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Abstract

The use of stayn-place(SIP)formwork has beome an increasingly popular tool for
concrete structures, providing advantages in construction scheduling and labour reduction.
Stayin-place formwork made of strong materials such as fibre reinforced polymer (FRP) and
steel have proven to supplement awdn replace reinforcement in concrete elements. The
use of polyvinyl chloride (PVC) SIP formwork has also been explored. Current research

suggests that PVC provides an enhancement to reinforced concrete strength and ductility.

The esearch herein outies tests oreinforced concrete walls with a compressive strength
25MPa, utilizing two types of PV@anels flat or hollow, in order to further understand the
pol ymer 6s contr i butTheRVC formingslysteem consested of parels st an c
on the tension and compression faces with evenly spaced connectors securing the faces of the
wall. Variables studied included concrete core thickness (152 mm, 178 mm, and 203 mm),
reinforcing ratio (310M bars or 3L5M bars), and panel type (hollow or flafjhe walls
were tested in four point bending. The concrete control walls failed due to steel yielding
followed by concrete crushing. Thkelure of the flat panel encased walls was dependent on
the reinforcingatio. Wall reinforced with 10M barand enased with flat panelgiled due
to steel yielding followed by concrete crushing, PVC buckling, and PVC rupture while walls
with 15M bars did not experience P\Y@pture. Finally the failure for walls encased in
hollow panelsvas due to steel yielding, folved by concrete crushing and PVC buckling.

The hollow panel encased specimens also experienced slip of the panels on the tensile face.



The PVC encasement enhaddbke yield load, ultimate loaductility, and toughness of
the concrete wallsFor flat panel encased walls, the average improvement at yield and
ultimate loads were 21% and 27% respectively. Hollow panel encased walls recorded
average yield and ultimate load improvements of 8% and 27% respectively. Flat panel
encased walls improved ductliby an average of 71% and toughness by 122%. Hollow
panel encased walls improved ductility by an average of 29% and toughness by 70%.
Concrete cores were taken from the te&te¢@€ encasedpecimens and compressive strength

was found to be the same as ttontrol walls.

An analytical model was developed to estimate the yield and ultimate load of PVC encased
concrete walls. Calculated yield loads were in good agreement with the experimental data,
with an average error of 8% for the control walls and 6% for the PVC enwafiedIn
addition, @lculated ultimate (peak) loads showed good correlation with the experimental
data. The average error for the control, flat panel and hollow panel encased walls were 3%,
3% and 8% respectively. Calculated and experimental PVQdestisiin values were in
good correlation at ultimate load conditions. The average errtrdaralculatedPVC
tensile strain was 21%. With the proposed model providing results in good agreement with
the test data, other PVC encased wall ceestionswvere explored. Aifioptimized panel
layout was proposed that utilized flat panels on the compression side of the wall and hollow
panels on the tension side. This configuration of panels resulted in the greatest estimated

improvement at both yield and mitate load levels.
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Chapter 1: l ntroducti on

Stayin-placeformwork isa permanent systeaommonly used in construction projects
throughoutthe worldWh er e tradi ti onal f or mwolakleneds r e mo\
concrete has achieved sufficient strength,-gigylace forms become part of the finished
structure. This type of formwork ca be implemented with a variety of materials such as
timber, galvanized steel, precast concrete, plastic, orifdanéorced polymerand offers a
variety of benefits such as fastsembly, reducing or eliminating the need for supporting
falsework, and &wing for increased standardization and repeatability of structural members
(MacAdam, 1996) This particularly attractive for the construction of agricultural facilities,
retaining walls and tanks; where the wall geometry remains consistent for thayndjtire
structure. In addition, the permanent layer offers the benefit of protecting the concrete from
environmental exposure and attagkn example of stayin-place formwork are provided in

Figure 1.1

s « o g .v . \

Figurel.1 Example of tank construction using SIP formwork



Stay-in-place formwork can also play a role in providing additional structural capacity to
an element. FRP and steel forms in particular are implemented as additional or even
replacement reinfomment for concrete piles, slabs, and walls. In recent years, polyvinyl
chloride (PVC) stayn-place formwork has been developed as a solution for fast, secure and
reliable concrete construction. It is proven to be an effective system to quickly ellsct wal
for single and two storey structures. Tests on PVC encased concrete wallameveal
improvement in structural resistance to flexural forces and significant improvements to the
ductility of the walls. Research is required to further investigate therfiebehaviour of the
PVC encased wall system and develop an analytical model to estimate the ultimeity capa
of these composite members. Depending on the amount of improvement, a reinforced
concrete wall that is traditionally formed could have theesperformance as a PVC encased
wall with a thinner crossection. This change in thicknes®wever small, applied to an

entire structural system would have significant benefit for materials and cost savings.

