Journal of Southeast University (English Edition)

Vol. 33, No. 2, pp. 196 —202

June 2017 ISSN 1003—7985

Experimental study on a pre-damaged scaled tunnel model
strengthened with CFRP grids

Li Wensheng' Wu Gang’

Dong Zhigiang®

Wang Shuying’

('Electric Power Research Institute of Guangdong Power Grid Co., Ltd., Guangzhou 510080, China)
(*Key Laboratory of Concrete and Prestressed Concrete Structures of Ministry of Education, Southeast University,
Nanjing 210096, China)

Abstract: The effectiveness of carbon fiber reinforced polymer
(CFRP) grids as the strengthening materials for a pre-damaged
scaled tunnel model is experimentally investigated. First, the
bond performances between the CFRP grid and the concrete
under different types of adhesive and surface treatment were
tested. The most efficient anchoring system was adopted for
the subsequent scaled tunnel strengthening. Test results show
that when the epoxy structural adhesive was used as the
bonding material, the failure mode was CFRP grids rupturing,
and the anchorage performance was optimal. When the
polymer mortar was used as the adhesive,
treatments with anchored bolts and grooves can improve the
bond performance, and the failure mode was sliding failure
with the polymer mortar peeled off. After strengthening with
CFRP grids, both the stiffness and the load capacity of the
pre-damaged scaled tunnel model were improved. Additionally,
the results obtained by fiber bragg grating ( FBG) sensors

the surface

indicate that the strains across tunnel segments were reduced,
and the overall performance of the tunnel was improved.
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scaled tunnel

iber reinforced polymers ( FRPs) in the form of bars,
F sheets, and plates have been widely used in the
strengthening of concrete structures for decades'"'.
cent years, FRP grids, as another form of FRP materials,

have attracted increasing interest from researchers as both
12-6]

In re-

inner tensile reinforcements and external bonded

strengthening materials' """,

The properties of concrete
beams, slabs and bridge decks that were reinforced or
strengthened with FRP grids have been extensively inves-

tigated. Rahman et al. ' tested the performance of bridge
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decks reinforced with carbon fiber reinforced polymer
(CFRP) grids under service load and ultimate load. It
was found that the construct ability of CFRP grids in
strengthening bridge decks was good. The deflection and
stress were both reduced as indicated by the cyclic loading
test results. Researchers also tested the static and seismic
performance of concrete columns reinforced or strength-
ened with FRP grids'"' ™. Wu et al. """ conducted an axi-
al compression loading test on concrete columns wrapped
by FRP grids; it was concluded that both the strength and
ductility of the confined column were clearly improved,
and the external bonded FRP grids can effectively increase
the seismic performance of RC concrete structures.

With the expanding body of research, the FRP grid is
regarded as one item that can be effectively used in tunnel
strengthening due to its properties of being lightweight,
of high strength, and good durability. It can not only re-
inforce the strength and stiffness of the cross-section of
the tunnel but also improve the longitudinal flexural stiff-
ness of it and thus lower the impact of uneven settlement
on the tunnel.
strengthening can only be carried out during the suspen-
sion of operation of the subway; the period of the suspen-
sion of operation is only approximately three to four hours
every day. This limited period requires that the strengthe-
ning method must have a high construction efficiency.
When the FRP grids are used in tunnel strengthening, a
light grid can be easily fixed onto the sprayed substrate
concrete using a compressed air gun; subsequently, a thin
layer of concrete is sprayed as cover. Technically, it is
mature, simple and convenient. Thus, FRP grids have a
good prospect for application in tunnel strengthening.

To further investigate the feasibility of using FRP grids
as a strengthening material in a tunnel, CFRP grids are
manufactured in the laboratory, and the bond performance

For a subway tunnel in a city, the

of CFRP grids with concrete under different adhesives and
surface treatments are investigated. Also, a loading test is
conducted on a CFRP grid strengthened scaled tunnel
model in the laboratory.

