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Abstract: In practical applications, the safe operation of large-diameter prestressed concrete cylinder
pipes (PCCPs) depends on the loading performance under internal water pressure. However, there is
lack of damage tests for the full-scale large-diameter PCCPs due to economic cost and experimental
difficulty. In this paper, a full-scale PCCP with diameter of 3.2 m was tested to verify the bearing
capacity for applying to an actual water transfer project. The PCCP was designed by the limit
state method and manufactured in a prefabrication plant. During the test, the strains of concrete,
prestressed steel wire, and mortar were detected to evaluate the limit state of bearing capacity under
internal water pressure. Based on the test results and the strain analysis at the limit state, it was found
that when the water pressure reached 1.9 MPa, the concrete outside the steel cylinder was at the
serviceability limit state, and the prestressed steel wire was in elastic, while some protective mortar
exceeded the serviceability limit state due to the appearance of visible cracks. A good accuracy of
the theoretical calculation with the predicted results lower about 9.4% and 8% than tested pressures
at decompression and cracking states. Moreover, the cracking pressure of concrete and bursting
pressure of pipe were 2.5 and 6 times of the working pressure according to the calculation results.
This indicated that the PCCP used in this study had sufficient safety in actual operation. However, it
should be noted that the tensile control strain of mortar may be overestimated by the current code.

Keywords: prestressed concrete cylinder pipe (PCCP); full-scale test; internal water pressure; strain;
bearing capacity; limit state

1. Introduction

The wrapping technology with prestressing steel wire for large diameter reinforced
concrete pipe overcomes the defects of easy cracking and lower bearing capacity under
external loads and internal working pressure. At the same time, it can reduce the self-weight
of pipes with a thinner concrete wall, even free of the use of conventional reinforcement.
To promote the impermeability of the concrete pipe wall and avoid the seepage of the
conveying water, a thin steel cylinder is composited with the concrete pipe wall. This
further leads to a prominent innovation of production techniques for the pipes. Therefore,
a product called prestressed concrete cylinder pipe (PCCP) was born in the early 1940s [1].
From the viewpoint of the concrete structure, PCCP is a kind of ingeniously designed
composite pipe, which fully integrates the compressive performance of concrete with the
tensile performance of steel wire and the anti-seep function of the thinner steel cylinder.
With the advantages of economic cost, high durability, and wide application in different
water pressure, PCCP has been applied in major water supply projects over the world,
including North America, South America, Africa, and China [1-4].
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(a)

According to the arranged position of the steel cylinder in the concrete core, as shown
in Figure 1, PCCP is divided into an embedded-cylinder pipe and lined-cylinder pipe [5].
The embedded-cylinder pipe is suitable for diameters from 1220 mm to 4000 mm, while the
lined-cylinder pipe is suitable for diameters from 410 mm to 1520 mm [6,7]. Both types of
PCCP are composed of a thin-walled steel cylinder, concrete core, prestressed steel wire,
and protective mortar coating. The thin-walled steel cylinder, located in a high alkalinity
environment of the concrete, has the function of anti-seep once cracks appear on the concrete
core. The concrete core, subjected to precompression under the action of prestressed steel
wire, bears load of internal water pressure and external hydraulic-geological actions. The
steel wire exerts compression on the concrete core to jointly subject the actions of internal
water pressure and external hydraulic-geological actions. The protective mortar coating
covers the steel wire in a safe environment.

Mortar coating

Steel wire

Steel
cylinder wire

Concrete core

(b)

Figure 1. Cross section composition of PCCP: (a) embedded steel cylinder; and (b) lined steel cylinder.