1.1 Objectives and Scope

The purpose of this reseh is to determine the flexural behaviour of reinforced concrete
(RC) walls that are encased in a PVC staplace (SIP) forming system. Two types of PVC
panelswill be compared, as well as the effectdtud concrete corthickness, and steel
reinforcing ratio of the walls. An analytical modeill be developed to estimate the yield

and ultimate load capacities of the PVC encased concrete Wailklly, experimental test
resultswill be compared to the analytical model to verify the accuracy aftael results.

The greatest motivation is to determine the contribution of the PVC to flexural stiffness, and

strength, and if it is significant enough to allow for more slender wahe slender wall is

2



of interest due to the potential materials savihgguivalent structural behaviour is achieved
with the thinner PVC encased walls. This scenario has up to now been unexplored in this

research area.

1.2 Thesis Outline

This thesis is organized into stkapters and an appendig follows:

1 Chapter 1: Introdu®n i This chapter desibes the research motivaticime
objectives of the research program, the scope of work, and the thesis outline.

1 Chapter 2Background and Literature Reviéwl his chapteprovides a summary
of previous research work pertaining to permanent formworleandsed PVC

walls.

1 Chapter 3Experimental Program This chapter presents the test program, material

properties, specimen fabrication, instrumentation, and testing set up.

1 Chapter 4Experimental Resulis This chapter describes tfalure modef the
test specimensin addition, theexperimentatracking, yield, and ultimate loads

and deflections are presented. Finally, strain response to loading is discussed.

1 Chapter 5: Analytial Modeli This chapter discusséhe development and validity
of the analytical moddbr predicting yield and ultimate load levels for PVC

encased walls

1 Chapter 6: Conclusions and Recommendationkis chapter presents the main

conclusions from the stly. Recommendations for future wogke also provided.

1 Appendix A: Experimental Results



Chapter 2: Background and Literature

In this chapter, a literature review of previous researchtayin-place(SIP)structural

formwork isconductegdwith particubr interest on FRP and PVC based systems. The
behaviour of the FRP stag-place(SIP)formwork is presented, highlightints effects on
reinforced concreteds strength, stiffness,
influence of PVC SIP formork on concrete behaviour is discussed. Fin#tig,

development of analytical modéts calculate the capacity of the PVC encased systems

reviewed.

2.1 FRP Stay-in-Place Formwork

2.1.1 FRP Material

Fibre-Reinforced Polymer (FRP) has recently emerged as a viaikrial in the

construction industry. FRP is a composite material of fibres in a polymeric resin and can be
manufactured into various shapes such as bars, sheets, or laminatesatEfR& havédiigh

tensile strength, flexibility for application, ligkateight (compared to steel), and high

corrosion resistang@Cl 440.R206, 2006)

Reinforced concrete structures exposed to severe environments can experience corrosion of
reinforcing steel, leading to deterioration of the dtitesand loss of serviceability. Fibre

reinforced polymersave significantly better corrosion resistance compared to steel

reinforcementma ki ng FRP6s an increasingly utilized

chlorides, and temperature pose athreatta r ei nf or c e d (ACb4dExREtet e 6 s

06, 2006)

R
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FRP has various applications for concrete structures in addition to acting as primary
reinforcement External application of FRP laminates or sheets to the surfacaafete
members have proven to be an effective method of strengthening in service and deteriorated
elementgRitchie et al, 1991; Soudki et al, 2007) Ot her applications fo
the provision of confining effects for compression elemeartd, more recently stay in place

formwork, primarily for walls and columns.

2.1.2 Behaviour of FRP-Formed Concrete Elements

One of the most popular applicationsIP FRP formwork has been in the construction of

highway composite bridge decks. Two types of permanent formwork have been defined;
structurally participating and structurally nparticipating. Structural participating

formwork is designed to resist bothrtstruction and kservice loads, while structurally non
participating forms are strictly intended for carrying construction I¢sid€lelland, 2007)

In addition to providing structural support, permanent forms offer othmfibe such as

reducing or removing the need for falsework and stripping, while providing opportunity for
standardization of construction and reduced labour. Finally, the intcos@sionresistance

and high tensil e st r erhgeffecta dnvirenRiéntalexpestiré anct i v e

bridge decks.

