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ARTICLE INFO ABSTRACT

Keywords: Advances in pipeline rehabilitation technology are urgently needed to address aging concrete pipelines operating
Eflgineered Cementitious Composites (ECC) in aggressive conditions. Current repair methods have limitations on enhancing pipe structurally. In this
Pipe ) research, ductile ECC was employed as a durable retrofitting material for concrete pipe. Firstly, two strength
S:;igrtoo " grades of ECC were developed. Tensile strain capacity ranging from 5.4 to 9.3 % was obtained. Owing to the
Permeability tailored crack width (average 61.6 pm at 8% strain) and self-healing capacity, the 2% pre-tensioned ECC retained

1071% m/s of the coefficient of permeability after 14 d of testing. The cracked concrete pipe was repaired by ECC/
mortar, then examined by three-edge loading and flexural tests. Although ECC had lower strength than the
referenced mortar, ECC-repaired pipe attained higher load and deformation capacity than the mortar-repaired
pipe. ECC distributed the macro crack into multiple tiny cracks, leading to the pipe being an oval shape with
residual load capacity after crushing, compared to the brittle failure of the mortar-repaired pipe. The cracked
ECC pipe retained its structural integrity and enabled the intrinsic leak-proof function of the cracked ECC pipe.
Finally, ECC demonstrated the ability to structurally and functionally (leak-proof) retrofit the concrete pipe,

suggesting a durable promising repair material for concrete pipe.

1. Introduction

In the context of fast urbanization, cities are experiencing increased
population and activities, with increasing burden on the drinking water
and wastewater system. Concrete is the predominant material for water
pipes, making up more than 50% of water pipe systems [1]. Concrete has
limited tensile capacity, so it is prone to cracking under loads, including
water pressure, traffic load, poor bedding, temperature, and shrinkage.
In addition, many aging concrete pipes are in deteriorated status due to
the aggressive working conditions [2]. Failures such as pipe bursting,
sewage spills, and traffic interruptions have been widely documented
[1]. In the US, more than 5.5 million km of water pipelines have been
installed. There is a water main break every two minutes and an average
of 1-4.8% of pipelines are to be replaced or repaired [3]. Aging pipes as
well as the aggressive working conditions lead to tremendous opportu-
nities for pipeline rehabilitation.

Current pipe rehabilitation technologies have limitations, especially
on structural retrofit. Cure-in-place-pipe (CIPP) is the most popular
method for trenchless pipeline repair. A lining tube immersed with resin
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is installed in a host pipe. The liner is then hardened by heat/ultraviolet
curing [4]. Although CIPP can attain a strengthening effect under in-
ternal pressure, limited enhancement for resisting external loading can
be established due to the low stiffness of the CIPP liner [5]. Moreover,
the high cost and environmental concerns remain challenging [6]. Close-
fit method folds or reduces the diameter of a new pipe before insertion,
and reverts the new pipe diameter after installation so that the new pipe
liner fits snugly with the host pipe [7]. Similar to CIPP, the close-fit pipe
attained limited structure ability under external loading. Internal or
external grouting method has been proven effective to repair local
leakage or fill voids [8]. Although the leakage function can be restored
after grouting, less structural strengthening is obtained.

Some pipe structural enhancement technologies have been attemp-
ted. However, these methodologies suffer from trade-offs. For example,
sliplining pushes or pulls a new smaller pipe into the original concrete
pipe and grouts the annular space to form a new composited pipe (old
pipe-grout-new pipe) [9]. By the combined effect of grout and the new
pipe liner, the damaged pipe can be structurally strengthened under
both external and internal loads. Nevertheless, the section area of the
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pipeline was significantly reduced. Spray-in-place pipe with high-
performance concrete/mortar, geopolymer, or polymetric materials
can enhance the load capacity after repair, which also required a rela-
tively large liner thickness, resulting in the flow capacity the same as the
sliplining method [10,11]. The compromised hydraulic capacity caused
by the increased liner thickness does not meet the increased demand to
support dense urbanization. Moreover, due to the brittle nature of
concrete/mortar/geopolymer, once the crack is initiated in the con-
crete/mortar/geopolymer liner, it will propagate suddenly across the
liner and the repaired pipe, resulting in the failure of rehabilitation.