In the study of PCCP engineering accidents, it is pointed out that pipe bursting is
the main failure mode of PCCP [8-11]. To evaluate the bearing capability of PCCP under
internal water pressure and to determine the residual prestress of the pipe, the internal
water pressure test of PCCP is generally used. By using the internal water pressure test
data of 19 groups of lined-cylinder pipes and 15 groups of embedded-cylinder pipes,
Zarghamee [12] concluded that the early allowable stress design method of PCCP was too
conservative to result in an excessive waste of materials. Therefore, a limit state design
method based on the limit state principle was proposed by Zarghamee and Heger [13,14].
To evaluate the bearing capacity of embedded-cylinder PCCP designed by the new design
method, the prototype internal water tests were carried out by Zarghamee, Dou, and
Hu [15-18]. Four PCCPs, two of them with a diameter of 1.828 m and the other two with
a diameter of 1.676 m, were tested by Zarghamee [15] to be used for the risk assessment
of PCCPs. Dou et al. [17,18] reported a prototype PCCP with a diameter of 2.6 m which
was tested under internal water pressure of up to 2.25 MPa. The results quantified the
whole deformation process and the relationship between the deformation and internal
water pressure. For a prototype PCCP with a diameter of 4.0 m, the test was conducted by
Hu et al. [16] to detect the deformation of protective mortar under the maximum internal
water pressure of 1.6 MPa. However, the internal water pressure test was extremely difficult
to reach a failure state due to the complexity of exerting water pressure. At present, the
internal water pressure tests are mainly concentrated on the internal diameter of PCCP
below 3.0 m. Therefore, the auxiliary finite element numerical simulation was usually
required to analyze the bearing performance of PCCP under internal water pressure due to
the limited test research [19-22].
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With the increase in PCCP diameter, the failure consequence of PCCP is serious, and
the cost of later maintenance becomes hard to bear [1,3,23]. In fact, PCCP is a composite
structure with a complex interaction between different materials. It is difficult to deduce
the mechanical response under different working conditions by classical mechanical theory.
Therefore, the prototype test is one of the effective ways to study the loading capacity
of PCCP.

In this paper, combined with a water conveying project, a prototype test and bearing
capacity evaluation of PCCP under internal water pressure were carried out, which was a
part of the investigation accompanied with the prototype test of PCCP under an external
load [24]. The test PCCP was produced with an inner diameter of 3.2 m and reached the
damage state at an internal water pressure up to 1.9 MPa. The loading performance of the
test PCCP was evaluated based on the test results of strains (concrete, prestressed steel
wire, and mortar) and the observed cracks at the internal concrete surface. The limit state
design criteria are discussed based on the test results and related theoretical analysis. This
provides a foundation of the engineering application and the improvement of the design
method for PCCP.

2. Experimental Work
2.1. Test Specimen

An embedded-cylinder pipe, with an inner diameter of 3.2 m and a length of 5 m, was
designed in the condition of an underground buried depth of 5 m and the working water
pressure of 0.4 MPa by the limit state design method [5,25,26]. A single-layer prestressed
steel wire was used. The pipe geometry and design parameters are shown in Table 1, of
which the thickness of the concrete core included the thickness of inside concrete (70 mm),
outside concrete (173.5 mm), and steel cylinder (1.5 mm).

Table 1. Geometry and design parameters for test PCCP.

Strength Strength Strength Thickness of Thickness Thickness of Wire Gross Wrapping Wire Area
Grade of Grade of Grade of Concrete Core of Mortar Steel Cylinder  Diameter Stress (mm?/m)
Concrete Mortar Wire (MPa) (mm) (mm) (mm) (mm) (MPa)

C55 M45 1570 245 25 15 7 1099 2350

The thin-walled steel cylinder was manufactured by the fully automatic submerged
arc welding process. The concrete core was formed by the vertically casting of concrete
insides and outside of the steel cylinder. When wrapping the prestressed steel wire, the
strength of the concrete of the pipe core should reach 70% of the designed strength. The
outer side of the steel wire was rolled with shot mortar to form a dense protective layer.
Finally, the anti-corrosion technology was applied to the outer side of the whole pipeline.

The age of the core concrete and protective layer mortar was 43 days and 38 days
when the internal water pressure test was carried out, respectively. The cylinder specimen
with the size of @100 mm x 100 mm (as shown in Figure 2) was prepared by using the bore
hole coring method specified in the code [27]. The sample of prestressed steel wire was
removed from the coil and tested by using the method in the codes [28,29]. The sheet for
steel cylinder was tested by using the method in the code [30]. The material properties of
the test PCCP are shown in Table 2.

Figure 2. Specimens for the compressive strength of concrete.
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Table 2. Material properties of test PCCP.
Material Compressive Strength Modulus of Elasticity Tensile Strength Yield Strength

(MPa) (MPa) (MPa) (MPa)
Concrete 61 * 35,500 2.74 /
Mortar 45 24,165 3.49 /

Sheet steel / 206,000 470 * 300 *

Prestressed steel wire / 205,000 1620 * 1177.5

Note: * Test value, others are determined as per Chinese codes [25,28,31,32].