A variety of formwork geometries have been investigated, including concrete filled FRP
tubes (CFFT). Rizkalla and Fam (2002) tested 20 CFFTs under four point bending to
observe how these members wobéhave in flexure. The FRP tubes were filled with plain
concretewithin the tubesproviding both the flexural and shear reinforcement. Some tubes

were cast with an inner longitudinal hole creating a wall thickness equal to the theoretical
5



compression lock of a solid concrete cylindeDifferent parameters were investigated
including the specimelength, diameter, crossection geometry, reinforcing ratio, and
concrete strength. Tubes cast with an internal hole showed an increase in-strereggint
ratio of 35% while reducing ultimate load capacity by 9%. In general, increasing the
thickness (or crossectional area) of the FRP tube improved the moment capacity and the

stiffness of theubes

It wasconcluded thaas the FRP tube increased in sigsthe benefit of filling the tube
with concrete in order to further increase the stiffness was lessémether words, concrete
contributes more to structures with weaker shells. In addition, placing fibers in the
longitudinal direction to resistdxural forces causeslcompression failure of the fibers and

shear failure of the specimen.

Mohamed andMasmoudi(2012) continued exploring the use of FRP staplace
structural formwork for concrete beams. Seven cylindrical beams, 213 mm in dianteter
2000 mm long were tested in fepoint bending. They were reinforced with eithestéel
bars15mm in diameteor 6 GFRP bars 16 mm in diametefest variables included concrete
compressive strength (30 MPa and 45 MIP®P tube thickness (2.9 mm &4 mm),
internal reinforcement (FRP or steeljd fiber orientation. The fibers were oriented &3d
90 to the longitudinal direction. The concrete filék RP t ubes (CFFTo6s) all
shear. They failed at a higher deflection with increasiéfitiess and strength over the
control beams. The combination of steel reinforcing bar<GHRIP tube allowed for a
higher ductility (86% average increase) and an increase in cracking loads rangi®d %om

to 84% while improving the ultimate load theelement from 130% to 200% over the
6



control beams. Conversely, the CFgdecimenseinforced with GFRP bamgereweaker
than the equivalent specimens with steel internal reinfoammuigfailed suddenly due to
rupture of the glass reinforcing bars. Figallarying the concrete strength and FRP tube

thickness did not significantly change the flexural performance of the specimens.

Dieter et al (2006) investigated the failure mechanisms and performance of a FRP formed
bridge deck system by separately test#fRP reinforcedlabs and beamdshe slab
specimensvere2745mm square with a 20@m thickness while the beams were 200
deep 914mm wide and 2650nm long. The FRP reinforced concrete specimens were
composed of a FRP deck planks to resist podi@reding and a top griokr mesh of FRP bars
to resistnegative bending. The FRP plank was a flat panel stiffened with corrugated box
sections. The deck slab failed in punching shear. Ultimate strength results were significantly
lower than predicted. Theconcluded that this reduction was due to the corrugation of the
FRP plank, reducing the effective shear depth from 200mm to 127mm. In addition, the tests
revealed that the FRP plank was not acting as a fully composite setticdhe concretas
the sgcimensheld load through a higher than anticipated displacenfemtther tests

confirmed that the FRP formed concrete did not achieve full composite action.

An investigation of the flexural capacity of the pultruded FRP planks was completed by
Bank et al (2007). The planks were 305 mm wide. They formed the spans between the
primary bridge girders, and acted as secondary reinforcement. Seven specimens were tested
to compare the behaviour to ttraditionallyformed reinforced concrete beams and to
exanine the effect of the type of grit coating on the plank to achieve composite behaviour.

Two planks, sandoated and gravaloated were tested in comparison to a control plank
7



without grit. The control speciméesmooth plankjailed in flexure and a slizvas observed
between the FRP and concrete. Specimens with coatings did not experience any slip and

showed an increase in the ultimate capacity of the beams by 50% to 56%.

The control FRP planks were also compared with a steel reinforced concrete beam. Th
guantity of steel reinforcing reflected the AASHTO requirement for transverse
reinforcement. At ultimate load the FRP specimens achieVi#dt®&84% higher capacity
than thesteel reinforced concret®ntrol specimen. It was concluded that the plankdcou
effectively replace the steel as primary tensile reinforcement. The plank had to be coated
with epoxyadhered sand or gravel in order to develop composite action with the concrete.
The smooth plank showed significant slip between the concrete andvitRR,decreased

load carrying capacity{Bank & Oliva, 2007)

Other FRP stayn-place structural forms have been investigated in recent years. Nelson
and Fam (2014) concluded that structural response of the FRP SIP form isystens of
strength and flexural stiffness is similar to conventionally RC bridge deétkswe v e r FRPOs
differ from steel in several aspects, most noteworthy is their sttess behaviour. The
steel fails in a duct inea elasie antlesudden fhilur¢ atd he FRPO
decreased strain compared to the rupture strain of steel (Ebarst Nelson, 2014) This
reduction in ductility is reflected in FRP formed elements where load capacity meets or

exceedRC elements but is less resilient.

