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Recently, polyvinyl chloride (PVC) has beenused as a stay-in-place (SIP) formwork because of its lower cost com-
pared to other materials, durability, and ease to assemble. The PVC SIP formwork used here consists of intercon-
nected elements; panels and connectors that serve as permanent formwork for the concrete walls. In this paper,
the behaviour of the PVC encased reinforced concrete walls tested under eccentric compression loading was in-
vestigated. The variableswere the type of the specimen (PVC encased or control), the longitudinal reinforcement
ratio (0.65% or 1.3%) and the eccentricity of the applied load. The PVC encased wall specimens showed superior
performance, more ductile and higher capacity when compared to the control wall specimens. An analytical
model was developed to predict the ultimate load capacity of the specimens taking into consideration the effect
of the PVC on the load carrying capacity of the walls. The calculated and experimental peak loads were in good
agreement.

© 2015 The Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Recently, polyvinyl chloride (PVC) has been used as a stay-in-place
(SIP) formwork because of its lower cost compared to other materials
(such as fiber-reinforced polymers), durability, and ease to assemble.
This type of formwork has been used mainly for walls in commercial,
agricultural and industrial buildings. The PVC stay in place (SIP) form-
work is mainly designed to be highly durable in harsh environmental
conditions and to enhance the constructability and themechanical per-
formance of concrete.

The PVC SIP formwork consists of interconnected panels and con-
nectors that serve as permanent formwork for the concrete walls. The
panels form the outer shell of the PVC encasedwall surface. The connec-
tors slide and interlock with the panels. Panels are connected together
via hollow web connectors that hold the form together as shown in
Fig. 1. The hollow web connectors allow the concrete to flow laterally
between adjacent cells. In addition, it facilitates the placement of rein-
forcing steel [6]. This system has been commonly used in casting tanks
and swimming pools. The PVC encasement system may provide addi-
tional tension reinforcement and increase the confinement of the con-
crete, and hence increase the flexural and axial capacity of the
concrete walls. When subjected to flexural load, the increase in the
peak load and the ductile response depended on the wall thickness
and the reinforcement ratios [3,8,11,12,13]. Under axial load, the effect
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of the PVC confinement on increasing the ultimate capacity depended
on the configuration of the panels and the connectors [5,7,8]. For the
plain concrete walls encased with PVC and tested under combined
axial and flexure load, the results showed a considerable contribution
of the polymer to the tensile load capacity of the specimens [4].

The PVC encased system has been used extensively to form founda-
tion walls, retaining walls, walls in water and waste treatment tanks
and walls for swimming pools. In these applications, the walls are
resisting axial loads and bending moments. The main objective of this
study is to investigate the characteristic behavior of the PVC encased
wallswith different reinforcement ratios subjected to axial compression
and flexural. The behaviour of the PVC encased specimens is compared
to the control specimens to assess the contribution of the PVC under dif-
ferent eccentricities and different reinforcement ratios which has not
been addressed by existing codes. Then, a theoretical prediction is de-
rived taking into consideration the effect of the PVC on the load carrying
capacity of the walls.
2. Experimental program

Eighteen reinforced concrete walls were cast and tested at the struc-
tural laboratory at University of Waterloo. The variables in this study
were the type of the specimen (PVC encased or control), diameter of
the longitudinal reinforcement (10 M or 15M rebars) resulting in rein-
forcement ratios of 0.65% and 1.3%, respectively, and the eccentricity of
the applied load (33.9 mm, 67.7 mm, 101.6 mm). The eccentricities
were proposed as ratios (1

�
6 ,

1
�
3 and

1
�
2) of the specimen's thickness.

Six specimens acted as control specimens (without PVC encasement)
and twelve specimenswere PVC encased walls withmiddle connectors.
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Fig. 1. Top view of a PVC encased wall.
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The walls were cast in two batches. In the first batch, the control walls
and six PVC encasedwalls were cast. In the second batch, the remaining
PVC encased walls were cast.