1 Materials and Specimen Design

1.1 Materials

The CFRP grid used in this paper was manufactured
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using the vacuum-assisted resin transfer molding ( VAR-
TM) technique in the laboratory. The carbon fibers were
provided by the Japan Toray Company, and the resin ma-
trix of vinyl ester was provided by the Yabang Investment
Holding Group Co., LTD. As shown in Fig. 1,
eight strands of T800 yarn in the longitudinal direction and
five strands of T700 yarn in the transverse direction. The
grid spacing was 30 mm x30 mm, and the cross-section of
the single bar was 3 mm (width) x2 mm (thickness) in
both directions. The tested mechanical properties in the
two directions are shown in Tab. 1.

there were

Longitudinal

ﬁ [Elght strands of yarn

Five strands of yarn
T700

Fig.1 The form of the manufactured CFRP grid (units: mm)

Tab.1 Tested mechanical properties of the CFRP grid
Longitudinal ( T800) Transverse (T700)

Properties

Average COV/% Average COV/%
Tensile strength/MPa 1 269.5 7.9 1178.6 2.8
Tensile modulus/GPa 99.0 2.1 84.4 6.2

0.0139 9.5

Note: COV denotes the coefficient of variations.

Ultimate strain 0.0152 5.9

The epoxy structural adhesive used was type TLS-401,
which was provided by the Nanjing Telesun S&T Industry
Co., LTD. The performance specifications of TLS-401
are listed in Tab. 2. The polymer mortar was made by
mixing dry powder and the liquid matrix at a mass ratio
of 3:1. The dry powder was comprised of cement: coarse
sand: fine sand at a ratio of 2:2: 1, and the liquid matrix
was comprised of water: acrylic-emulsion: 901 glue at a
ratio of 2: 0. 5: 0. 9. The tested flexural strength was
higher than 8. 0 MPa, and the cohesive pulling strength
was higher than 1.2 MPa.

Tab.2 The performance of the structural adhesive used in this
paper (type TLS-401)

Tensile

Tensile Flexure Compressive Cohesive pulling

Elongation/
strength/ modulus/ ongation strength/  strength/  strength with
MPa GPa v MPa MPa concrete/ MPa
=30 =3.5 =1.3 =45 =65 =2.5

1.2 Specimen design
1.2.1 Double-shear bond specimens

Fig.2 illustrates the specimens prepared for the double-
shear bond tests; the sizes of concrete blocks were based
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Fig.2 Schematic diagram of the double-shear bond test speci-
(b) Cross-
section of the anchored end; (c¢) Surface treatment with anchor bolts;

mens (unit: mm). (a) Surface treatment with grooves;

(d) Cross-section of the test section

on the research by Shi et al.'"'.

grade was C50, and the tested 28-day cube strength was
65.7 MPa. The test matrix are shown in Tab.3. To im-
prove the bond performance,

The targeted concrete

two types of surface treat-
ments, i.e., grooves and anchor bolts, were adopted, as

shown in Figs.2(a) and (c).
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Tab.3 Test matrix for the double-shear bond performance test

Surface treatment

Specimens Type of adhesive
Grooves  Anchor bolts
HO Epoxy structural adhesive No No
HC Epoxy structural adhesive Yes No
M Polymer mortar No Yes
IC Polymer mortar Yes No

Note: Each group contains three identical samples

As shown in Fig. 2, the CFRP grids were symmetrical-
ly attached to the two sides of the concrete block. Steel
plates were embedded inside the concrete blocks and were
connected to the machine grips when testing. The two
concrete blocks were separated by a wood separator at the
middle section. At one end, the concrete block was
clamped by two steel plates, as shown in Fig. 2 (b),
which formed the anchored end. The other end was used
as the test section. The tests were conducted on the uni-
versal testing machine, and the loading speed was 0. 8
mm/min. As shown in Figs.2(a) and (c), strain gauges
were attached to the middle CFRP along the pull direc-
tion.