A number of attempts have been méal@nprove the ductility of the FRP SIP systems.

Gai et al(2013) developed an FRP sitayplace formwork that confined concrete using



FRPO6s i n ortdeeuctility af the conareteeSaxslab specimens were tested in
five-point bending and consistedt@fo 3000mm long GFRP box sections (166m x 100

mm x 8mm thick) adhered to a 30@m wide, 300Gnm longmouldedFRP grating. The

box sectionprovided the tension flexural isgancewhile the concrete filled grating acted in
compression. Transverse GFRP dowels between the concreg&-RiRbox sections

prevented brittle failure of the composite section, increasing the ductility of the syBbem.
FRP grating confined the corete, increasing the strain capacity and ductility otthecrete

in thecompression zone. Despite these improvements, the modified formwork required an
increased amount of FRP to establish ductility, which is a costly solution. The use of other
materals such as PVC for stag-place formwork, could increase ductility at a much lower

cost.

2.2 PVC Stay-in-Place Formwork

Polyvinyl chloride (PVC) differs from fibereinforced polymers in several ways. The

material is weaker than FRPs but offers distinct benefits such as lower cost and increased
rupture strain when loaded. PVC stayplace formwork consists of a systempainels and
connectors. The panels form the concrete wall faces, while the connectors secure the faces of
the wall together. The connectors have hollow cells to allow for transverse reinforcement to

be placed through the forms and for fresh concret®toihto the entire wall (Figurg.l1).



a- Connector bi Side view of the wall cell
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Figure2.1: Element used in PVC SIP Formwork

Theforms offer the advantage of a simplified construction process, espécitiky
construction of buildingsvith consistent and continuous geometries (retaining walls)
While strength improvementsgve been most apparent in the use of {fiberforced
polymers the structuralbenefis of using PVC based forwork have notbeen explored in

great detail.
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Chahrour et al(2005) investigatethe flexural behavior dPVC stayin-place formwork
(Royal Building Systems)ith and without steel reinfoetnent They testedifteenwallsin
four point bending.The specimens we2000mm long and 238 m wide. Test variables
included the thickness of the concrete core (100, 150 or 200 mmgiafatcement ratio
(un-reinforced, 110M rebar). FouPVC encasedpecimeng150mm thick) without internal
reinforcementlevelopedsaw tootldload-deflection curvegs shown in Figur2.2. The
loaddroppedat concrete cracking poinéd therincreasear reboundeés the PVC panels
resisted the tensile stresses atdfaeked location The specimesexperiencd several of
these drops and rebounds as cracking continued and deflection increased laaid tbeel
began to drop The specimen failed by rupturetbe PVCon the tension side of thveall.

The addition bsteel reinforemenr e duced t he stvovet htagshavimpshe 0

Figure2.3.

— RBS6-F1
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Figure2.2: Loaddeflectionof PVC-encasegblain concrete. (Chahrouet al.200b5)
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Figure2.3: Loaddeflection of steel reinforced PVé&hcased concrete. (Chahretral.2005)

All of thespecimengxperiencedhigh ductility andultimate loadenhancemerds the core
thickness increasedt wasconcluded that the PVform did not have sufficient strength to
completely replace steel reinforcement in a concrete wall. Other materials would need to be
incorporated (steel or FRP baas) internal reinforcement order to replicate a reinforced

concrete wall.

Chahrouret d. (2005)incorporated reinforcing steel into only one of three concrete core
thicknesses. Rteil et.dR008) tested 20 PVC encased specimens (Octaform System) 305
mm wide and 2500 mm long under fepwint bending. The test variables were concrete core
thickness (150 mm or 200 mm), internal reinforcementréimforced or 2LOM bars), and
the configuration of the PVC connectors (middle or bracBta)n PVC encased concrete

walls (no steel reinforcement) showed increased ductility and ultimate loacltgapeer

12



plain concrete sections. This increase became more pronounced as the core thickness
decreased. The PVC enhanced the ultimate load by 36% for 150 mm thick walls and 18%
for 200 mm thick walls.They concluded that adding PVC SIP forms incredisedracking

load and yield load of the reinforced specimens by 36% and 65% over their respective
control walls. As reported earlier by Chahrour e{2005), they observed a change from the
60sdwot hdé behaviour | oad dédépkcanenstoa contiouousv e s
increase in load with deflection for teeeelreinforced specimens. The forms increased the
maximum deflection of the walls by 24% and 55% for 150 mm and 200 mm thick walls,
respectively. The configuration of PVC connectddsribt have a significant impact on steel

reinforced specimens.