2.2. Arrangement for Strain Monitoring

The positions of strain monitoring were symmetrically arranged at the surfaces of 0°
and 180° central angle at three measuring cross sections (1, 2, and 3) along the longitudinal
axis, as shown in Figure 3. Outside the steel cylinder, the groove was cut on the anticorrosive
coating. Because the groove area was relatively small, the probability of cracks appearing
here was low, so the strain gauges were used in this test. The surface along the 0° direction
was cut to a groove by removing the anti-corrosion coating and the protective mortar. The
strain gauges were used to collect the strains of prestressed steel wire and concrete. The
opposite surface along the 180° direction was polished to expose the mortar layer, the strain
gauges were pasted on the mortar surface to collect the strain of the protective mortar.
Two strain gauges were pasted as a group on each measuring point, and a total of 18 strain
gauges were arranged in six measuring points.

Spigot ring 0°1 180° .
I T ] [ 1 ] Cutting groove ' 0
o | |Anti-corrsion coaﬂing Ant',i-corrsion coating
S [ S1-1
— | == Cl-1 M1-1
= CI2 M1-2
o . | S1-2
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v I
™ I S2-1
_____ 2 c2-1 | | M2 . .
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o | S2-2 :
= Concrete : : Mortar
— ! S3-1 |
 BE= C3-1 M3-1 3 |
- - C3-2 M3-2 |
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Figure 3. Monitoring arrangement (unit: mm): (a) zones for concrete and steel wire; (b) zones for
mortar; (c) locations at cross section.

The internal concrete of the test PCCP was soaked for 24 h before testing. The surface
in each monitoring zone was polished and cleaned with absolute alcohol, then a thin and
uniform layer of epoxy resin was coated. The strain gauges were pasted on the epoxy resin.
A layer of impermeable plastic film was covered on the pasted strain gauge for moisture
resistance. Considering the curing time of the epoxy resin, the strain gauges were pasted
more than 24 h before testing.

2.3. Monitoring Equipment and Pressurizing Device
2.3.1. Monitoring Equipment

A DH3821 high-speed static data acquisition equipment was used for data monitoring
and collection. Inside the steel cylinder, it was inconvenient to arrange the instrument
due to internal water pressure loading. The strain gauges used for concrete, prestressed
steel wire, and mortar were all resistance-type strain gauges, as shown in Figure 4. Among
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them, the concrete and mortar strain gages were paper-based strain gauges with a gauge
length of 100 mm, and the steel wire strain gauges were rubber-based with a gauge length
of 3 mm. The actual resistance values of all strain gages were measured before the test. The
resistance values of paper-based strain gages were (119.7 & 0.1) (), and the rubber-based
strain gages were (120.4 £ 0.1) Q). All strain gauges were connected to the data acquisition
equipment through wires and signal input lines. The monitoring equipment included
32 channel collectors, which fully met the requirements of the measuring points.

.
"

cylinder

Pressurizing core

Figure 4. Type of strain gauge for test: (a) concrete and prestressed steel wire; (b) mortar.

2.3.2. Pressurizing Device

The vertical sleeve-type water testing machine was used as a pressurizing device.
PCCP was installed outside the core barrel with sufficient rigidity. There was a 100 mm
cavity gap between the internal surface of the test PCCP and the pressurizing core cylinder,
as shown in Figure 5. The pressurizing device could be used for PCCP with maximum

inner diameter of 4.0 m and maximum length of 6.0 m, which completely satisfied the size
requirements of the internal water pressure test of this study.
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Figure 5. Vertical internal water pressure device: (a) pressurizing device; (b) cross sectional view of
the position of pressurizing device.

2.4. Process and Method

The test was conducted in accordance with the code GB/T 15345 [33]. Before pres-
surization, the equipment needed to be commissioned to determine the normal operation
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of the detection devices at each monitoring point. The specific arrangement of the test is
shown in Figure 6.

Cutting groove Polish
— Flange sealing plate

Drainage
basin

Water inlet

Pressure
gauge

Figure 6. Internal water pressure test.

Multi-stage loading method was used in this test, and 10 data were collected for each
stage of loading. The test requirements of accuracy could be ensured due to the variation
of strains ranging below 10 pe. Therefore, test data were averaged to obtain the strain of
the stage loading. During the test, the pressure increment was set to 0.2 MPa. When the
pressure was less than 1.0 MPa, the pressure of each stage was stabilized for 1 min. When
the pressure was greater than 1.0 MPa, the pressure of each stage was stabilized for 3 min.
When the pressure was over 1.6 MPa, each stage was stabilized for 5 min. At each stage,
the strain data were collected when the pressure was stable. The pressurization process
is shown in Figure 7. The internal water pressure was uniformly exerted before 1.0 MPa,
and the pressurization time increased with the increase in pressure after 1.0 MPa. When
the pressure was to be increased to 2.0 MPa, the water pressure could not be stabilized
but showed a continuous drop and finally stabilized at 1.9 MPa. Therefore, the final test
pressure was 1.9 MPa.