Engineered Cementitious Composites (ECC) suggest a potential so-
lution of thinner liner thickness and ductile failure mode, and hold
promise as a durable strengthening material for concrete pipes reha-
bilitation [1,12]. ECC is a specific fiber-reinforced concrete with the
deliberate design of matrix, fiber, and fiber-matrix interface. Distinct
from conventional fiber-reinforced concretes, ECC exhibits a tensile
strain-hardening behavior, ultra-high tensile ductility (usually greater
than 3% of tensile strain capacity), and controlled crack width (e.g.
below 100 pm) [13]. Moreover, the unhydrated cement grains of ECC
combined with the tiny crack width endows ECC with an intrinsic self-
healing ability [14,15]. The healed cracks significantly reduce the
permeability of the cracked ECC [16], suggesting that the ECC liner can
mitigate the leakage even under cracking conditions. The robust self-
healing ability of ECC has been demonstrated in different curing envi-
ronments, including water, water—air cycle, salt, acid, and alkaline
conditions [17-20], which indicates ECC is a durable material in pipe
applications.

As guided by the micro-mechanical design theory [13], ECC does not
include coarse aggregates. This result in high cement content, which
increases environmental concerns as cement is a carbon-intensive
ingredient [21]. A high volume of supplementary cementitious mate-
rials (SCMs) has been used to mitigate the high carbon footprint of ECC.
The SCMs used include fly ash, slags, silica fume, iron ore tailings,
limestone, calcined clay, rice husk ash, and recycled fine powder
[13,14,22-27]. Among the adopted SCMs, limestone calcined clay
cement (LC3) has attracted increasing interest in the concrete industry
as a low-carbon blended cement due to its abundant availability [28].
LC3 has established satisfactory mechanical [14,29,30] and rheological
[12,31-33] performance at the material level. More investigations are
needed to utilize LC3 ECC in retrofitting/repairing concrete pipes with
satisfied structural performance and greenness advantages.

Although ECC has been applied in structural retrofits, such as dams,
irrigation channels, and masonry [1,13,34,35], its application in pipe-
line retrofit is rarely studied. Authors have developed centrifugally
sprayed ECC for pipe repair, and structural enhancement under a three-
edge bearing load was demonstrated by ECC with a reduced thickness
[12,32,33]. More studies on the performance of ECC retrofitted pipe,
including the effect of bending load on permeability, are needed.

This study aims at establishing ECC as a sound retrofitting material
for concrete pipe rehabilitation at a lab scale, providing guidance for
future field applications and designs. Specifically, two strength grades of
ECC were developed. Their uniaxial tensile performance and water
permeability, were examined at the material level. Finally, the ECC was
applied to repair cracked concrete pipes. Three-edge bearing capacity
and bending capacity were tested to demonstrate the retrofit effect of

Table 1
Chemical compositions of binder ingredients (mass %).
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ECC. A leak-proof function of the repaired pipe was experimentally
verified.

2. Experimental program
2.1. Materials design and preparations

Table 1 lists the chemical compositions of the binders, including
ordinary Portland cement (OPC), metakaolin (MK), limestone (LS), fly
ash (FA), and silica fume (SF). Herein, LC3 was blended by OPC, MK,
and LS at the ratio of 55:30:15 [14,31]. F-75 grade silica sand was uti-
lized as fine aggregates. To induce the multiple cracks of LC3 ECC,
crumb rubber (CR) powders (with an average particle size of 275 pm)
were adopted to replace part of the sand. Fig. 1 shows the particle size
distribution of dry materials.

To demonstrate the advantages of the ECC liner, two strength grades
of LC3 ECC were developed, meanwhile, mortars with compressive
strength of 45.1 MPa (M40) and 68.6 MPa (M70) were designed as
reference compositions. Table 2 lists the mixed compositions of ECC and
mortars. E20-CRO is a low-strength ECC (20 MPa grade compressive
strength) with no CR. Polypropylene (PP) fibers were used in E20-CRO to
develop the low-cost ECC, while polyethylene (PE) fibers were adopted
in E40-CRO for developing a higher strength ECC (40 MPa grade).
Table 3 summarizes the parameters of PE and PP fibers. 30 kg/m® and
50 kg/m> of CR were added in E40-CR30 and E40-CR50 to tailor the
crack width, respectively. The mortar Pipe_Ref was utilized for casting
the original pipe. M40 and M70 were two mortar mixes for repaired
liners.