The effect of connector configuration on the mechanical performance of concrete was
explored further by Kuder et.gd2009). Four 610 mm long PVC SIP concrete walls, using
the Octaform sysim were castA square crossection of 152.4nm by 152.4nmwas
reinforced with one 10M steel rebar. Each of the specimens was assembled with a different

configuration of PVC connectors sisownin Figure2 4.
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Figure2.4: PVC connector arrangemenisuderet al.2009)

The walls were subjected to thrpeint bending with a shear span of 254 mm. They
concluded that the encased specimens improved the flexural capacity and the toughness of
thewalls over the standard n@mcased control specimens. The increases in flexural
capacity and toughness varied from 39% to 66% and 41% to 60% respectively. The PVC
configurations with the highest quantity of polymer in the ceegion (Figur@.4 cross

section ¢) showed the highest increase in ultimate load.

Wahab and Soudki (2013) developed a large test program of 24 PVC encased concrete
wall specimens (Octaform Systemlhe wallswere tested undéour-point flexural bending.
The walls were 457 mmide and 3050 mm long, with a shear span of 1150 mm. Test
variables were concrete core thickness (200 mm or 250 mm), steel reinforcing-fdiM,(3

3-15M or 320M rebars), PVC connector configuration (middle or braced connectors), and

14



including insulatingoam on the tension side of the walls. The test program was cast in two

batches, with concrete strengths of 53 MPa and 43 MPa, respectively.

The PVC encased specimens showed an increase in cracking, yielding, and ultimate loads
over the control wall sp@oens. Cracking load was the most significantly influenced, with a
load increase of over 200% for both core depths. For yield and ultimate loads, lightly
reinforced sections (10M) showed an average load increase in load of 22% versus 15% for
heavily reirfforced sections (15M and 20M). From the test data, it was concluded that the
PVC contribution to flexural strength depended on the reinforcing ratio and section
thickness. The configuration of the PVC connectors did not have any apparent effect on the
resistance and thus could be ignorédhe insulation did not have any effect on the
contribution to flexural strength and was ignordd the concrete core thickness and/or the
internal reinforcement decreased, the enhancement of the PVC encasdimenta | | 6 s

behaviour increased.

2.3 Analytical Modelling of PVC SIP Formwork

Several of the experimental programs completed on PVC SIP formworkweeleled
through the development of an analytical model. These models were used to predict the
ultimate load capacity of the PVC formed concrete elements. This section will examine four

models in closer detail.

Chahrour et al(2005) developed a strain compditlsimodel using linear strain analysis.
Concrete in tension below the neutral axis was neglected in the analysis, with all tensile

forces being resisted by the steel reinforcement (if present) and the polymer. The portion of

15



the polymer in compressionas also neglected, with the concrete resisting all compressive
forces. An equivalent rectangular concrete compression stress block and polymer tension
block (acting on the polymer flanges and webs) were used to estimate the actual stresses

within the cros-section. Finally, a summation of forces was used to determine the depth of

the neutr al axis 6cd to calculate tBE moment
., 0 Q 07Q [2-1]
w ——
O

WhereA: was the crossectional area of the polymer in tensitypwas the ultimate
tensile stress of the polyméys was the area of reinforcing steel in tensignyas the
nominal yield stress of the reinforcemeltjs the stress factor for the concrete poession
block,f .@vas the compression strength of congratel k is the width of the concrete

compression blockResults from the model were within £7% of the test results.

Kuderet al. (2009)dentified that Chahrour did not examine the influenceasious PVC
SI'P connectorsé configurati onsBernoulhbeamo del was
theory and linear strain distributions. Some assumptions from the previous model were
adapted such as; ignoring the tensile strength of concrete, and usotgragular concrete
compressive stress block. Further modifications were made to modelling the PVC. Perfect
composite action between the concrete and PVC was assumed, and the confining action of
the PVC in the compression zone was negle@eder et &, 2009) Finally, the PVC

connector and panel were separated into individual forces, as deguation [22].
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Where A is the PVC connector area in tensiég is the PVC panel area tension, andyf,
is the ultimate stress in the PVYCThe model results were conservative or underestimated by
an average of 27% when compared to the experimessialts Despite this discrepancy, the
results from the model indicated that the PVC forms increasecdethedl capacity of the

concrete wall due to an increased tensile capacity of the-seatisn.