22
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141 N
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0 = == =/ = e e e e e - ==
08}
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0.4t
0.2}
0.0

Pressurization stage

Internal pressure (MPa)
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Figure 7. Pressurization process.
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3. Experimental Results
3.1. Failure Progress

When the internal water pressure increased from 1.8 MPa to 2.0 MPa, a slight noise
was heard in measuring cross section 1. After the pressurization test, the internal surface of
the pipe was checked, and a longitudinal crack about 1.6 m away from the spigot ring was
observed, as shown in Figure 8. The crack started from the existing circumferential crack
before the test, corresponding to measuring cross section 1, and longitudinally extended
to the bell ring. It can be seen from the measurement results that the width gradually
decreased with the longitudinal extension. The crack at measuring cross section 1 was the
widest, about 0.10 mm. The width corresponding to measuring cross section 2 was about
0.04 mm, and the width was about 0.02 mm for measuring cross section 3. It should be
noted that since the crack was measured after the test of pressurization, the actual crack
width was greater than the measured value.

Original
circumferential
crack

Longitudinal
crack

Figure 8. Longitudinal crack appeared on the internal surface of the test PCCP.

3.2. Strains of Outside Concrete

Test results of the strain on the outer concrete surface of PCCP under internal water
pressure are shown in Figure 9. When the pressure was lower than 1.6 MPa, the concrete
strain linearly increased with the increase of internal water pressure. When the pressure
increased from 1.6 MPa to 1.8 MPa, the slope of concrete strain increased slightly at
monitoring zone 1. When the pressure was 1.9 MPa, the concrete strain in the monitoring
cross section 1 suddenly increased with the maximum tensile strain of 948 pe. The strain
growth rate of concrete in monitoring cross sections 2 and 3 increased slightly. This was
consistent with the observed crack on the internal surface that longitudinally extended
corresponding to the outside monitoring cross sections. The internal surface crack caused
the sudden tension of the outer surface concrete. This was a result of internal force balancing
in the cracked cross section of test PCCP.
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Figure 9. Changes of outside concrete strain with internal water pressure.

3.3. Strains of Prestressed Steel Wire
Test results of the strain of prestressed steel wire of PCCP under internal water pressure
are shown in Figure 10.
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Figure 10. Changes of prestressed steel wire strain with internal water pressure.

It can be seen that the strain growth of the steel wire was similar to that of concrete at
the same measuring zone. When the pressure was lower than 1.6 MPa, the strain steadily
increased with the increase in internal water pressure. When the water pressure increased
from 1.6 MPa to 1.8 MPa, the strain curve slope of the prestressed steel wire trended upward
at monitoring cross section 1. When the water pressure reached 1.9 MPa, the strain growth
rate of the prestressed steel wire at monitoring cross section 1 increased rapidly, while
the strain increased slightly at monitoring cross sections 2 and 3. This was also consistent
with the crack at the internal surface of pipe concrete and indicated the joint works of
prestressed steel wire and concrete core. With the increase in tension stress at the outer wall
concrete, the tensile deformation transferred to the prestressed steel wire [34].

3.4. Strains of Protective Layer Mortar

Test results of the strain of protective mortar of PCCP under internal water pressure
are shown in Figure 11. Before the pressure of 1.8 MPa, the strain of the protective mortar
increased linearly with the increase in internal water pressure. When the pressure reached
1.9 MPa, the strain of the protective mortar at measuring cross section 1 exceeded 1000 pe.
When the pressure was between 1.6 MPa and 1.8 MPa, the protective mortar was still in a
linear growth stage. This indicated the released process of the tensile stress from inside to
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outside caused by the cracking of the inside concrete. When the pressure exceeded 1.8 MPa,
the mortar strain measuring cross section 1 also increased rapidly, while the strain growth
rate of mortar in measuring cross sections 2 and 3 increased slightly.
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Figure 11. Changes of mortar strain with internal water pressure.