A water reducer (WR) was utilized for tailoring the fresh properties
suitable for fiber dispersion. A mini-slump cone (diameter = 10 cm) per
ASTM C1437 [36] was used for the flow table test. After lifting the mini-
cone, the mortars (Pipe_Ref, M40, and M70) spread on the flow table,
and the spread diameter was measured once the pastes come to a rest.
Due to the addition of fiber, ECC tends to retain its shape under self-
weight, so the flow table was dropped 25 times in 15 s per ASTM
C1437 [36]. The spread diameter of ECCs and mortars were listed in
Table 2,

The dry ingredients (OPC, MK, LS, FA, SF, silica sand, and CR if used)
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Fig. 1. Particle size distributions of dry ingredients.

Ingredients CaO Al,O03 SiO,

Fe,03 MgO SO3 K20 TiOy

OPC 63.5 4.8 19.6
MK 0.0 46.6 50.8
LS 55.3 0.0 0.0
FA 17.5 21.8 39.4
SF 0.4 0.7 96.5

2.9 2.2 2.6 0.6 0.3
0.5 0.0 0.1 0.3 1.6
0.0 0.0 0.0 0.0 0.0
11.5 3.7 1.9 1.1 1.2
0.3 0.5 0.5 0.85 0.0

Note: LS is a highly pure CaCO3; powder, and the main composition is CaO.
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Table 2
Mixture design of ECC and mortars (unit: kg/m3).
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Mixture OPC MK LS FA SF CR F75 w WR PE PP Spread diameter
(mm)
E20-CRO 270 147 73 1077 0 0 0 470 2 0 20 185
E40-CRO 330 180 90 720 0 0 404 330 8 20 0 183
E40-CR30 330 180 90 720 0 30 404 330 8 20 0 185
E40-CR50 330 180 90 720 0 50 404 330 8 20 0 182
Pipe_Ref 500 0 0 0 0 0 1200 200 6 0 0 240
M40 330 180 90 720 0 0 404 330 6 0 0 220
M70 500 0 0 0 75 0 1200 150 16 0 0 213
Table 3

Technical parameters of PP and PE fibers.

Fiber type Diameter (pm) Length (mm) Nominal strength (GPa)

Young’s Modulus (GPa) Rupture elongation (%) Density (g/cms)

PP 12 10
PE 24 12

0.85
2.90

6 21
100 2.4

0.91
0.97

were pre-mixed for 5 min using a Hobart planetary mixer at first speed
(94 rpm). Water premixed with the water reducer was added and further
mixed for 5 min at 94 rpm to obtain the uniform paste. For Pipe_Ref,
M40, and M70, the prepared paste was ready for casting concrete pipe or
mortar liners. For the ECC mixes, fibers were added to the fresh pastes
and mixed at a second speed (174 rpm) for an additional 5 min.

2.2. ECC samples and tests

Air curing facilitates the multiple-cracking of ECC, while water
curing enhances the matrix strength and may lead to a decreased
ductility [12,13], therefore, ECC samples were cured in air (20 + 3 °C,
40 + 5% RH) for 28 d before tests. 50-mm cube samples were adopted
for the compressive strength test. Dogbone samples (Fig. 2) were per-
formed on an Instron machine conducting uniaxial tensile tests at 1 mm/
min [12]. The deformation was measured by averaging the reading of
two linear variable displacement transducers (LVDT). The gauge length
(around 80 mm) was shown as the green part in Fig. 2. Average crack
width was calculated by dividing the displacement by the crack number
within the gauge length. The results were obtained by the average value
of three specimens.

The dogbone specimens of E20-CRO, E40-CRO, and E40-CR30 were
pre-tensioned to 1% and 2% strain levels at 28 d. Then the cracked
specimens were placed horizontally in a falling head setup (Fig. 3) to
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Fig. 2. Dogbone-shaped specimen for uniaxial tension test (unit: mm).
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Fig. 3. Permeability test.

measure the permeability of ECC under a hydraulic gradient suggested
by Lepech and Li [16]. The edges of the specimen were sealed with
silicone sealant. Due to the long period of permeability tests, the pre-
cracked specimens were conducted in an unloaded state. Monitoring
of the coefficient of permeability (CoP) started 2 h after the specimens’
seal and lasted 14 d, i.e. from the age of 28 d to 42 d. Each permeability
test included two specimens. The CoP was calculated using equation (1).
ab,  h

CoP =~ Eln(h_,) (€8]

where the notations’ meaning and value are listed in Table 4.