1.2.2 Scaled tunnel model

According to the analogous theory, a scaled tunnel
model was manufactured''”’. Tab. 4 shows a comparison
of the parameters of the practical tunnel segment and the
scaled model. The adopted scale similarity ratio was 8§,
and the stress scale similarity ratio was 1.

Tab. 4
scaled model

Parameters of the practical tunnel segment and its

Cate Detailed Practical Scaled
(¢
oy item tunnel segment model
Overall diameter/ mm 6 200 775
Internal diameter/mm 5 500 688
Geometric Width/mm 1200 160
sizes 3 standard block +
Number of s a.n ard bloe 5 standard block +
2 adjacent block +
segmented blocks 1 cap block
1 cap block
Concrete grade C50 C50
Circumferential
. . ) 2035 35
Materials  reinforcement/mm
Longitudinal
. ) 3077 63
reinforcement/ mm
Number in the
. o 10 10
circumferential direction
Joints Number in the
o L. 16 16
longitudinal direction
Diameter of bolts/mm 32 4

Fig. 3 shows the simulation of the tunnel’s surrounding
conditions. The surrounding soil was silty clay, and the
tested modulus of compression was 3 MPa. The thickness
of the soil between the ground and the tunnel bottom was
0.3 m, and the total height of the soil was 0.9 m.

According to the test set-up shown in Fig. 4, the
load was applied with an MTS loading system. Uniformly

(b)
Fig.4 Test set-up. (a) Side view; (b) Top view

distributed loads were applied to the middle six segments
for the simulation of a local settlement. As shown in Fig.
4(b), for the creation of a uniformly distributed load and
also to avoid local shear failure, arc steel plates with a
width of 380 mm were placed between the load sensor
and tunnel segments. In addition, rubber blankets with a
thickness of 10 mm were placed between the arc steel
plates and the tunnel segments. A displacement control
mode was adopted as the load method in this experiment.
There was a total of 108 load steps, with a step size of
0.5 mm. For the first 70 steps, the 71th to 90th step,
and the 91th step to the end, the loading rates were 0.5,
1, and 2 mm/min, respectively.

As shown in Fig. 5(a), the tunnel model was divided
into 16 elements, named El to E16 one by one, with
each element comprised of two half tunnel segments and
one circumferential joint and the 1st and the 17th half seg-
ment was not considered. Since the damage at the middle
eight elements, i.e., E5 to E12, should be much more
serious than that at the two end parts, sixteen fiber bragg
grating (FBG) sensors were longitudinally attached to the
bottom and top concrete walls inside the tunnel. FBG



Experimental study on a pre-damaged scaled tunnel model strengthened with CFRP grids 199

sensors could monitor the overall longitudinal strains a-
long the bottom and top concrete walls. These FBG sen-
sors were named F1 to F16 one by one. Regarding the
monitoring of the displacements, the displacements at the
top, bottom, and lateral walls were tested using linear
variable differential transformers (LVDTs). The positions
of the LVDTs are shown in Fig. 5(a), and Fig. 5(b)
shows the inside photograph of the tunnel with the
LVDTs placed. The top and bottom displacements at the
Ist, 5th, 9th, 13th, and 17th segments were tested, and
the lateral displacements at the 1st, 9th, and 17th seg-
ments were tested.
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Fig.5 The positions of LVDTs and FBGs. (a) Schematic dia-
gram; (b) Inside photograph