4. Evaluation of the Limit State on Pipe
4.1. Calculation of Limit State Control Strain

The control strain at the limit state criterion was calculated by the regulations of
AWWA C304 [5] and CECS 140 [25]. Due to the existence of prestressing, a certain com-
pression stain (eq9) occurred in the concrete core. When the compressive stress of concrete
decreased with increasing internal water pressure, the concrete would come into a tensile
condition. Therefore, the real tensile strain of concrete under internal water pressure in-
cluded the pre-compression strain and the strain detected by the strain gauges. In addition,
an increase in prestressing loss made the gross wrapping stress in prestressed steel wire
decrease. Therefore, the compressive strain caused by prestress loss should be deducted
from the control strain at each stage.

In summary, the actual control strain of concrete (¢'¢t) and actual control strain of steel
wire (¢'wt) should be modified according to Equations (1)—(3). In addition, the theoretical
cracking control strain of mortar (em¢) is determined by Equation (4) [35].

‘C'/ct =&t — €0 (1)
1o
8/wt = Ewt — e (2)
S

E
Ope = Tcon <1 — 0.08¢1p — 0.5Espy) — 03 3)

C

05x0.7 an
Emt — E fcu,k + mftk 3 (4)

N 7713( fmek)

where the et and &y are the theoretical calculated strain at different stages of concrete and
prestressed steel wire, respectively; Upe i8 the actual applied prestress, MPa; 0on is the
gross wrapping stress, MPa; Es and E are the moduli of elasticity of prestressed steel wire
and concrete, respectively, MPa; ¢ is the influence coefficient of the production process,
which is 1.0 for embedded-cylinder PCCP; ¢ is the reinforcement influence coefficient,
which is 1.0 for single-layer steel wire; py is the reinforcement ratio of prestressed steel wire,
%; 043 is the prestress loss due to concrete shrinkage and creep [25], MPa; 111y is the ratio of
theoretical cracking control strain to the elastic strain of mortar; f i is the standard value
of cubic compressive strength of concrete, MPa; Ep, is the elasticity modulus of mortar,
MPa; f .k is the standard value of cubic compressive strength of mortar, MPa; « is the
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control cracking coefficient of mortar; fy is the standard value of tensile strength, following
the code [31]; 7y is the ratio of elasticity modulus between mortar and concrete; and e is
the elastic strain of mortar.

The calculation and correction results are listed in Table 3, where “—" represents
compression. The crack widths corresponding to microcracking and visible cracking are
0.025 mm and 0.05 mm, respectively.

Table 3. Calculation and modification results of the control strain.

.. Strain . . Control . Modified
Limit State Parameter Material Meaning Criteria Strain (ue) Strain (ue)
£c0 Pre-compression strain of concrete / —235 /
€ce C " Elastic-strain of concrete / 77 312
Ectm oncrete Microcracking on concrete 1.5¢ce 116 351
Serviceability Ectv Visible cracking on concrete 1lece 847 1082
Eme Elastic-strain of mortar / 144 /
Emt Mort Theoretically cracking strain of mortar 4eme 576 /
Emtm ortar Microcracking on mortar 6.4¢€me 922 /
Emtv Visible cracking on mortar 8€me 1152 /
Elastic et Wire Wire strain corrgspondmg to gross Fut < Ceon 5361 748
wrapping stress
Strength ewy Wire Wire strain corresponding to yield stress owt < fsy 5744 1132

4.2. Evaluation of the Limit States
(1) Outside concrete

As shown in Figure 12, the maximum strains of concrete in each measuring cross
section were less than 250 pe when the internal water pressure was lower than 1.4 MPa.
This indicated that the concrete worked at the pre-compression stage. With the increase
in internal water pressure, the concrete at monitoring cross section 1 reached the decom-
pression state at 1.4~1.5 MPa and the elastic limit at 1.6~1.7 MPa, while the microcracks
occurred at 1.7~1.8 MPa. The concrete measuring at cross sections 2 and 3 was in an elastic
state before the pressure of 1.9 MPa. When the pressure increased to 1.9 MPa, the concrete
at monitoring cross section 2 reached the elastic limit, and it was still in the elastic stage at
monitoring cross section 3. Combined with the crack condition of the inside concrete of the
pipe, the analytical results were consistent with the test results.

1200

Visible cracking

1000} 1€,

@ | —=—Cl2

% 800 C2-1 Microcracking

RS C3-2

£ 600r _

g Decompression

§ 400+ 1.5¢, point

2 A N U S P g ..
200

— Elastic limit

—

S

0 L 1 1 1 1 1 1 1
0 0204 06 08 10 12 14 1.6 1.8 2.0
Internal pressure (MPa)

Figure 12. Control strain of outside concrete at each stage.