All specimens had a rectangular cross section. They were 305 mm
wide by 203 mm thick and 1830 mm long. The dimensions of the wall
represent a strip in a wall of a tank or a swimming pool with a height
that fits the testing frame at University of Waterloo. All the walls were
reinforced in the longitudinal direction with 4 steel rebars (10 M or
15 M) as shown in Fig. 2. Two rebars were placed on the tension side
and two rebars were placed on the compression side. In the transverse
direction, two 10 M stirrups were used at each end of the wall in the
a-Elevation b-Top view
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28

 m
m

Fig. 2. Reinforcement detailing for the wall specimens.
first batch and five 10 M stirrups were used at each end of the wall in
the second batch to increase the internal confinement and avoid end
splitting. Also, the specimens were reinforced with 3 rebars (10 M) in
the middle section to simulate the transverse reinforcement used in
practice. The longitudinal and transverse reinforcement were tied to-
gether using spiral ties. The clear concrete cover on both the tension
and the compression sides was 40 mm. Two straight coil loop inserts
were used at each end of the wall specimen to facilitate lifting the
specimen.

The PVC encasement consisted of two main elements; panels and
middle connectors as shown in Fig. 1. The panels were 150 mm wide
and 1.2 mm thick. The middle connectors were 200 mm wide and
1.2 mm thick. Each PVC encased wall consisted of two panels on each
face of the wall and five middle connectors. The PVC encased system
used here is known commercially as Octaform.

Table 1 shows the testmatrix. The notation is as follows; thefirst let-
ter stands for the wall type; PVC encased wall (O) or control wall (C).
The following letter represents the eccentricity, where e6, e3 and e2
represent an eccentricity ratio of 1

�
6 , 1

�
3 and 1

�
2 of the specimen's

thickness (t), respectively. The last number represents the diameter of
the reinforcement rebar. For instance; O-e3-15 is a PVC encasedwall re-
inforced with 4-15 M and subjected to an eccentric compression load
applied at 1

�
3 of the specimen's thickness.

2.1. Material properties

The concrete mix had 10 mm maximum aggregate size. The
slump was 170 mm to allow for sufficient flowability of the concrete
to fill the cells. The average 28-days compressive strength of the con-
crete mix used in the first batch was 37.9 MPa and 39.2 MPa for the
second batch. According to the manufacturer, the average yield
strength of the 10 M and 15 M rebars was 478 MPa and 490 MPa, re-
spectively. The average ultimate strength of the 10 M and 15 M re-
bars was 702 MPa and 597 MPa, respectively. According to the
manufacturer, the ultimate tensile strength of the PVC was 45.9 MPa
and the tensile modulus was 2896 MPa. The relationship between the
strain ( εPVC) and the stress (fPVC) in the PVC is expressed according to
Eq. (1) [13].

f PVC ¼ �71518 ε2PVC þ 3412:1 εPVC ð1Þ

2.2. Instrumentation and test setup

Strain gauges were mounted on both tension reinforcement and
compression reinforcement at mid-span. Furthermore, 5 mm long
strain gauges were mounted on the PVC panels at mid-span prior to
testing on both compression and tensions sides. Also, a 60 mm long
Table 1
Test matrix.

Specimen Connector
type

Reinforcement Reinforcement
ratio

Eccentricity
(mm)

Number of
specimens

C-e6-10 NA 4-10 M 0.65 t/6 = 33.9 6
C-e3-10 t/3 = 67.7
C-e2-10 t/2 = 101.6
C-e6-15 NA 4-15 M 1.3 t/6 = 33.9
C-e3-15 t/3 = 67.7
C-e2-15 t/2 = 101.6
O-e6-10 Middle 4-10 M 0.65 t/6 = 33.9 12
O-e3-10 t/3 = 67.7
O-e2-10 t/2 = 101.60
O-e6-15 Middle 4-15 M 1.3 t/6 = 33.9
O-e3-15 t/3 = 67.7
O-e2-15 t/2 = 101.60
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Fig. 3. Wall specimen test setup.
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strain gauge wasmounted on the concrete compression side of the wall
specimen.

To apply the load eccentrically on the wall, a system was used at
each end of the wall consisting of a steel plate (Fig. 3-a) and a swivel
(Fig. 3-b). The steel plate was 38 mm thick by 400 mm wide by
600 mm long. The plates had six threaded holes to accommodate
different eccentricities of the applied load. The plate was placed on the
specimen where the dotted line represented the specimen (Fig. 3-a).
Hydrostone was used as a filler material between the plate and the
specimen to ensure that the ends were perfectly flat and leveled.
Threaded rods were used to anchor the plates to the specimens. A
swivel system (pin supports) was connected to the movable cross-
head and the fixed platen in the testing frame and bolted to the
end plates to apply the load at the desired eccentricity. To avoid
end failures, additional external confinement was provided at each
endusing four steel plates (25mmthick× 200mmwide) bolted togeth-
er with high strength bolts forming a collar. The collar counteracted the
transverse tensile stresses resulting from the applied compressive
stresses in order to avoid premature failure and splitting of the concrete
at the ends. It is worth mentioning that four walls were tested without
the collar where the failed sections were relatively close from the ends
of the wall. Those walls will be referred to as un-confined walls. All the
remaining walls were tested with a collar. Further details are reported
elsewhere (Havez [1]).