Rteil et al (2008) developed a similanodelto the one developed by Kudetral. (2009)
They assumed the wall failed when the concrete in compression d¢raftéethe steel had
yielded. However, the portions of the PVC connector acting in tension were ignored in the
stress profile. In addition, the stress block faciarandr 1, were calculated from linear

strain distribution using the equations presemtgeollins and Mitchel(Equations [23] and

[2-4)).
- [2-3
T _
¢ C—
o P [2-4]
-2 0 -2

Where:g is the concrete strain at the top compression fibres3igithe concrete strain
corresponding to the concrete compressive stren%llﬁ(‘(bllins & Mitchell, 1997) Results
from the model averaged 12% less than the experimental data. The authors suggested this

was due to the effeéof steel strain hardening not factored into the equation.
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Wahab and Soudki (2013) used linear strain distribution in a model that accounted for the
strain hardening of reinforcing steel in the walls. In additimike previous models that
had neglect the contribution of the compression paeehtinuous portions of the PVC
connectors acting in tension atineé PVC panel acting in compression were considered in the
analysis. Perfect bond or composite action was assumed between the concrete and PVC.
Finally, the nonrlinear stress strain behaviour of the PVC was accounted for Bqunagion

[2-5] as provided by the PVC manufacturer.
] XPUPY OT @C- [2-5]

Where;gyis the strain in the PVC, arsg is the corresponding stieat that strain level.
Figure2.5 shows the strain profile and stress distribution. Results from the analytical model

showed good agreement with the test results, with an average error of 5%.

connector

Panel s & af , £
/ c_prepo L Actual

/ ompressive stress
c (Bc ;
g Equivalent
S| CENY PR I YN | O S S— ) L

compressive stress

< |5
® ® ® s —f>s
—
Zhwee
Pemel f—— fovept
b oA

-
-

Strain distribution Stress distribution

Figure2.5: Stress and strain distribution of PVC SIP crsesstion. (Wahalbnd Soudki
2013

2.4 Research Needs

From the research presented, PVC SIP formwork does provide limited flexural strength

enhancemertb thereinforcedconcrete walls. While this enhancementas as pronounced
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as FRP structural formwork, there are significant improvements to the ductility of the walls.
Previous research programs used concrete with high compressive strengths in excess of 40
MPa. The behavior of the PVC encased walls with lomcoete strengths (R8Pa to30

MPa) reflective of typical wall designs needs more investigation. Finally, the majority of
improvement retained from PVC forms has been due to the exterior panels and not the
connectors. Other panel cressctions have beeateveloped featuring increased cross

sectional area.

The proposed research will produce a test program of PVC encased reinforced concrete
walls that have a target strength ofZBVPa. The program will focus on thin walls (150
mm 200mm thick) that areightly reinforced with steelThin-walled PVC encased sections
with minimal steel reinforcement have showcased significant ultimate load and ductility
improvement.This combination with lower concrete strength will provide further indication
that PVC enased concrete walls may have the same ultimate load capacity as a thicker
traditionally reinforced concrete wall. Finally, PVC panels with various €essons will
be compared to allovor further understanding of how PVC encasement interacts with and

improves the performance of reinforced concrete.
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Chapter 3: Experi ment al Program
3.1 Test Program
Eighteen specimens were cast in the structures laboratory at the University of Waterloo. Six
specimens were cast withd@¥C encasemenid act as control walls. Themaining twelve
specimens were cast using PéC forming system. Thé&est matrix is shown in Tablel3
The vaiables studied wereoncrete core thickness: 152, 178, and 1203 (6,7, or 8 inches,
respectively)type of PVC forming paneflat panel or hthow pane| andtension steel

reinforcement: 3LOM or 315M rebars per specimen

Table3.1; Test matrix

Group Panel Thickness Connector Reinforement Remforf:ement Numperof
type ratio specimers
Panels with 6ahick wall
C-6-10 None None 31 10M 0.45% 1
C-6-15 152 31 15M 0.92% 1
PF6-10 ot mm 37 10M 0.45% 1
PF6-15 . 31 15M 0.92%6 1
(69 Middle .
PH-6-10 Hollow 31 10M 0.57% 1
PH-6-15 31 15M 1.17% 1
Panel s thwkwalh 7 0
C-7-10 None None 37 10M 0.36% 1
C-7-15 178 31 15M 0.74% 1
PF7-10 o mm 31 10M 0.36% 1
PF7-15 . 37 15M .749 1
(7) o Middle — 0.74%
PH7-10 . 3i 10M 0.44% 1
PH-7-15 31 15M 0.90% 1
Panel s thiwkwalh 8 0
C-8-10 None None 31 10M 0.31% 1
C-8-15 203 371 15M 0.62% 1
PF8-10 o mm 37 10M 0.31% 1
PFR8-15 31 15M 0.62% 1
8) 9  Middle _ >
PH-8-10 Hollow 31 10M 0.36% 1
PH-8-15 371 15M 0.73% 1
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C-6-