Buildings 2022, 12,1791

110f18

The decompression point means the pre-compression stress in the concrete core
dropped to zero. Two lines (1.5ece and 1lee) are drawn to separately express the mi-
crocracking and visible cracking on concrete. Generally, microcracking corresponds to a
stage of tensile softening [7]. This indicates that the tensile capacity of concrete decreases
gradually until visible cracking appears. The appearance of visible cracks means that the
structure exceeds the serviceability limit state. In this test, although the strain of the outside
concrete suddenly increased due to the cracking of inside concrete, the maximum strain of
outside concrete was still less than 11eg, i.e., the outside concrete of the PCCP was at the
serviceability limit state when the water pressure was less than 1.9 MPa.

(2) Prestressed steel wire

As shown in Figure 13, the strain of prestressed steel wire in monitoring cross section 1
suddenly increased by about 300 pe when the water pressure exceeded 1.8 MPa. Combined
with the experimental observation, this sudden increase in strain was caused by the cracking
of the internal concrete surface. The strain of steel wire in monitoring cross sections 2 and 3
was about 400 e, and there was no sudden increase.
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Figure 13. Control strain of prestressed steel wire at each stage.

If concrete cracks developed, the pipe shall behave an elastic response to prevent
damage or loss of prestressing, which was defined as the elastic limit [7]. This limit state
mainly controls the stress of steel wire to not exceed the gross wrapping stress (1099 MPa).
Based on the strain of prestressed steel wire collected by this test, the maximum tensile
stress of steel wire was 1091 MPa when the pressure increased to 1.9 MPa. The result shows
that monitoring cross section 1 can be considered to reach the elastic limit state, while the
steel wires in measuring cross sections 2 and 3 did not reach the elastic limit state under
1.9 MPa internal pressure.

(3) Protective layer mortar

As seen in Figure 14, when the internal water pressure was less than 1.0 MPa, the
mortar strain of each zone was lower than 144 pe. This indicated that the mortar was in
the elastic stage. When the internal water pressure exceeded 1.0 MPa, the mortar at the
spring line exceeded the elastic limit on a stage of tensile softening. At the pressure of
1.0~1.8 MPa, the strains of all measuring points were less than 300 pie. When the pressure
was 1.8~1.9 MPa, the mortar strain exceeded 1100 pe due to the cracking of concrete in
monitoring cross section 1. This led to a result of cracking on the mortar and the subsequent
development of rapid visible cracking. However, the mortar strain at monitoring cross
sections 2 and 3 increased slightly, and the strains of these two cross sections were less than
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400 pe. This showed that the mortar of all monitoring zones was in the serviceability limit
state when the internal water pressure was less than 1.8 MPa, and the mortar in monitoring
cross sections 2 and 3 were still in the serviceability limit state when the pressure exceeded
1.8 MPa.

1400
| —=— M1-1 M2-2 M3-2
1200+ Visible cracking
_seTl“e ______________________ |

1000} Microcracking
s S 4
z [ 6.d€
'3 800+
2 I Onset of cracks
600k T -~
5 e,
= 400t Elastic limit

0 s ST R T T S S S T
0 0204 06 08 10 12 14 16 1.8 2.0
Internal pressure (MPa)

Figure 14. Control strain of mortar at each stage.

However, it must be noted that the tensile strength of mortar was higher than that
of concrete, and the strains at cracking and visible cracking in the mortar by code [5,25]
were 4 and 8 times the elastic strain, respectively. This may overestimate the tensile strain
of mortar. This was verified by a test carried out by Hu [16], where the cracking strain of
mortar was 100 pe during the test. Although the bearing capacity of mortar was generally
ignored during the design of PCCP, the overestimated tensile strain was disadvantageous
for durability control of the PCCP operation.

In summary, when the internal water pressure was 0~1.8 MPa, the composite mate-
rials of concrete, prestressed steel wire, and protective mortar jointly worked with good
mechanical performance. The outside concrete and mortar were under the serviceability
limit state. When the internal water pressure exceeded 1.8 MPa, the pipe was damaged
due to the cracking of the concrete and the outer mortar. This indicated that the pipe
exceeded the serviceability limit state. The maximum tensile stress of steel wire reached
the gross wrapping stress. A damaging behavior occurred in the pipe when the internal
water pressure exceeded 1.8 MPa. However, the pipe was basically at an elastic limit state
when the final internal water pressure was 1.9 MPa during this test.

