system that provided support. However, the deformations
increased rapidly and several parts of the steel plate yielded. The
structure failed right after the outer concrete at 180° and 195° crushed.
The vertical convergence reached 109 mm. The failure mechanism of the
two tests will be compared in Section 4.1.

3.3. Structural deformations

The deformations of the structure in case of initial strengthening at
the elastic limit and at the bearing capacity limit are shown in Fig. 11.

The deformations at the bearing capacity limit in the test with delayed
strengthening are also shown in Fig. 11. The cross-section of the
deformed structure is similar to a transverse ellipse. The top and the
bottom of the structure deform inwards, whereas the stopes deform
outwards. In the test with initial strengthening, the vertical and the
horizontal convergence at the elastic limit (P1 = 505 kN) were 6.33 mm
and 4.48 mm, respectively. At the bearing capacity limit, i.e. at P1 = 812
kN, the vertical and the horizontal convergence were 99.03 mm and
92.42 mm, respectively. However, in the test with delayed strength-
ening, the vertical and the horizontal convergences, at the bearing ca-
pacity limit, i.e. at P1 = 768 kN, were 190.03 mm and 150.57 mm,
respectively.

3.4. Opening of joints and bolt strain

The inner joint of the strengthened structure was covered by the
strengthening material. Hence, only the dilations at the outer joints were
measured. Load — joint opening diagrams are shown in Fig. 12, where
positive values indicate the closure of the joint, whereas negative values
signaled its opening. Before the elastic limit (P1 = 505 kN) is reached,
openings and closures of joints are very small. The decrease of the joint
stiffness is the consequence of yielding of the bolts at joints 73° and
287°, when P1 reached 790 kN, and of crushing of the concrete at 8°, for
P1 = 809 kN.

As shown in Fig. 13, the bolt strains are small before the elastic limit
is reached. This means that the neutral axis is at the location of the bolt.
As the load increases, the bolt strains at joints 73° and 287° are in the
elasto-plastic range.

Load - joint opening diagrams of joints subjected to a combination of
axial forces and positive bending moments, as is the case at 8° and 352°,
and to a combination of axial force and negative bending moment, as is
the case at 73° and 287°, are compared separately, see Fig. 14. The re-
sults from the two strengthening schemes will be compared and dis-
cussed in Section 4.
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Fig. 7. Segment failure: (a) first crack at 270°; (b) cracks at 90°; (c) cracks at 270°; (d) concrete failure at 180° and 195°; (e) region of segment failure.

3.5. Stress of the steel plate

The stress distribution in the steel plate at the ultimate capacity stage
is shown in Fig. 15(a). The bearing capacity limit, recorded in the test of
the initially strengthened structure, occurred at P1 = 812 kN. In the test
of the structure with delayed strengthening, this was the case at P1 =
768 kN. The tensile stress refers to the inner circle and the compressive
stress to the outer circle of the cross-section of the lining. In both tests,
the yield stress, obtained as 238.22 MPa, was reached in the region from
345° to 15° and at 180°. The maximum compressive stresses occurred at
joints 73° and 287°. They were smaller than the yield stress.

It is noteworthy that the yielded area in case of initial strengthening
is much larger, and that the stress at 287° is close to the yield stress. The
utilization efficiency of the strengthening material is defined as the ratio
of the stress of the steel plate and its yield strength. Fig. 15(b) shows the
utilization efficiency of the steel plate for both strengthening schemes. It

is seen that the material is used much better in case of initial strength-
ening than in case of delayed strengthening.

3.6. Relative slippage and stripping value of the bond

There are two interfaces of the bond between the steel plate and the
segmental tunnel lining, namely, the interface between the steel plate
and the new concrete (denoted as SP-NC) and the one between the new
and the old concrete (denoted as NC-OC). The tangential slippage and
the radial stripping of both interfaces were measured in the test. The
distributions of slippage and stripping values at the bearing capacity
limit in case of delayed strengthening (S) and of initial strengthening (F)
are shown in Fig. 16. Generally, slippage and stripping are not signifi-
cant because of the high strength and ductility of the bond, achieved by a
combination of studs, embedded steel bars, adhesive anchors, and steel-
fiber reinforced concrete.
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Fig. 8. Damage of joints at the failure state.