2.3. Pipe fabrication and repair protocol

Pipe_Ref was used for preparing the concrete pipe, which was formed
by two concentric kraft tube molds. The 200 mm diameter and 150 mm

Table 4
Physical meaning of parameters for permeability test.
Notation Physical meaning Value
a the cross-sectional area of the standpipe 2.84 x 10° m?
A the cross-sectional area subject to flow 1.78 x 102 m?
b the specimen thickness in the direction of flow 13 mm
tr test duration Measured
ho initial hydraulic head Measured
h¢ final hydraulic head at the time t; Measured
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diameter tubes were fixed by a cross fixture (Fig. 4(a)) to generate a
concrete pipe with 25 mm-wall thickness (Fig. 4(c)). A steel cage made
of steel mesh (1.6 mm diameter, 25 mm*50 mm opening size) was
placed between the two tubes (12.5 mm cover thickness). After the
concrete was poured into the pipe mold, the whole mold was vibrated
for 60 s on a vibration table. After curing for 7 days in air, the pipe as
well as the kraft mold was immersed in the water so that the wet kraft
mold can be peeled off. Fig. 4(b) shows the appearance of the fabricated
pipe (900 mm length).

After curing in air for 28 days, 900 mm length pipes were pre-
cracked under a four-point bending load (Fig. 5(a)) at a 0.6 mm/min
rate. The deflection of the pipe was measured by OPTOTRAK sensors.
Once the crack was initiated, the test was stopped. Meanwhile, the
unloaded 900 mm-length concrete pipe was cut into 200 mm-length
sections, which were used for the three-edge bearing test per ASTM
C497 [37]. The 200-mm length pipe sections were pre-cracked at a
loading rate of 0.1 mm/s (Fig. 5(b)) [37]. Two samples per batch were
tested for crushing and bending tests.

Then the cracked pipe as well as a 110-mm diameter kraft tube was
fixed by the cross-fixture (Fig. 4(a)). E20-CR0O, E40-CR30, M40, and M70
were poured from the gap between the pipe and kraft tube to form a 20
mm thickness of repaired liner (Fig. 4(d)). With additional 28 days of air
curing, the repaired performance of the concrete pipe-repaired liner was
again examined by four-point bending (Fig. 5(a)) and three-edge bearing
tests (Fig. 5(b)).

3. Experimental results and discussions
3.1. Compressive and tensile results

Table 5 lists the compressive and tensile results of the developed LC3
ECC. The compressive strength of E20-CR0O was 21.5 MPa, meanwhile,
E40-CRO attained a compressive strength of 42.5 MPa. With the addition
of 30 and 50 kg/m°® of crumb rubber, the compressive strength of E40-
CR30 and E40-CR50 were diminished to 38.7 MPa and 32.2 MPa,
respectively. The compressive strength of ECCs were all lower than that
of Pipe_Ref (48.1 MPa). M40 (45.1 MPa) had a comparable and M70
(68.6 MPa) obtained a higher strength than Pipe_Ref.

The developed LC3 ECC all showed tensile strain-hardening char-
acteristics (Fig. 6). Similar to the low compressive strength, E20-CRO has
an ultimate tensile strength of 2.9 MPa, while E40-CRO attained 7.1
MPa. The tensile strain capacity of E20-CRO and E40-CRO were both

(®)
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higher than 5 %. With the addition of CR, the tensile strain capacity was
increased to 9.3 % and 8.7 %, while the ultimate tensile strength was
reduced to 6.8 MPa and 6.6 MPa for E40-CR30 and E40-CR50,
respectively.

CR acts as artificial flaws to initiate more cracks as well as enhance
tensile ductility. The average crack number at failure was 39 for E20-
CRO and 31 for E40-CRO. It was notably increased when CR was
included, as E40-CR30 had 107 cracks at failure. However, further
increasing the CR content to 50 kg/m® contributed little to crack
numbers. The crack width of E40-CRO (around 100 pm) was signifi-
cantly reduced to 35.3-61.6 pm by E40-CR30. The more saturated
cracks with a smaller width of E40-CR30 and E40-CR50 can also be
observed in Fig. 7. Excessive CR impaired the mechanical properties
while improving the crack width insignificantly. Therefore, E40-CR30
rather than E40-CR50 was considered optimal and was selected for
the pipe-repaired liner in this study.