5. Evaluation of Bearing Capacity of the Pipe
5.1. Calculation of Py, Py, and Py

The decompression pressure Py, the mortar visible cracking pressure Py, and the burst
pressure P}, can be calculated by the following equations [5,6,25]:

AgOpe
0= B, ©)
Asape + afaAn
P = —_—
= Dol ©
p = At Ay 7)
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where As and Ay are the area of steel wire and steel cylinder, respectively, mm?2/m; Tpe
is the actual applied prestress, MPa; A, is the converted area of the cross section of pipe
core concrete, steel cylinder, prestressed steel wire and mortar, mm?2/m; B is the calculated
length, taken as 1000 mm; o is the control cracking coefficient of mortar; fy is the standard
value of concrete tensile strength, following the code [31]; 7 is the calculated radius of the
pipe wall cross section, mm; ry is the outer diameter of the steel cylinder, mmy; f, is the
tensile strength of steel wire, MPa; and fy is the design value of tensile strength of steel
cylinder, taken as 215 MPa [25].

The calculation results of Py, Py and P, are presented in Table 4. The test values of Py
and P increased by 9.4% and 8% compared with the theoretical calculation values. The
calculation results were slightly lower than the test values. The PCCP will burst at 2.41 MPa
according to the calculation due to the tensile stress exceeding the ultimate tensile strength
of the steel wire.

Table 4. Calculation results of Py, Pt, and P},.

Parameter Py, (MPa) P; (MPa) Py, (MPa)
Calculated value 1.28 1.76 2.41
Test value 1.40 1.90 /

5.2. Bearing Capacity under Internal Water Pressure

The stress state of outside concrete was different from that of inside concrete due to
the existence of the steel cylinder. According to the research [18], the test value of Py at
inside concrete was about 20% lower than the calculated value, while the test value of
Py at outside concrete was 9.5% higher than the calculated value. In this experiment, the
test value of Py at outside concrete was 9.4% higher than the calculated value, which was
consistent with the reference [18]. It can be conservatively inferred that the test value of Py
at the inside concrete was about 1.0 MPa in this test. Therefore, Py at the outside concrete
was about 1.4 times of the pressure of the inside concrete, which meant that the cracks of
the inside concrete appeared earlier than the outside concrete. This was consistent with the
analysis results.

Based on the strain measurements obtained in this study and control strain regulated
in the codes [5,25], in the protective layer mortar, visible cracks appeared at 1.9 MPa. In ad-
dition, the tensile strength of prestressed steel wire and steel cylinder used in Equation (7)
was lower than the measured strength values of materials, that is, the actual internal pres-
sure of the pipe burst was higher than the theoretical calculation value. In summary, the
concrete cracking pressure and pipe bursting pressure were 1.0 MPa and 2.4 MPa, respec-
tively. The cracking pressures of concrete and the bursting pressures of pipe were 2.5- and
6-times that of the working pressure. This indicated that the PCCP had sufficient safety in
actual operation. However, the tensile control strain of mortar may be overestimated by
the codes [5,25]. During PCCP design and operation, more attention should be paid to the
durability control of the pipe.

5.3. Mechanical Response of PCCP under Internal Water Pressure

Combined with the test and analysis results, the mechanical response of PCCP under
internal water pressure can be divided into the following different stages:

(1) Prestressing stage (0~1.0 MPa)

In this stage, the concrete core and the steel cylinder of PCCP are under the pre-
compression condition. Under the action of internal water pressure, no more than 1.0 MPa,
all the components of the PCCP are deformation compatibility, as shown in Figure 15.
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[ Concrete under pre-compression

I:l Mortar

= Prestressed steel wire

——— Steel cylinder

Figure 15. Prestressing stage.

(2) Decompression stage (1.0~1.4 MPa)

In this stage, it is conservatively considered that microcracking will occur when the
mortar exceeds the ultimate elastic strain based on the result of the limit state evaluation, as
shown in Figure 16a. With the increase of internal water pressure, the inner and outer wall
concrete reaches the decompression state, respectively. The pre-compression is completely
offset by the tensile stress induced by water pressure, and the inside concrete usually
reaches the decompression state earlier than the outside concrete, see Figure 16b,c. More
cracks appear in the mortar layer.

[ Concrete under pre-compression
Concrete under decompreession
p —— Microcracking

(a) Mortar cracking (b) Inside concrete (c) Outside concrete
decompression decompression

Figure 16. Decompression stage.