The specimenswere tested in a displacement-controlledmodeusing
a servo-hydraulic actuator controlled by a MTS 311 controller. The ca-
pacity of the frame was 1500 kN. The load was measured using a load
cell attached to themovable crosshead. The displacementwas recorded
using the internal LVDT. In addition, two string-pots were used to mea-
sure the specimen's lateral displacement and the specimen's vertical
displacement as shown in Fig. 3-b. Tomeasure the lateral displacement,
the string pot was attached to the compression side of the specimen at
mid-span. The data was recorded using a data acquisition system. The
specimens were loaded monotonically at a rate of 0.5 mm per minute
until failure occurred.
3. Test results

3.1. General behaviour

As the specimens were loaded there were three distinct phases.
Within the first 3.5 mm deflection (lasted around 7 min), the load in-
creased without any signs of cracking until reaching about 130 kN.
Then, it was noticed that the load increased until reaching the peak
load within 1 mm deflection (lasted around 1 min). During the testing,
close from reaching the peak load, stretch marks appeared on the PVC
panels on the tension side near the mid-height or the top section of
the encased wall depending on the failure location. At the peak load,
crushing of the concrete was observed for the control walls and heard
for the encased walls. For the PVC encased walls, crushing of concrete
was accompanied with popping sounds of the PVC encasement
followed by buckling of the PVC panels. Complete failure of the
walls was marked clearly by one or more of the following; crushing
of concrete or buckling of the PVC. Past the peak load, the load
dropped abruptly and the buckling of the walls, due to the eccentric
loading, was noticed. The test continued after the load dropped to as-
sess the effect of the PVC on the post peak response. This phase lasted
for 1 to 3 min approximately.

3.2. Modes of failure

Based on the applied eccentricity, the control specimens showed
mainly three modes of failure; concrete crushing accompanied with
compression steel buckling (Fig. 4, wall reinforcedwith 10M and tested
at the lowest eccentricity), concrete crushing without yielding of ten-
sion steel reinforcement (wall reinforced with 15 M and tested at
67.7 mm eccentricity), and tension steel yielding followed by crushing
of the concrete (Figs. 5 and 6, walls reinforced with 15 M and tested at
67.7 or 101.6mmeccentricity andwall reinforcedwith 10M and tested
at 101.6 mm). The failed sections for the specimens varied between
300mm and 1000mmmeasured from the top end of thewall (sections
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Fig. 4. Failures at the lowest eccentricity (33.9 mm).
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last to be filled with concrete during the cast). Failure occurred at these
sections due to variation in the compressive strength of the concrete in
the uppermost portions of thewall where these sections had the lowest
compressive strength [9]. This had been confirmed in the current study
by flipping some of thewall specimens before testing to ensure that the
specimen failed at sections close to the same end (upper end). It is
worth mentioning that prior to using the collar, one wall reinforced
with 15Mand tested at the lowest eccentricity (33.9mm) failed by con-
crete crushing at the end.

The PVC encased specimens showed mainly two modes of failure;
concrete crushing followed by PVC buckling or tension steel yielding
followed by crushing of the concrete then buckling of the PVC. The
walls reinforcedwith 4-10M and tested at the lowest eccentricity failed
by compression steel yielding followed by concrete crushing then buck-
ling of PVC. The failed section for these walls was at 400 mm from the
top end of the wall. At failure, the equivalent control wall specimens
experienced significant concrete spalling at the failed section when
reaching the ultimate load (Fig. 4-b). However, the PVC encased speci-
mens tested at the same eccentricity did not show any spalling of
concrete at ultimate load (Fig. 4-a). It is worth mentioning that at the
lowest eccentricity (33.9 mm), regardless of the reinforcement (10 M
or 15 M), the unconfined-walls reinforced with 15 M failed by concrete
crushing followed by PVC buckling. The failed sections varied between
zero and 200 mm from the end of the wall. An additional un-confined
a- O-e3-10

b- C-e3-10

Fig. 5. Failures at the intermediate eccentricity (67.7 mm).
wall reinforced with 10Mwas tested at the lowest eccentricity. It failed
by concrete crushing followed by PVC at sections close to the end of the
wall, which empathized the role of the collar in confining the end sec-
tions and preventing their failures.