3.2. Permeability results

Fig. 8 illustrates the coefficient of permeability (CoP) evolution with
age, where all ECC showed a decreased trend of CoP with time. 2% pre-
tensioned samples showed notably higher CoP than that of 1% pre-
tensioned samples. As expected, the damaged degree of the ECC af-
fects the magnitude of CoP. Moreover, the crack width considerably
affects the CoP. The initial CoP of E20-CRO for the 1% pre-strained level
was 289*1071% m/s at 28 d, corresponding to an average crack width of
51.8 pm. The initial CoP of E40-CRO increased to 88710 m/s (95.6
pm-crack width at 1%), while E40-CR30 decreased the CoP to 150%10710
m/s due to the tiny crack width (35.3 pm at 1%) tailored by CR. Further
increased crack width may result in the exponential growth of CoP. For
example, a reinforced mortar with 240 pm of crack width yields
7270%1071% m/s of CoP, while a 300 pm crack has 28700%101° m/s of
CoP [16].

Distinct from concretes or mortars, the CoP of the cracked ECC
decreased with the evolution of time due to the inherent self-healing
ability, and tend to be stable after 14 d of testing (Fig. 8). The por-
tlandite (Ca (OH)3) of the hydration product can react with the CO,
dissolved in the water, the precipitate CaCOs seals the tiny cracks of ECC
[15], leading to the reduction of permeability. After being immersed in
water for 14 d, the CoP of developed LC3 ECCs was dramatically
diminished by two magnitudes. The CoP of E20-CRO at 42 d was 11.8
and 16.7 *101° m/s for 1% and 2% pre-strained levels, respectively.

@200 mm

Pipe_Ref pipe
kraft tube D

o 25mm-thickness
) between 2 tubes

Steel cage”

©

Cracked
Pipe_Ref pipe

ECC or Repaired mortar
20 mm-thickness
(yellow liner)

Fig. 4. Pipe fabrication and repair protocol.
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Fig. 5. Pipe loading protocol: (a) four-point bending test and (b) three-edge bearing test (ASTM C497 [37]).

Table 5
Summary of compressive and tensile performance.
Mix ID fe/MPa fit/MPa e/% Crack No. Average crack width /um
1% 2% 4% 6% 8%
E20-CRO 21.5 2.9 5.4 39 51.8 61.0 88.5 - -
+1.2 +0.1 +0.6 +6 +6.9 +7.7 +18.2
E40-CRO 42.5 7.1 5.5 31 95.6 112.5 126.5 - -
+0.3 +0.4 +1.1 +5 +15.6 +12.5 +12.2
E40-CR30 38.7 6.8 9.3 107 35.3 40.3 48.4 48.4 61.6
+0.7 +0.3 +1.0 +4 +1.7 +1.9 +2.3 +2.3 +2.9
E40-CR50 32.2 6.6 8.7 102 36 37.2 45.6 53.3 67.3
+2.6 +0.4 +0.5 +2 +1.3 +1.0 +1.3 +1.6 +4.6

*Values means “average value + standard deviation”.
** Notation meaning: f.-compressive strength; f;-ultimate tensile strength; ¢;-tensile strain capacity.
*** The compressive strength of Pipe_Ref, M40, and M70 were 48.1 MPa, 45.1 MP, and 68.6 MPa.

Stress (MPa)

% 2 4 6 8 10 12 %0z 4 6 8 0 12
Strain (%) Strain (%)
E20-CRO E40-CRO
8¢ 8r

Stress (MPa)
-y (2]

N

% %2 4 6 8 10 12 % 2 4 6 8 10 12
Strain (%) Strain (%)
E40-CR30 E40-CR50

Fig. 6. Stress—strain relationship of developed ECCs.
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(a) E20-CRO

(b) E40-CRO
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(c) E40-CR30 (d) E40-CR50

Fig. 7. Crack pattern within the 80 mm gauge length of ECCs after tensile failure.
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Fig. 8. The CoP evolution from 28d (pre-crack) to 42 d.

Tiny crack width promotes the healing of cracks in ECC, therefore, E40-
CR30 attained a CoP of 5.77 *10"'° m/s at 1% pre-tensioned strain,
making up one-third of E40-CRO.