L 3 — 10M steel reinforcing bars (10), 3 — 15M steel

reinforcing bars(15)

67 (152 mm) thick concrete wall, 77 (178 mm) thick concrete
wall, 8 (203 mm) thick concrete wall

L— control wall (C), wall encased 1n flat panels (PF). wall encased in hollow panels (PH)

The specimen notation in Tal8el is as follows; the first letter designates the panel type;
control (C),concretewall encased witlfilat PVC panes (PF), orconcrete wall encaseuth
hollow PVC panes (PH). The following number reflects the concrete core size in inches.
The final number designates tlitkameterof the reinforcement placed in the specimen; 3
10M or 315M rebar. For exampléhe specimen RB-15 denotes an 8 ing203 mm)thick

PVC encased walipecimen, formed with flat panedad reinforced with-35M rebars.

For wals of the same thickness, the corresponding reinforcement ratio for the hollow panel
encased wall was higher. This increase is due to the thicker hollow panels reducing the depth
of concrete to the reinforcement. When compardteaeinforcing ratiosypically used
with the SIP system, the wall sections teste
With ratios of 0.31% to 0.36% for the 80 thi
code minimum for reinforcing steel of 0.28ement Association of Canada, 2006)
Comparatively low reinforcing ratios were selected in order to best observe the effects of the

SIP PVC system as testing occurred.
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3.2 PVC Stay-in-Place components and wall

All specimens had a rectangular crsgsgtion, with a constant length2440 mm (8ee)

and a width 0610 mm (2fee). The core thickness of each specimen was 152, 178, or 203
mm (6, 7, or 8 inchegespectively). EacRVC encasedpecimen consisted 4 bottom and

4 top panels. Walls with hollow pandlad5 middle connectors spaced at 1B&h, while

walls with flat panel®iad9 middle connectors spaced atfh. Each specimen was
reinforced in the longitudinal direction with 3 steel rebard@®1 or 3-15M) with a clear

cover of 38mm on the tension side of the wallhe clear cover is measured from the PVC
panel and concrete interfacEive transverse 10M relsawere added to theeinforcement
(spaced at 45Mm) to simulate the transverse wall fercement used in practice and to
secure the longitudinaébars into place. The longitudinal and transverse steel rebars were
tied together using spiral tiegigure 3.1 presents typical cressctions for each wall type;
control, flat panel encased,hollow panel encasedtigure3.2 shows the two types of
panes used in the fabrication of the walls; hollow panel (PH) and flat panel (F#§.

thickness of the panels are 1 mm and 11 mm for flat and hollow panels, respectively.

The reinforcement wadgred on only one side of the walls, creating singly reinforced
sections. While many walls are doubly reinforced to combat applied forces on both loading
directions, several of the wall types used in the SIP application have bending dominate in a

single drection (i.e., retaining walls and chemical/water tanks).
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(a) Control
76 mm connector spacing c/c
A 1
—
152 mm
(b) Flat Panel
152 mm connector spacing ¢/c
d d
152 mm

(c) Hollow Panel

Figure3.1: Crosssections and dimensions fitre (a) control, (b) flat panel encased, and (c)
hollow panel encased walpecimens
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Figure3.2: Examples of assembled hollow panel and flat panel walls

3.3 Specimen Fabrication
3.3.1 Control Specimens

Three doubldayer plywood boxes were fabricated to form the control walls. Three sides of
the box were assnbled and then tilted into place. The reinforcing steel matstivene

placed and secured inside the control boxes bettaehinghe final face of the form. The
boxes were girdled using timbgt X 4 incheskpaced at 30hm to avoid any concrete
blowouts during casting. Figufe3 shows one opefacedbox with the steel cage in place

and the final control box assembly.
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Figure3.3: Placing the reinforcing steel inside control box; final assemblyeofiiee
control boxes with timber girdling

3.3.2 PVC Encased Walls

All of the PVC encased specimens were assembled horizontally. Once the bottom panels and
middle connectors were assemblie longitudinal and transverse steghforcementvere

tied into place. Plastic chairs were used at the ends of the walls to ensure that the reinforcing
mats would stay in place and maintain a consistent clear cover during construction and
concrete pouring. The top panels were then slid into place. Fittadlyvalls were tilted

vertically into their final casting position. FiguBet shows a partial view of a row of walls

being secured to the casting frame.
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Figure3.4: Wall specimendilted into place