At the intermediate eccentricity (67.7mm), the PVCencasedwall re-
inforcedwith 4–10M failed by tension steel yielding and crushing of the
concrete at ultimate load followed by buckling of the PVC (Fig. 5-a). The
wall reinforced with 4–15M failed by crushing of the concrete followed
by buckling of the PVC. At the highest eccentricity (101.6mm), thewalls
failed by tension steel yielding followed by crushing of the concrete
then buckling of the PVC, regardless of the reinforcement (10 M or
15 M) (Fig. 6).

At the lowest eccentricity (33.9 mm), the presence of the PVC en-
casement did not affect the location of failure. However, for the interme-
diate eccentricity, the presence of the PVC encasement shifted the
failure location towards the mid-span for some specimens. The PVC
encased wall reinforced with 10 M failed at 720 mm from the top end
of the specimen as opposed to failing at 370 mm from the top end of
the specimen for the equivalent control wall. However, for the same
specimens reinforced with 15 M, both the control and the PVC encased
walls failed almost at the same section (on average 590 mm) from
the top end of the specimen. At the highest eccentricity, all control
and PVC encased walls failed almost at mid span, regardless of the
reinforcement.

3.3. PVC encased walls versus control walls

The PVC encased specimens showed a higher peak load than their
peer control walls, further details will be discussed in Section 4. Figs. 7
and 8 show typical test results for a control and a PVC encasedwall spec-
imen tested at an eccentricity equal to 67.7 mm. The vertical axis repre-
sents the load (kN) and the horizontal axis represents the deflection
(mm). All specimens showed the same load versus deflection behav-
iour. The load increased with deflection until failure where the load
dropped abruptly and the deflection increased. It is clear that the PVC
encased specimen was stiffer than the control specimens, where the
slope of the load versus deflection increased compared to the control
specimen. The increase in stiffness was mainly related to the confine-
ment effect of the PVC that opposes the expansion of the concrete.
This effect ismore pronounced at lower eccentricities andwas observed
by other researchers [5,7,8].

For both the control and the PVC encased specimens, the behaviour
of the load versus strain of steel, concrete and PVC was characterized
by an ascending curve until failure where the load dropped with an
increase in measured strain, resulting in the descending part of the
curve as shown in Figs. 9 and 10. It is clear that at any given load
value, the strain gauge readings for the control specimen were
higher than the PVC encased specimen, but the PVC encased wall
failed at a higher peak load. Therefore, the PVC encased wall can re-
sist the applied load with decreased strain readings compared to the
control walls.

4. Discussion

4.1. Peak loads

Table 2 shows the peak load, mid-span deflection and vertical dis-
placement for the control walls and the PVC encased walls. The PVC
encased walls reinforced with 4-10 M showed an increase in the peak
load of 2.14%, 37.2% and 17.1% at 33.9 mm, 67.7 mm and 101.6 mm
eccentricity, respectively over their equivalent confined control
specimens. It can be concluded that for the low reinforcement ratio
(4-10 M), the effect of the PVC on increasing the axial capacity was
noticeable at the high eccentricities (67.7 mm and 101.6 mm). When
comparing the PVC encased and control walls at the intermediate ec-
centricity, it was noticed that the mode of failure shifted from purely
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Fig. 6. Failures at the highest eccentricity (101.6 mm).
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tension failure to a balanced failure. The tension steel reinforcement in
the PVC encased wall yielded right at the ultimate capacity of the
wall as opposed to yielding at 94% of the ultimate load for the control
specimen resulting in a 34% increase in the ultimate load. The un-
confined PVC encased wall reinforced with 4-10 M and tested at
the lowest eccentricity (33.9 mm) showed a peak load less than its
equivalent confined control and PVC encased walls. This emphasized
the effect of the collar on avoiding end failures and developing the
full capacity of the wall. In addition, although the same concrete
mix was used for the two batches, the two confined PVC encased
walls cast in two different batches and tested at an eccentricity of
67.7 mm showed a difference in peak load of 121 kN. The wall tested
from the second batch showed a decreased axial capacity. This finding
was also consistent for the duplicate PVC encased walls reinforced
with 15Mand tested at an eccentricity of 67.7mm. It is alsoworthmen-
tioning that the confined control and PVC encased walls tested at an ec-
centricity of 33.9 mmwere cast in two different batches. If both control
and PVC encased walls were cast from the same batch, it is expected
that the contribution of the PVC would have been higher than the re-
ported value (2.14%).