Regarding the permeability test at the concrete pipe level, ASTM497
[37] requires that the concrete pipe present no moist or damp spots on
the outer surface after 15 min of water filling, and this time can be
extended up to 24 h, corresponding to 107 m/s of COP. The COP of
uncracked concrete distributes between 10* and 10° m/s [38-40],
while sound ECC has a comparable COP of about 10" m/s [16]. The
previous study [16] shows that COP of cracked concrete exceeds 107 m/

s when the crack width is larger than 200 pm. Therefore, cracked con-
crete pipe usually results in distinct leakage due to its brittleness, in
contrast, cracked ECC shows an acceptable COP (Fig. 8) according to
ASTM497 [37]. Moreover, the ECC liner avoids cracks penetrating along
the thickness direction, leading to the water tightness as pipe repaired
liner, more details can be found in Section 3.3.

Although LC3 ECC incorporates less OPC compared to the conven-
tional OPC-based ECC [13,41], LC3 ECC retains its self-healing ability
[14] and contributes to the reduction of CoP with time. Consequently,
the developed LC3 ECCs attained comparable CoP to OPC-based ECCs
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[15,16,42,43], proving that the emerging greener LC3 cement has
adequate self-healing potential to seal the cracks.

Water tightness is a critical performance to determine the suitability
of ECC for water infrastructures and also represents resistance to the
transport of aggressive agents through cracks. The magnitude of both
initial and ultimate CoP depends on the crack width of the cracked ECC.
Via tailoring the crack width, E20-CRO and E40-CR30 hold promises as a
pipe repaired liner material.

3.3. Retrofit performance under three-edge bearing test

The load-displacement results (Fig. 9) show that the pipe repaired
with ECC had higher load and displacement capacity than those repaired
with mortars. Fig. 10 illustrates the load capacity of intact Pipe Ref
concrete pipe and repaired pipe with different materials. Surprisingly,
although the material’s compressive strength of E20-CRO (21.5 MPa)
was much lower than M40 (45.1 MPa), the load capacity of the pipe
repaired by E20-CRO (14.8 kN) was higher than that by M40 (11.2 kN),
as well as the sound concrete pipe (4.7 kN). The load capacity of the E40-
CR30 pipe (27.9 kN) was 2.5 times M40 and 1.6 times M70, showing
that the material strength is not the sole determining factor of pipe ca-
pacity. Tensile ductility also has a critical impact on structural capacity
under the three-edge crushing test.

Apart from the enhancement of load capacity, the displacement ca-
pacity of the pipe under three-edge loading was also prominently
improved. Once the external load reached the peak load, the load of
Pipe_Ref, M40, and M70 dropped suddenly (Fig. 9(a)), while ECCs
(Fig. 9(b)) hold residual capacity after peak load. The brittle failure
mode of concrete-mortar pipe was transformed into ductile failure on
concrete-ECC pipe composites. Fig. 11 shows the crack pattern of
crushed pipes, where the mortar-concrete pipe broke into pieces with
the mortar liner debonded from the original concrete pipe. In contrast,
the ECC-concrete pipe maintained an oval shape after a displacement
history that was more than 2 times of mortar-concrete pipe. Despite the
presence of macro cracks in the host concrete, the ECC liner retain re-
sidual shape integrity and partial bonding to the concrete pipe (Fig. 11
(b)). Owing to the ultra-high ductility and crack control ability, the
macro crack from the host pipe was dispersed into multiple tiny cracks in
the ECC lining so that the stress concentration and brittle failure were
avoided. Consequently, the deform capacity of repaired pipe was
significantly enhanced. Additionally, the residual load capacity of E40-
CR30 after experiencing 20 mm of displacement was comparable to the
peak value of the M70 pipe and larger than the M40 pipe (Fig. 9).

As the ECC-repaired pipe exhibited a distinct failure pattern from the
mortar-repaired pipe (Fig. 11), E20-CRO was selected for the leak-proof
demonstration. Once the ECC-concrete pipe was loaded to the peak load,
the pipe was unloaded and sealed on plywood (right part in Fig. 12).
Although macro cracks exist in the concrete pipe and micro-cracks

307 ——Pipe_Ref
— M40
- = M70
= 20
53
k] /.//'
3 10+ ¥
0 I I
0 10 20

Displacement (mm)

(a) Pipe_Ref and repaired with M40/M70

Engineering Structures 289 (2023) 116305

N
o

N
o

Load capacity (kN)

all

5 \ 20
o T ‘IOQ@“'&%Q'C%

o

Fig. 10. The three-edge bearing load capacity of concrete pipe repaired with
different materials.