(8) Stage of concrete microcracking (1.4~1.7 MPa)

In this stage, the inside and outside concrete reach the elastic limit and then appear
microcracking, as shown in Figure 17.

Concrete under decompreession
Concrete under elastic condition
Concrete under microcracking
—— Microcracking
—

(a) Inside concrete (b) Outside concrete (c) Microcracking
elastic limit elastic limit

Figure 17. Concrete microcracking stage.

(4) Visible crack appeared on concrete and mortar (1.7~1.9 MPa)

In this stage, visible cracks appear on the concrete core and the protective mortar, as
shown in Figure 18.
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Concrete under visible cracking

Visible cracking

Figure 18. Visible cracking stage.

(5) Steel cylinder yield and prestressed steel wire broken (1.9~2.4 MPa)

In this stage, the steel cylinder yields and the tensile stress is mainly supported by
prestressed steel wire due to the expansion and penetration of concrete cracks. Prestressed
steel wire successively reaches the yield and ultimate limit states. When the maximum
elongation of prestressed steel wire is exceeded, the fracture occurs in the weak part, as
shown in Figure 19.

Concrete under visible cracking

= = Wire broken zone

——— Visible cracking
L7

Figure 19. Wire broken stage.

(6) Burst stage (Exceed 2.4 MPa)

In this stage, the steel wire cannot play the role of a hoop pipe barrel due to the
increased amount of broken wires of PCCP. The deformation of the steel cylinder increases
with the internal pressure, which leads to a local block arch failure of outside concrete
under the action of punching [15]. Without the confinement of outside concrete, the steel
cylinder is free to elongate with large deformation and finally fractures. This leads to a
result of a pipe burst at a certain part, as shown in Figure 20.

Water
Pipe burst

i

Figure 20. Pipe barrel burst stage.
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6. Conclusions

Combined with a key project of water conveying, a full-scale PCCP with a diameter of
3.2 m was tested under internal water pressure. The strain of concrete, prestressed steel
wire, and mortar were detected. The bearing capacities of PCCP at different limit states
were evaluated combined with theoretical analysis. The following conclusions are drawn:

(1) When the pressure was lower than 1.6 MPa, the concrete strain linearly increased with
the increase in internal water pressure. When the pressure increased from 1.6 MPa to
1.8 MPa, the concrete strain slope increased slightly at 1 m away from the spigot
ring. When the pressure exceeded 1.8 MPa, the strain of the outside concrete at 1 m
away from the spigot ring suddenly increased due to the onset of cracking on the
corresponding inside concrete, while the concrete at 2.5 m away from the spigot
ring only reached the elastic limit, and the concrete was still in the elastic stage at
4 m away from the spigot ring. Differing from the previous results, the concrete
crack first appeared on the inside concrete. This may be attributed to the thicker
outside concrete.

(2) When the internal water pressure is lower than 1.6 MPa, the prestressed steel wire
is in the elastic stage. When the water pressure increased from 1.6 MPa to 1.8 MPa,
the strain curve slope of the prestressed steel wire trended upward at 1 m away from
the spigot ring. Consistent with the outside concrete, the prestressed steel wire at
1 m away from the spigot ring presented a rapid increase in tensile strain when the
water pressure exceeded 1.8 MPa, while the strain of prestressed steel wire increased
slightly at 2.5 m and 4 m away from the spigot ring.

(38) The strain of the protective mortar increased linearly with the increased internal water
pressure before 1.8 MPa. When the internal pressure exceeded 1.8 MPa, the cracking
first appeared in the mortar at 1 m away from the spigot ring and subsequently
developed into visible cracking rapidly. However, the mortar strain increased slightly
at 2.5 m and 4 m away from the spigot ring.

(4) When the internal water pressure was 0~1.8 MPa, the composite materials of concrete,
prestressed steel wire, and protective mortar jointly worked with good mechanical
performance for PCCP under internal water pressure. When the internal water
pressure exceeded 1.8 MPa, a damaging behavior occurred in the pipe. The pipe barrel
was under the elastic limit state when the final internal water pressure was 1.9 MPa.

(5) The test values of decompression and cracking pressures increased by 9.4% and 8%
compared with the theoretical calculation values. The cracking pressures of concrete
and the bursting pressures of pipe were 2.5 and 6 times of the working pressure.
This indicated that the PCCP had sufficient safety in actual operation on the premise
of ensuring the standardized operation in the working stage. However, the tensile
control strain of mortar may be overestimated by the codes. Further research is needed
on the mortar strain and strength.
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