4. Comparison of the results with delayed strengthening
4.1. Structural state at failure

The failure state of the segmental tunnel lining, strengthened by
SPCCS with a delayed strengthening scheme, was reported in detail in
previous research [13]. In the following, the failure states in the tests
with the two loading schemes will be compared:

1. The failure states in the two tests are similar. The cracks are
distributed around 90° and 270°. The outer concrete crushes at two
joints at the top. Crushing of the concrete segment occurs at the
bottom. The steel plate yields in areas at the top as well as at the
bottom.

2. The dominant mode of bond failure is radial stripping between the
old and the new concrete. The failure mode is pull-out of the adhe-
sive anchors. In both tests, the bond failures are distributed in re-
gions with a combination of a positive bending moment and an axial
force. The values of stripping in the test with initial strengthening are
much larger than those in the test with delayed strengthening, as
shown in Fig. 10.

In the delayed strengthening test, the bolts at joints 73° and 287°

yield in tension, while failing in tension in the test with initial
strengthening.

4.2. Failure mechanism

A comparison of load — vertical convergence diagrams of the struc-
ture, strengthened either initially or at the ultimate state, is shown in

Fig. 17. Information on the failure process of the two strengthening
schemes is shown in Table 3. The characteristic features ®—@ in case of
initial strengthening are: @ strengthening of the structure, @ cracking
of the outer concrete at 270°, ® yielding of the bolt at joint 287°,
resulting in the first plastic hinge, @ yielding of the bolt at joint 73°,
resulting in the second plastic hinge, ® crushing of the outer concrete at
joint 8°, resulting in the third plastic hinge, ® yielding of the steel of the
plate and the reinforcement at 180°, resulting in the fourth plastic hinge,
and @ failure of the structure. The characteristic features ®-® in case
of delayed strengthening are: (D strengthening of the structure, @
crushing of the outer concrete at joint 352°, resulting the first plastic
hinge, ® yielding of the bolt at joint 73°, resulting in the second plastic
hinge, @ crushing of the outer concrete at joint 8°, resulting in the third
plastic hinge, ® yielding of the steel of the plate and the reinforcement
at 180°, resulting in the fourth plastic hinge, and ® failure of the
structure.

The failure mechanism of the structure, reinforced by the SPCCS
strengthening technique, either by initial strengthening or by delayed
strengthening, is characterized by a high degree of ductility. The failure
process starts in the elastic range and is continued in the elasto-plastic
and the plastic range. It is the bond, resulting from a combination of
connectors and new concrete of high strength and ductility, that renders
the strengthening material working together effectively with the orig-
inal structure. Four plastic hinges develop in the elasto-plastic range,
and a kinematic chain develops in the strengthened structure, noting
that the structure is originally statically indeterminate to the third de-
gree. Most of the plastic hinges occur at the segmental joints.

The main difference between the mechanical behavior of the two
strengthened structures is that the length of the elasto-plastic range of
the initially strengthened structure, which is 93 mm, is larger than the
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Fig. 9. Damage of bond at the failure state (unit: mm).

one of the structure characterized by delayed strengthening, namely, 48
mm. In other words, the latter enters into the plastic range faster than
the former after having reached the elastic limit. Reasons for this situ-
ation are as follows: In case of initial strengthening, the elasto-plastic
range starts when the outer concrete cracks in tension. At that instant
of time, the stresses in all materials are still small. However, in case of
delayed strengthening, the structure is strengthened when the tunnel
lining is at the ultimate state, characterized by large stresses, especially
in the outer concrete at joints 8° and 352° and in the bolts at joints 73°
and 287°. Although the structure regains stiffness after strengthening,
the strengthening material is only added to the inner surface, which
contributes little to releasing the stresses of the outer concrete at joints
8° and 352° and of the bolts at joints 73° and 287°. Thus, the
strengthened structure enters into the elasto-plastic range at a high
stress level. Consequently, plastic hinges occur earlier than in case of
initial strengthening. The length of the elasto-plastic range is only 51.7
% of the one in case of initial strengthening.