(a) Mortar-repaired pipe (b) ECC-repaired pipe

Fig. 11. Failure pattern of the repaired concrete pipe after the three-edge
loading test.

appeared in the ECC liner, no water leakage from the ECC-concrete
pipe was detected after 24 h of water retainment, as revealed in Fig. 12.

This superior water tightness can be attributed to the rapid increase
of fracture resistance of ECC. For cracks initiated from the inner surface
(top and bottom zone in Fig. 12), the rapidly increased fracture resis-
tance contributed by bridging fibers impeded crack propagation. Once
the fracture resistance reached equilibrium with external driven force,
the cracks were arrested and new cracks were initiated at other weak
locations. As shown in Fig. 12, the cracks were trapped before reaching
the pipe surfaces. Thus, the ECC pipe maintained structural integrity and
water retention ability even after experiencing deformation beyond the
peak load. For those cracks initiated from the concrete-ECC interface
(left and right part in Fig. 12), the same phenomenon was also observed.
The ECC repaired pipe retained residual structural capacity and main-
tained an intrinsic leak-proof function by preventing the macro crack
from penetrating the full ECC liner.
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Fig. 9. The three-edge bearing load-displacement curves of concrete pipe repaired by ECC and mortars.
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Fig. 12. Leak-proof demonstration of ECC repaired pipe.

Leakage is a precursor to structural failure. Once leakage occurs, the
outflowing water washes out the soil around the pipe, resulting in poor
bedding or ground settlement as well as pipe failure. Although
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sometimes cracks are inevitable due to aggressive environments and
mechanical loads, the ECC repaired pipe can maintain water tightness
due to its intrinsic leak-proof ability and low permeability (Section 3.2).
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Fig. 13. Flexural load and displacement results of repaired pipes.
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3.4. Retrofit performance under bending

Similar to the three-edge loading tests, mortar-repaired pipes showed
a brittle failure pattern (Fig. 13(a)), while ECC-repaired pipes presented
ductile failure under flexural load (Fig. 13(b)). After repair, the flexural
load capacity of the M40 pipe (18.3 kN) was higher than the Pipe_Ref
(16.2 kN), and M70 further increased the flexural load capacity of
repaired pipe to 18.4 kN (Fig. 13(c)), consistent with the common
perception that higher compressive strength of mortar results in a higher
flexural capacity of the repaired pipe.

Different from the three-edge loading results, E20-CRO obtained 13.9
kN of flexural load capacity, which is inferior to the Pipe_Ref due to the
lower compressive and tensile strength of E20-CRO. The flexural load
capacity of E40-CR30 was significantly enhanced to 33.7 kN, which was
twice that of the original Pipe_Ref. The high tensile strength, ductility,
and moderate compressive of E40-CR30 contributed to this
enhancement.

Apart from the load capacity, the deflection capacity was insignifi-
cantly improved by M40 and M70 compared to Pipe_Ref. However, ECC
notably upgraded the concrete pipe’s deflection capacity. 15 and 25
times flexural deflection capacity was increased by E20-CRO and E40-
CR30, respectively. The improvement of deflection capacity benefited
from the multiple crack ability and ultra-high ductility of ECC. As shown
in Fig. 14, one major crack was observed for the concrete pipe repaired
by mortar, while multiple tiny cracks were generated in the ECC liner.
The considerable improvement of deflection capacity enables a safer
repaired pipe under externally imposed deformation, such as poor
bedding and ground settlement.

As demonstrated in Section 3.2-3.4, both the load and deformation
capacity of the concrete were enhanced when repaired with ECC, even
though the strength grade of EO-CRO was low. Moreover, a leak-proof
function of cracked pipe was obtained by ECC, attesting that ECC can
structurally and functionally retrofit the concrete pipe.

For a given rehabilitated performance, a thinner liner is needed when
ECC is used, especially E40-CR30 which is superior to M70. The reduced
thickness leads to the ECC being a potentially lower cost and greener
material than the conventional high-performance mortar as a pipe-
repair material. Additionally, the reduced thickness of the ECC liner
will maintain the water flow capacity to a maximum extent.