The PVC encased walls reinforced with 4-15 M showed an increase
in the peak load of 10%, 10.34% and 10.67% at 33.9 mm, 67.7 mm and
Fig. 7. Typical load versus vertical displacement.
101.6 mm eccentricity, respectively over their equivalent control
walls. It can be observed that the control wall reinforced with 4–15 M
and tested at 33.9 mm eccentricity showed a peak load less than its
peer specimen reinforced with 4–10 M due to the absence of the con-
finement system (collar). It is worth mentioning that the two walls re-
inforced with 15 M and tested at the lowest eccentricity of 33.9 mm
were both un-confined. Yet, the PVC encasement enhanced the peak
load by 10%. Similar to the duplicate confined specimens cast in two
separate batches and reinforced with 4–10 M (O-e3-10), the duplicate
confined specimens reinforced with 4–15M and tested at an eccentric-
ity of 67.7mm showed a difference in peak load of 79 kN. The peak load
of the specimen from the second batch was 79 kN less than the peak
load of the specimen from the first batch. It can be concluded that for
the high reinforcement ratio (4–15 M), the effect of PVC on increasing
the ultimate capacity was much less than the low reinforcement ratio
(4–10 M). This indicated that the contribution of the PVC was more
significant at lower reinforcement ratios. This finding is consistent
with the literature reported on testing the PVC encased walls with dif-
ferent reinforcement ratios under pure bending [12,13].
Fig. 8. Typical load versus horizontal displacement.
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Table 2
Test results.

Specimenb Batch Collar Peak
load
(kN)

Mid-span
deflection
(mm)

Vertical
displacement
(mm)

4-10 M C-e6-10 Batch1 Present 1445.1 9 5.1
O-e6-10 Batch1 Absent 1339.7 5.6 6.8
O-e6-10 Batch 2 Present 1475.9 7.3 5.7
C-e3-10 Batch1 Present 677.9 16.4 5.4
O-e3-10 Batch1 Present 990.3 11.8 5.2
O-e3-10 Batch 2 Present 869.3 13.4 5.2
C-e2-10 Batch1 Present 374.8 20.9 5
O-e2-10 Batch 2 Present 438.9 22.7 5.3

4-15 M C-e6-15 Batch1 Absent 1266.7 8.3 6.7
O-e6-15 Batch1 Absent 1393.5 7.5 5.8
C-e3-15 Batch1 Present 856 15.4 6.3
O-e3-15 Batch1 Absent 624.6 7.2 4.1
O-e3-15a Batch1 Present 984 17.2 6.2
O-e3-15 Batch 2 Present 905 14.3 5.4
C-e2-15 Batch1 Present 504.1 23.2 7.3
O-e2-15 Batch 2 Present 557.9 20.3 7

a Repeated twice in batch1 due to the premature failure of the specimen during thefirst
test

b Two specimens were excluded due to their damage during test setup.
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4.2. Effect of eccentricity and reinforcement ratio

For both reinforcement ratios, as the eccentricity increased the peak
load of the specimens decreased due to the increase in curvature and
the additional moment caused by the eccentric loading. It was noticed
that at the same eccentricity the effect of the reinforcement was more
noticeable for the control specimens compared to the PVC encased
specimens. The control and the PVC encased specimens reinforced
with 4–15 M and tested at an eccentricity of 67.7 mm showed an in-
crease in the peak load of 26.3% and 1.6%, respectively, over their
peers reinforced with 4–10 M. The difference in the reinforcement
effect on the peak load for the control and the PVC encased walls is
explained by the different modes of failure. At failure of both the con-
trol and the PVC encased walls reinforced with 4–15 M, the concrete
crushed without yielding of the tension reinforcement. On the other
hand, for the control wall reinforced with 4–10M, the steel yielded at
about 94% of the peak load then the concrete crushed at the peak
load. Yet, the PVC encased wall reinforced with 4–10 M failed by
steel yielding and concrete crushing at the peak load as explained
earlier. For the highest eccentricity (101.6 mm), the control and
the PVC encased specimens reinforced with 4–15 M showed an in-
crease in the peak load of 34.5% and 27.1%, respectively, over those
reinforced with 4–10 M. The effect of the reinforcement on the
peak load is of same order in this case as all the specimens showed
the same mode of failure.
Fig. 10. Load versus concrete strain for O-e3-10 and C-e3-10 wall specimens.
4.3. Vertical and mid-span deflection

The PVC encased specimens had almost the same vertical displace-
ment as their equivalent control specimens but at a higher peak load re-
gardless of the reinforcement ratio (Table 2). For both reinforcement
ratios (4–10 M and 4–15 M), it was clear that as the eccentricity in-
creased the mid-span deflection at failure increased. However, the
PVC encasedwalls showed almost the samehorizontalmid-span deflec-
tion at failure as the control walls at different eccentricities.