2 Double-Shear Bond Test Results
2.1 Failure modes and ultimate loads

The test results of the 12 double-shear bond specimens
are listed in Tab. 4, and their typical bond failure modes
are shown in Fig. 6. As shown in Figs. 6(a) and (b), the
specimens with epoxy structural adhesive both failed be-
cause the CFRP ruptured, and almost no slips were ob-
served. With the increase of the load, the structural adhe-
sive first cracked at one side, and then small sounds of fi-
ber rupture were heard. As the load continued to in-
the structural adhesive at the other side also
cracked, and an increasing number of sounds of fiber rup-
ture was heard. Finally, the CFRP grids near the wood
separator ruptured. For the HC group with grooves on the
concrete surface, oblique cracks of 45° on the concrete
near the crack of structural adhesive were observed, indi-
cating the good bond performance between the structural
adhesive and the concrete substrate. The ultimate loads of
the HO and HC groups were similar, indicating that the
surface treatment with grooves was unnecessary when the
structural adhesive was used.

crease,

Tab.5 Double-shear bond test results

Specimens Ultimate Failure Average/ COV/
loads/kN modes kN %

1 90.47 MF

HO 2 112.48 MF 102.75 10.9
3 105.29 MF
1 96.48 MF

HC 2 103.39 MF 100.98 3.9
3 103. 06 MF
1 75.45 SF

M 2 75.71 SF 77.59 4.5
3 81.61 SF
1 76.89 SF

JC 2 80.13 SF 77.58 2.9
3 75.72 SF

Note: MF denotes material failure; SF denotes sliding failure.

(d)
Fig. 6 Typical bond failure modes for the double-shear tests.
(a) HO; (b) HC; (c) IM; (d) IC

As shown in Figs. 6(c) and (d), the inner CFRP grids
of specimens with polymer mortar as adhesive did not
rupture, and the mortar layer peeled off from the concrete
substrate. For the JM group, as shown in Fig.6(c), the
anchored bolts provided an out-of-plane constraint on the
CFRP grids, and the mortar did not obviously fall off.
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The local fiber rupture observed on the CFRP grid near
the bolts was due to the shear force. However, it did not
influence the overall bond performance. For the JC group
shown in Fig. 6(d), the mortar in grooves served as shear
connectors,
Since there were no out-of-plane constraints, the mortar

and they were sheared-off after the test.

obviously fell off from the concrete substrate, and the
CFRP grid was pulled out. Similar to the groups with ep-
oxy structural adhesive, the ultimate loads of JC and JM
group were similar, but they were obviously lower than
those of the HO and HC groups.

2.2 Strain distribution at CFRP grids

Fig.7 shows the tested strain values of CFRP grids un-
der different load levels; the horizontal axis here repre-
sents the distance between the strain gauges and the wood
separator (as shown in Fig.2). Figs.7(a) and (b) show
the results of the HO and HC groups with epoxy structural
adhesive. The strains close to the pull end were found to
be large with the values decreasing rapidly with the in-
crease in the distances. The bond strength transfer lengths
were approximately 250 mm for both the HO and HC
groups. By comparing Fig. 7 (a) and Fig. 7(b), the
CFRP strains of the HC group with grooves at concrete
substrate were found to decrease much more rapidly than
that of the HO group due to the shear resistance of adhe-
sive inside the grooves.

Figs.7(c) and (d) show the results of the JM and JC
groups with polymer mortar. The strain values were
found to be obviously higher than those of the specimens
with structural adhesive due to a weaker bond effect. For
the JM group with anchored bolts, the strains decreased
with the increase of distances as well, but the speed was
obviously lower than the specimens with structural adhe-
sive. For the JC group with grooves in the concrete sub-
strate, in the first 150 mm length of the bond area, the
strain values were basically the same; with the further in-
crease of the length, the strains suddenly decreased.