CIPP and sprayed cementitious materials are two widely used
trenchless methods for pipe rehabilitation. CIPP has the advantages of
high construction efficiency, maintained/enhanced hydraulic capacity,
and chemical resistance. However, high cost, host pipe requirement
(round shape, minor deterioration), and defects caused by installation
and curing limit those advantages. The strict quality assurance, quality
control, and long-term performance of CIPP require closer examination.
Sprayed cementitious materials have low cost and high stiffness ad-
vantages. Nevertheless, the brittle material nature limits it mainly for
non-structural applications, such as anti-leakage and anti-corrosion
purposes.

While this study focuses on the material development for pipe
structural retrofit, a centrifugally sprayed ECC technology has been
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developed by authors [12], aiming at applying the ECC as an inner
repaired liner without open-dig activities, also called trenchless repair
technology. The centrifugally sprayed ECC has been demonstrated with
a no-dig requirement, fast construction, and wide application ranges.
For example, varied diameters (0.3-5.0 m), changed pipe section/shape
(round, oval, with unstraight turn) long length (up to 2700 m). Owing to
the above merits, the durable LC3 ECC shows low-cost low carbon ad-
vantages at both the initial stage and full life cycle over other pipe repair
methods, especially compared to replacing existing pipes. More discus-
sions on applying ECC as a pipe repair material and its benefits can be
found in the authors’ previous study [1].

4. Conclusions

In this study, limestone calcined clay cement (LC3) was used in the
greener ECC compared to the conventional Portland ECC. Two versions
of ductile ECC with compressive strength of 21.5 MPa (E20-CR0) and
38.7 MPa (E40-CR30) were developed. Mortars with 45.1 MPa (M40)
and 68.6 MPa (M70) compressive strength served as reference compo-
sitions. Finally, both ECC and mortars were utilized for pipe repair.
Based on the experimental results at the material level (uniaxial tension
and permeability test) and structural level (three-edge pipe loading, pipe
leak-proof, and pipe bending tests), the following conclusions can be
drawn:

1. All ECCs showed ultra-high tensile ductility over 5.4%. While crumb
rubber reduced the compressive and tensile strength, the tensile
ductility was considerably increased from 5.5% (E40-CRO without
crumb rubber) to 9.3% (E40-CR30 with 30 kg/m3 of crumb rubber
incorporation). In addition, the crack width of E40-CR30 was
reduced to below 62 pm at 8% tensile strain.

2. The coefficient of permeability (CoP) of the developed LC3 ECC
decreased with time evolution and showed comparable magnitude to
the conventional ECC, suggesting a sufficient self-healing capacity to
seal the cracks. The CoP of pre-cracked ECC dropped from 108 m/s at
28 d to 10" m/s at 42 d. The CoP of E40-CR30 (5.77 *10™'” m/s) was
about one-third of E40-CRO due to the tiny crack width of E40-CR30,
suggesting a water-tight liner for pipe repair.

3. Under the three-edge loading test, the repaired pipes with lower-
strength ECC lining attained higher load and deformation capacity
than that those with higher-strength mortars. Specifically, the load
capacity of the repaired pipe by E20-CRO was 1.3 times that of M40,
and E40-CR30 obtained 2.5 times that of M40 and 1.6 times that of
M?70. Both the strength and tensile ductility of the repair material are
determining factors of the repaired pipe capacity.

4. Distinct from the brittle failure of mortar-repaired pipe, ECC
distributed the macro crack into multiple tiny cracks, exhibiting an
oval shape after loading. Owing to the ultra-high ductility and crack
control ability, the cracked ECC pipe retained the structural integ-
rity, enabling a residual loading capacity and intrinsic leak-proof
function of cracked ECC pipe.

(a) Mortar-repaired pipe

(b) ECC-repaired pipe

Fig. 14. Flexural failure pattern of the repaired concrete pipes.
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5. The flexural load-displacement curve is similar to that of the three-
edge loading test, i.e., ECC pipe presented ductile failure while
mortar pipes showed brittle failure. Benefiting from the multiple
crack ability and ultra-high ductility of ECC, the deflection capacity
was upgraded 15 and 25 times by E20-CRO and E40-CR30 compared
to the original concrete pipe.

ECC has demonstrated the ability to structurally and functionally
(leak-proof) retrofit the concrete pipe. A reduced-thickness of ECC liner
can attain the same or even better-rehabilitated performance than the
mortar liner with a larger thickness. Less material need suggests lower
cost and carbon footprint, while maintaining high lining performance.
While this lab-scale study demonstrates the benefits of LC3-ECC liner,
further study of the retrofit effect of concrete pipes with larger diameters
that meet practical applications is warranted.
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