4.4. Strain profile of PVC walls

The eccentricity of the applied load and the reinforcement ratiowere
the dominant factors in defining the load-strain behaviour for the wall
specimens. All of the specimens (control and PVC encased walls) tested
under the lowest eccentricity (33.9 mm) showed a similar load versus
strain behaviour in steel, concrete and polymer. Fig. 11 shows typical
test results for a confined PVC encased wall specimen reinforced with
4–10 M and tested under the lowest eccentricity. The vertical axis rep-
resents the axial load and the horizontal axis represents the strain in
all materials. The positive readings indicate tensile strains and the neg-
ative readings indicate compressive strains. It is worth mentioning that
the readings of the strain gauges were affected by the location of the
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Table 3
Magnification factor for both the control and the PVC encased walls.

Specimen Eccentricity
(mm)

Experimental
peak load
(kN)

Moment at
mid-span
(kN mm)

Moment at
the ends
(kN mm)

Mag.a

factor

4-10 M C-e6-10 33.9 1445.1 61,951.4 48,945.5 1.265
O-e6-10 1475.9 60,762.8 49,988.73 1.215
C-e3-10 67.7 677.9 57,031.7 45,914.2 1.242
O-e3-10 990.3 78,758.6 67,073 1.174
O-e3-10 869.3 70,526.3 58,877.7 1.197
C-e2-10 101.6 374.8 45,913 38,079.7 1.205
O-e2-10 438.9 54,555.3 44,592.3 1.223

4-15 M C-e6-15 33.9 1266.7 53,416.74 42,903.1 1.245
O-e6-15 1393.5 57,649.1 47,197.8 1.221
C-e3-15 67.7 856 57,992.3 54,976.9 1.227
O-e3-15 624.6 46,801.3 42,304.2 1.106
O-e3-15 905 74,237.2 61,295.7 1.211
C-e2-15 101.6 504.1 62,911.7 51,216.6 1.228
O-e2-15 557.9 68,008 56,682.6 1.199

a Stands for magnification factor.

0

200

400

600

800

1000

1200

1400

1600

0 2000 4000 6000

A
xi

al
 L

o
ad

 (
kN

)

PVC Tension Strain (μεμε) 

Ecc. t/2
Ecc. t/3
Ecc. t/6

285.1(με) 

2917.8(με) 

5026.1(με) 

Fig. 12. Load versus PVC strain gauge in tension readings at different eccentricities for the
walls reinforced with 4-10 M.

73A.A. Havez et al. / Structures 5 (2016) 67–75
gauge with respect to the failure location. The closer the gauge was to
the failure location, the higher the recorded measured readings at fail-
ure. From Fig. 11, it is clear that strain gauge readings on both tension
and compression steel reinforcement were negative, with lower strain
values for the tension steel compared to the compression steel. This in-
dicated that the whole section was under compression at the peak load
due to the low applied eccentricity (33.9 mm). Also, the PVC panels on
the tension side showed positive strain gauge readings of less than
300 μ-strains.

At the intermediate and highest eccentricity (67.7 and 101.6 mm),
the specimens showed a load versus strain behaviour similar to those
tested under the lowest eccentricity but with different peak values.
The readings of the strain gauges were in a good agreement with the
mode of failure for all the specimens.

Fig. 12 compares the typical tension strain gauge readings for the
PVC panels at different eccentricities for the walls reinforced with
10 M. The strain gauge readings on the compression side showed the
same behaviour. It is clear that the tensile strain gauge readings on the
PVC panels increased as the eccentricity increased. Thus, the PVC panels
on the tension side showed higher contribution at larger eccentricities
where the mode of failure shifted from a compression failure to a ten-
sion failure.
5. Theoretical prediction

An analytical model was developed to predict the ultimate load
capacity of the specimens taking into consideration the effect of the
PVC on the load carrying capacity of the walls. It can also be used to cal-
culate the strains in the concrete and the steel at failure at different ec-
centricities. The model was based on the equilibrium of forces and the
moment magnification factor method, where the effect of secondary
Fig. 13. Strain, stress and internal force distribution for PVC encas
stresses associated with the column's deformations were taken into
consideration, to predict the peak load.