4.3. Ultimate capacity and overall stiffness

The load level and the vertical convergence of the structure at the

strengthening point are denoted as Py and y,, respectively. By analogy,
the load level and the vertical convergence of the structure at the elastic
limit are denoted as P, and y., respectively. By analogy, P, and y, refer to
the bearing capacity limit. The slope of the lines ®-® in Fig. 17 rep-
resents the stiffness of the strengthened structures. It is denoted as k.
Table 4 contains a comparison of the ultimate capacity and the struc-
tural stiffness for the two strengthening schemes.

In case of initial strengthening, the ultimate capacity is 812 kN,
whereas the structural stiffness is 79.773 kN/mm. In case of delayed
strengthening, the ultimate capacity is 768 kN, while the structural
stiffness is 12.854 kN/mm. The ultimate capacity in case of initial
strengthening is 5.7 % larger than that for delayed strengthening. As
regards the structural stiffness, this quantity is by 520.6 % larger for
initial strengthening than for delayed strengthening.

The influence of the timing of strengthening on the ultimate capacity
is very small. This is because the distribution of the internal forces is only
slightly influenced by the deformations of a circular structure. The ul-
timate capacity is determined by the fourth plastic hinge at 180°, where
the steel of the plate and the reinforcement yields in tension and the
outer concrete crushes. Hence, when the fourth plastic hinge occurs,
both the distributions of the internal forces from the two tests and the
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Fig. 10. Radial stripping of the interface between the old and the new concrete
for the case of (a) initial strengthening and (b) delayed strengthening of the
tunnel segment.

external loads are similar. However, the timing of strengthening has a
significant influence on the structural stiffness. The reason for this is that
the structural deformations are mainly caused by the relative rotations
of the segmental joints. Their behavior is influenced by the timing of
strengthening.
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initial strengthening, elastic limit
initial strengthening, bearing capacity limit
delayed strengthening, bearing capacity limit

Fig. 11. Structural deformations for the two strengthening schemes.
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Fig. 12. Load- joint opening diagrams from the test with initial strengthening.

4.4. Joint deformation

The dilations of joints are an important factor contributing to the
structural deformation. Therefore, they should be compared and dis-
cussed. Fig. 14 contains a comparison of the opening of joints for
different strengthening timings.

Regarding joints 8° and 352°, the outer part is in compression and
the inner part in tension. In the elastic range, the stiffness of joint 8° for
the case of delayed strengthening is close to the one for initial
strengthening, whereas the stiffness of joint 352° for delayed strength-
ening is significantly smaller than the one for initial strengthening. This
has happened because, in the test with delayed strengthening, the elastic
range of the strengthened structure starts at the strengthening point, at
which the structure is already deformed. The outer concrete at joint 352°
has cracked in compression, reducing the area of the compressive zone.
Although the height of the cross-section is increased and the neutral axis
is lowered towards the tensile zone in consequence of the addition of
strengthening material to the inner surface of the lining, the increase of
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Fig. 14. Comparison of load - joint opening diagrams for joints subjected to (a)
a positive bending moment and (b) a negative bending moment.

the joint stiffness is limited. However, the outer concrete at joint 8°
remains undamaged, and the area of the compressive zone is the same as
the one in the initially strengthened structure. In the elasto-plastic
range, the stiffness of both joints is small for both modes of
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Fig. 15. (a) Stress distribution and (b) utilization efficiency of the steel plate
for the two strengthening schemes at the ultimate capacity stage.

strengthening, because the concrete in the compressive zone has
crushed, resulting in a reduction of the area of the compressive zone.

Regarding joints 73° and 287°, the outer part is in tension, whereas
the inner part is in compression. The stiffness of the joints in the elastic
range in case of initial strengthening of the segmental tunnel ring is
much larger than that in case of delayed strengthening. The reason for
this is that the segmental joints represent discontinuities of the structure.
In case of delayed strengthening, at the strengthening point, the steel of
the bolts is the only material providing tensile resistance. The
strengthened structure is tested in a situation where the neutral axis of
the cross-section is very close to its outer part. Thus, the area of the
compressive zone is small. However, in case of initial strengthening, the
neutral axis is very close to the centroidal axis of the cross-section at the
beginning of the test. The area of the compressive zone is significantly
larger than the one in case of delayed strengthening, and the joint
stiffness is much larger. In the elasto-plastic range, the joint stiffness is
similar for the two modes of strengthening. In summary, the joint stiff-
ness is significantly influenced by the strain state of the cross-sections of
the joints before strengthening.