3 Test results of the Scaled Tunnel Model
3.1 Load vs. relative displacement curves

Considering the influence of compressive deformations
of the surrounding soils, the analysis is based on the
difference between the displacement tested by the top
LVDT and that of the bottom LVDT. The difference val-
ue was defined as the relative displacement. Fig. 8 shows
the load vs. relative displacement curves of the undam-
aged and strengthened tunnel at the middle span. Note
that the loading of the undamaged tunnel was stopped
when the crack widths reached the value the code pre-
scribed. At that point, the load value was 165. 68 kN,
and the relative displacement was 6. 89 mm. Next, the
pre-damaged tunnel model was unloaded and strengthened
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Fig. 7 CFRP strain distribution along the longitudinal direc-
tion. (a) HO; (b) HC; (¢) JM; (d) JC

with CFRP grids and epoxy structural adhesive. The
strengthened tunnel was then tested until the load capacity
obviously decreased.

As shown in Fig. 9, when comparing the theoretical re-
load path of the pre-damaged tunnel with the strengthened
curve, both the stiffness and strength of the strengthened
tunnel were found to be significantly improved. Within
the initial 0 to 2.5 mm relative displacement, the load
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Fig.9 Comparison of the load-relative displacement curve of
the undamaged tunnel and the strengthened tunnel within the
same range of relative displacements

capacity of the strengthened tunnel was still slightly lower
than that under the undamaged condition because the tun-
nel was pre-damaged. With the increase of deformation,
the utilization rate of the CFRP grids improved, and the
load capacity of the strengthened tunnel was higher than
that of the undamaged tunnel. The load capacity of the
strengthened tunnel was found to be increased by 19.2%
at the loading stopping point of the undamaged tunnel.
However, we should also be aware of the excessive posi-
tive effect of the epoxy structural adhesive on the im-
provement of the stiffness because the practical adhesive
layer will be very thick after multiplying it by the scaled
ratio, which is unrealistic.

3.2 Strain distributions tested by FBG sensors

The eight loading grades as listed in Tab. 6 were adopt-
ed in the analysis of the strain distribution tested by the
FBG sensors. The results are shown in Fig. 10. The two
loading arc plates were located at the E6-E8 and E9-El1
segments, as shown in Fig. 5. As shown in Fig. 10(a),
the strain values measured by F3 and F6 (located under
the loading points) were obviously higher than those
measured by F4 and F5 due to a higher base settlement.
The strain distribution curves were saddle-shaped, in

good agreement with the theoretical results based on the
elastic foundation beam theory. As shown in Fig. 10(b),
for the strains at the top section, the compressive strains
mainly appeared at the loading area, i.e., the F10 to F15
area. The tested strain distributions at the top section met
the actual loading condition. The observed crack damage
was due to pre-loading at the joint of tunnel segments that
the F4 FBG crossed. However, after strengthening with
CFRP grids, the strains at F4 FBG remained at small val-
ues because the tunnel segments were further connected as
a whole by the CFRP grid layer, thereby improving the
overall performance.

Tab.6 The eight loading grades adopted in the analysis

Loading grade 0 1 2 3 4
Values/kN 104.33 114.66 122.74 126.93 135.65
Loading grade 5 6 7 8
Values/kN 142.11 152.14 158.57 165.68
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Fig. 10 Tested strains by the FBGs. (a) Bottom section; (b) Top
section

4 Conclusions

1) For the double-shear bond specimens, when the ad-
hesive was epoxy structural adhesive, the failure mode
was the rupturing of the CFRP grids. When the polymer
mortar was used as an adhesive,
sliding failure, and the CFRP grids did not rupture.

2) The surface treatment with grooves was unnecessary
when the structural adhesive was used. For the bond

the failure mode was

specimens using polymer mortar, the anchored bolts pro-
vided an out-of-plane constraint on the CFRP grid, and
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the mortar did not obviously fall off. In contrast, the
mortar obviously fell off from the concrete substrate, and
the CFRP grid was removed for specimens with surface
grooves.

3) For the strengthened tunnel, with the increase of de-
formation, the utilization rate of the CFRP grids im-
proved, and the load capacity of the strengthened tunnel
was higher than that of the undamaged tunnel.

4) The tunnel segments were further connected as a
whole by the CFRP grid layer, and the overall perform-
ance of the tunnel was improved.
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