Cracked sectional analysis was carried out based on the strain and
the stress compatibility to define the strength of the section. The failure
occurred for the control and the PVC encased wall specimens when the
concrete reached the crushing strain in compression (Eq. (2)). The
strain in eachmaterial (steel, concrete and PVC) at any locationwas de-
termined by assuming a linear strain distribution as shown in Eq. (3)
and Fig. 13. The forces and stresses in the steel reinforcement and the
PVC panels were calculated using Eq. (4). Then, the position of the neu-
tral axis (c) was determined using the equilibrium of the internal forces
and external forces as shown in Eq. (5).

εc ¼ 0:0035 ð2Þ

εc
c
¼ ε0c

c0
¼ ε0s

c� d0
¼ εs

d� c
¼ εPVC

h� c
ð3Þ

Cc ¼ α1 f
0
cbβ1c

Cs ¼ ε0sEsA
0
s ε0s b εy

Cs ¼ f yA
0
s ε0s ≥ εy

Ts ¼ εsEsAs εs b εy
Ts ¼ f yAs εs ≥ εy
TPVC ¼ APVC f PVC

ð4Þ

P ¼ Cc þ Cs−Ts−TPVC

M ¼ Cc
h
2
−β1

c
2

� �
þ Cs

h
2
−d0

� �
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h
2
−d

� �
þ TPVC

h
2

� �
ð5Þ

where Cc=the concrete compression force (N),Cs=the steel compres-
sion force (N), εs'= the strain in the compression steel, εs=strain in the
tension steel, Ts = steel tension force (N), APVC = area of the PVC

(mm2), As =area of the tension steel (mm2), A
0
s ¼ area of compression

steel (mm2), h= depth of the section (mm), c= position of the neutral
ed specimens subjected to combined flexure and axial load.



Table 4
Calculated peak loads with confinement effect.

Specimen Batch Collar Experimental peak load (kN)

With confinement Without confinement

Theoretical peak load
(kN)

Percentage difference (%)
Theoretical peak load
(kN)

4-10 M

C-e6-10 Batch1 Present 1445.1 1145.23 20.8 1145.23
O-e6-10 Batch1 Absent 1339.7 – – –
O-e6-10 Batch 2 Present 1475.9 1367 7.3 1148.5
C-e3-10 Batch1 Present 677.9 654.26 3.5 654.26
O-e3-10 Batch1 Present 990.3

786 15.5 669
O-e3-10 Batch 2 Present 869.3
C-e2-10 Batch1 Present 374.8 356.58 4.9 356.58
O-e2-10 Batch 2 Present 438.9 427.5 2.6 381.6

4-15 M

C-e6-15 Batch1 Absent 1266.7 1271.9 0.41 1271.9
O-e6-15 Batch1 Absent 1393.5 1494.8 7.8 1274.3
C-e3-15 Batch1 Present 856 789.69 7.74 789.69
O-e3-15 Batch1 Absent 624.6 – – –
O-e3-15a Batch1 Present 984

950.3 0.61 794.5
O-e3-15 Batch 2 Present 905
C-e2-15 Batch1 Present 504.1 497.41 1.32 497.41
O-e2-15 Batch 2 Present 557.9 569.7 2.1 510.9

a An average value of the peak load was used for duplicate specimens.
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axis (mm), TPVC=PVC tension force (N), d'= depth of the compression
steel (mm), P= axial capacity of the section (N), M=moment of resis-
tance of the section (N.mm).

In this study, when the confinement effect was initially taken equal to
zero (concrete crushing strain equals 0.0035), the calculated results were
too conservative (see Table 4). Based on the literature, the confinement
effect under concentric axial load for the same PVC encasement used
here was about 20% [5,7,8]. In the current study, the load was applied
at different eccentricities. It is expected that the confinement effect de-
creases as the eccentricity increases [10]. Pham et al. [10] reported a re-
duction in the confinement effect by 40% when the eccentricity was
increased from zero to 25 mm (1/6 of the specimen's thickness). Due
to the lack of data of PVC encased walls, the confinement effect of the
PVC was approximately estimated to increase the axial load capacity by
10% at all eccentricities. Hence, the strength of the confined concrete
(f'cc ) was taken equal to 1.1f'c. Further details about the estimated con-
crete strength can be found in Havez [1]. (6) shows the confined concrete
strain.