4.5. Ductility

The structural ductility, ., is an important indicator in engineering.
It is defined as.
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(b)

Fig. 16. Distribution of (a) slippage and (b) stripping of the interfaces between
the steel plate and the new concrete and between the new concrete and the old
concrete, at the bearing capacity limit.

Yu — Yo

- , @
Y1 — Yo

uC

where y; is the vertical convergence at the yield point. y, and y, were
defined previously. The yield point is obtained by “the farthest-point
method”, proposed in previous research [5]. As shown in Fig. 18, the
yield point A (y;,P;) is the point on the load - vertical convergence
diagram with the largest distance from the line connecting the
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Fig. 17. Comparison of load - vertical convergence diagrams obtained from
tests concerning the two modes of strengthening.

Table 3
Information on the failure process of the two strengthening schemes.

Initial strengthening Delayed strengthening

No. P1 Vertical No. P1 Vertical
[kN] convergence [kN] convergence
[mm] [mm]
Strengthening @ 0 0 [0} 452 125
point
Elastic limit @ 505 6 @ 672 142
Elastio-plastic ® 785 57 ®@ 730 166
stage @ 790 65
® 809 68 @ 751 172
Bearing ® 812 99 ® 768 190
capacity
limit
Plastic stage @ 821 109 ® 782 325
Table 4

Comparison of the ultimate capacity and the structural stiffness for the two
strengthening schemes.

Index Initial strengthening Delayed strengthening
Pg (kN) 0 451

Yo (mm) 0 125

P, (kN) 505 672

Ye (mm) 6 142

P, (kN) 812 768

Yu (mm) 99 190

ke (KN/mm) 80 13

strengthening point B (yo,P,) and point C (y,, P,). The coordinate of

point A is calculated as follows: At first, the distance from the alternative

point D(y;,P;) on the load - vertical convergence diagram to the line BC

is calculated by.

di:|(P14_P0)(yi_y0)_()’u_yo)(Pi_PO)|' @
VOu =307 + (P, — Po)?

Then, the maximum value of d; is computed. The respective coordi-
nate defines the location of the yield point A. It follows from.

max |(Py = Po)(y = yo) = (yu — y0) (P — Po)!_

(1:P1)=(r.P) \/()’u —y0)2 + (P, — Po)?

As mentioned previously, most of the plastic hinges occur at the
segmental joints. Hence, their ductility, p;, is an important indicator of
the structural behavior. Based on the data in Fig. 14, p; can be calculated

1, P1) = 3
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Fig. 18. On the definition of the yield point.
as:
_dy—dy )
pj - dl *do’

where d,, d;, and d, are the values of opening of the outer joint at the
strengthening point, the yield point, and at the bearing capacity limit,
respectively. With the help of the “farthest-point method”, the yield
point is obtained as.

|(Pas = Po)(d = do) = (dy = do)(P; = Po)
Ja—dy v @ry

where Pj, Pj;, and P;, denote the load at the strengthening point, the
yield point, and the bearing capacity limit, respectively.
Results for p, p}’, and p;' are listed in Table 5. p_ denotes the ductility

(dl,Pj]) = max

(5)
(d020)=(a7)

of the structure. pj’ stands for the ductility of the segmental joint sub-
jected to a positive bending moment and ' denotes the ductility of the
segmental joint subjected to a negative bending moment. These three
quantities are larger for the case of initial strengthening than the ones
for the case of delayed strengthening, obtained as 46.1 %, 423.3 %, and
25.0 %. Thus, the timing of strengthening has a significant influence on
the ductility of strengthened structures. Its influence on segmental joints
subjected to positive bending moments is much larger than the one on
segmental joints subjected to negative bending moments.