The forces in the PVC and steelwere estimated using Eq. (4). Howev-
er, the force in the concrete was divided into the force in the confined
concrete (Ccc) and un-confined concrete (Cc) (Eq. (7)). The position of
the neutral axis (c) and the applied load (P) can be determined using
the equilibrium of the internal and external forces (Eq. (8)).

ε0cc ¼ 5
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The moment magnification method was used to magnify the end
moments to account for the secondary stresses and include the P–Δ ef-
fect as shown in Eq. (9) [4]. The Euler buckling load and the inertia of the
cross section of the concrete columnwas calculated using (10) and (11),
respectively [2].

Mc ¼ magnificationfactor �M

Mc ¼ 1

1−
P
Pc

M ð9Þ

Pc ¼ π2EI

Kluð Þ2
ð10Þ
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for PVC encased walls.
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Fig. 15. Calculated interaction diagrams for both control and PVC encased walls.
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EI ¼ 0:2EcIg þ EsIst
1þ βd

ð11Þ

whereM is the maximummoment due to applied loads but not includ-
ing P–Δ effect (Nmm);Mc, applied moment (Nmm); Pc, Euler buckling
load (N); P, axial load applied at the ends of the walls (N); lu, is the un-
supported length of the specimen; E, Young'smodulus; I, themoment of
inertia of the cross section; Ec, concrete modulus of elasticity (N/mm2);
Es, steel modulus of elasticity (N/mm2); Ig, moment of inertia of the
gross section(mm4); Ist, moment of inertia of reinforcement about the
cross-sectional centroid (mm4); βd, ratio of the maximum factored
axial dead load to the total factored axial load; and k, effective length
factor for columns.

The magnification factor is the ratio between the total moment at
mid-span to the end appliedmoment. Therefore, the experimentalmag-
nification factor for the wall specimen was calculated using the experi-
mental mid span deflection, applied eccentricity at the wall's end and
peak loads. The results are provided in Table 3. It was noticed that for
a given reinforcement ratio and eccentricity, the magnification factor
for the control and the PVC encased walls was almost the same. There-
fore, for any PVC encasedwall, themagnification factor was taken equal
to its peer control wall.

The peak loadwas calculated for all the PVC encased specimens. The
results are presented in Table 4. Fig. 14 shows the calculated and the ex-
perimental interaction diagrams for all the PVC encased specimens.
Fig. 15 shows the calculated interaction diagram for all the specimens
(control and PVC confined specimens). The calculated capacities
showed better correlation with the experimental peak loads when the
confining effect of the PVC was taken into consideration than the case
with zero confinement. The difference between the experimental and
the calculated load was 5.9% on average (15.5% maximum).

6. Conclusion

The following conclusions can be drawn from the work presented
here:

1. The PVC encased specimens showed ahigher peak load than their peer
control walls. The effect of the PVC encasement on increasing the ulti-
mate capacity at a given eccentricitywasmore significant for thewalls
reinforced with 4-10 M than the walls reinforced with 4–15 M. For a
given reinforcement ratio, the PVC effect on the concrete encasement
was more pronounces as the eccentricity increased.

2. The control walls failed by yielding of the steel followed by crushing
of the concrete, or by crushing of the concretewithout yielding of the
steel. For the PVC encased walls, buckling of the PVC occurred after
the concrete crushed.
3. The control walls and their peer PVC encased walls showed the same
mode of failure except for the control and the PVC encased walls re-
inforced with 4–10M and tested at 67.7 mm eccentricity. This is due
to shifting the mode of failure from tension failure (steel yielding
then concrete crushing) for the control walls to close to the balanced
failure (steel yielding and concrete crushing) for the PVC encased
walls.

4. Both the control and PVC encased specimens showed the same load
versus deflection behaviour. The PVC encased specimenswere stiffer
than the control specimens, where the slope of the load versus de-
flection increased for the vertical and the mid-span deflection, the
PVC encased specimens and the control specimens showed the
same values at failure but the PVC encased walls failed at a higher
load.

5. Sectional analysis based on the moment magnification factor was
carried out to calculate the capacity of the walls. The calculated ca-
pacities showed better correlation with the experimental peak
loads when the confining effect of the PVC was taken into consider-
ation than the case with zero confinement.
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