4.6. Toughness

Toughness denotes the ability of a structure to absorb energy and to
deform plastically without fracturing. In the Japanese standard [7],
toughness is defined as the mechanical energy that a beam can absorb
when its deformation reaches L/150, where L denotes the span of the
beam. However, so far there is no definition of the toughness of
segmental tunnel linings. Considering that the existence of segmental
joints increases the ability of the structure to deform, the toughness, E, is
defined as the mechanical energy that the structure can absorb between
the strengthening point and the bearing capacity limit [12], have
introduced the calculation of E in previous research.

In the full scale test, described in this paper, the structure was sub-

Table 5
Ductility for the two strengthening schemes.

Indices Initial strengthening Delayed strengthening
He 5.55 3.80
W 5.39 1.03
W 6.65 5.32
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jected to 24 point loads, P;, directed to the center of the tunnel ring, as
shown in Fig. 4(a). The radial displacement of each load point is denoted
as D;. If the displacement of the load point is directed inwards, D; is
assumed to be positive. The work done by the load P; is given as.

E = / P.dD;.

It is equal to the shaded area in Fig. 19. The total mechanical energy
of the structure is obtained as,

24
E= Z / P,dD;
i=1

As shown in Fig. 4(a), there are 24 load points. However, only 14
measurement points are deployed. Hence, the displacements of some
load points are unknown. Herein, Catmull-Rom splines are employed to
draw the overall deformation configuration of the structure, based on
data obtained from 14 measurement points. Then, the displacements of
24 load-points can be determined and E can be calculated. The value of E
for the case of initial strengthening and the one of delayed strengthening
is 134.40 kJ and 81.66 kJ, respectively. Thus, the toughness of the
initially strengthened structure is by 64.6 % larger than the one in case
of delayed strengthening.

(6)

@)

5. Conclusions

The following conclusions are drawn from the experimental inves-
tigation described in this paper:

1. The SPCCS strengthening technique results in a significant increase
of the bearing capacity and of the stiffness of segmental tunnel lin-
ings. This follows from the strong bond between the steel plate and
the concrete segments, caused by a combination of struts, embedded
steel bars, adhesive anchors, and steel-fiber reinforced concrete. This
kind of bond results in particularly high strength and ductility. It
allows the steel plate to work together with the segmental tunnel
lining during the whole loading process.

2. The failure mechanism of the strengthened structure is hardly
influenced by the timing of strengthening. It is characterized by a
high degree of ductility. Four plastic hinges were noticed when the
structure reached the limit of the bearing capacity. It is noteworthy
that the plastic hinges are predominantly located at the segmental
joints.

3. Timing of the strengthening has little influence on the bond behavior
in case of the SPCCS strengthening technique. However, the effi-
ciency of the action of the steel plate is influenced by this timing.
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4 2 delayed
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= 400 {7 g A
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Fig. 19. On the calculation of the mechanical energy.
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4. The segmental joints are the weakest parts of the strengthened
structure. Their stiffness is significantly influenced by the timing of
strengthening. If the structure is strengthened earlier, the stiffness
and the ductility of the strengthened joint will be higher.

5. The timing of strengthening has only little influence on the ultimate
capacity. The ultimate capacity of the strengthened structure in case
of initial strengthening is only 5.7 % larger than the one in case of
delayed strengthening.

6. The timing of strengthening has a significant influence on the stiff-
ness, the ductility, and the toughness of the strengthened structure.
For the initially strengthened structure, these three quantities are by
520.6 %, 46.1 %, and 64.6 % larger than the respective quantities of
the structure with delayed strengthening.

7. If the ultimate capacity of the structure is a critical factor, the timing
of strengthening is not an important parameter. However, if the
structural serviceability is a decisive factor, the earlier the structure
is strengthened, the better its serviceability will be.

In this paper, a detailed comparison of the mechanical performance
of structures, strengthened at extreme instants of time of strengthening
was presented. This comparison was based on experimental data. One
structure was strengthened before the start of the loading process (ab
initio strengthening). The other one was strengthened when the structure
reached its ultimate state (delayed strengthening). However, in real-
world engineering projects, the structure is strengthened between
these two extreme instants of time. Therefore, a model for prediction of
the structural behavior for different instants of strengthening would be
useful. The experimental data and the results obtained in this research
provide the basis for such a model.
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