Due to space restrictions in the ¢ahtory, the walls were placed in three parallel rows of 4
specimenger row The rows of specimens were separated by timber spacer frames to
provide enough space for each walktgpand freelyuringcasting. Figur&.5 shows the
PVC encaseavalls arranged in place. Threaded rods were used to tie the entire assembly

back to the casting frame as shown in Figti6e
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Figure3.5: Selected views of the seculddC encasedpecimens before concrete casting
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Figure3.6: Specimendn placebefore casting
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3.3.3 Casting and Curing

Concrete was supplied by a locahdymix plant. Theproperties of theoncrete mixas

provided by the supplieareshown in Table3.2. Concrete was placed in three lifts using a
conveyor belt until the walls were filled. After each lift the specimens were vibrated by

using a 3n long mechanical vibrator. Figu7 shows the walls during casting. Forty

cylinders were also cast alongside the specimens with concrete taken from the middle of the
casting process. These cylindemsraused to determine the compséve strength of the

specimens at different ages.

Table3.2: Concretamix

Property Value
Minimum strength 15 MPa
Targetstrength 26 MPa
w/c ratio 0.7
Slump 180mm+ 20mm

>4

i

Figure3.7: Casting using a chute aadonveyor belt
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The walls were covered with wet burlap and plastew hours after casting. A wet
curing routine was followed for 5 days, where the concrete was wetted with water daily and
coveaed with wet burlap and plastic. Compressive strength tests on the cylinders were
conducted at 4, 7, ari® days. Upon achieving a concrete strength equal td1B&, the
wall specimens were stripped, rotated, and stacked horizontally in preparatiestifay.t
3.4 Material Properties

3.4.1 Concrete

The typical concrete strengths usedha PVCencased walls vaad between 20 and 32 MPa.
A mix was selected with a nominal compressive strengtlé MRa. The concrete mix had a
maximum aggregate size of iim. Supeplasticizers and retarders were used to provide a

workable concrete. Thectualslump for the mix was 221Gim.

Compressivestrengthtests were conducted on concrete cylinders cast from the mix. Table
3.3 shows the average compressive strengtliffatent ages. The average compressive
strength represents the average strength of 6 tested cylinders. The concrete strength was 21.8
MPa and 24.0MPa at 28 and 56 days, respectivdllie testing of the wallsegan at 56 days
Cylinderswere tested aftdhe walltesting was completgd 16 days)The average strength

of the concrete at this tinveas 27.6t 0.7 MPa
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Table3.3: Averageconcretestrength

Concretecompressivetsength

Day (MPa)
4 10.8+ 0.2
7 143+ 0.5
12 18.1% 0.6
21 20.7+ 0.5
28 21.8+ 0.7
56 24.0% 0.3

116 27.6%0.7

As the control walls were being removed or stripped of their formwork, some small areas
of segregation were observed on the surface of the walls. Thesigru§tant areas of
segregation were seen in walls3€10 and C8-15 (Figure 38). A cementiteous patch
material (SikaDur 31) was applied to the control specinefi the cavities(Figure 39).

The patch material could not be applied to the PVCsattavalls. However, significant
segregation was not observed when these walls were removed from the casting frame.
Figure 3.10 shows the interior surface of a tested wall that has had the patch material applied
to it. From the figure it can be seen tta patching material achieved good bond with the

concrete substrate.
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Figure3.9: Example of path material applied to concrete wall with segregation.
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Figure3.10: Evidence of bond achieved between concrete and patch material.
3.4.2 Steel

Reinforcing steetebars(10M and 15M)were used. Tabld.4 shows thenechanical

properties of the rebars as provided by the manufacturer.

Table3.4: Propertieof reinforcing steel

Bar Size Yield strength (MPa) Ultimatestrength (MPa) Elongation (%)
10M 486 575 16.0
15M 478 580 18.0

3.4.3 Polyvinyl Chloride (PVC)

The properties of the polyvinyl chloride (PVC) as provided by the manufacturer are given in
Table3.5.

Table3.5: Propertiesof PVC

Property Value (MPa)
Tensilestrength 45.9
Tensilemodulus 2,896
Flexuralstrength 90

Flexuralmodulus 2,965
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3.5 Instrumentation and Test Set-up

Strain gauges were supplied by Tokyo Sokki Kenkyujo Co. Ltd. The strain gauges had a
resistance of 120+0.3 ohms with a thermal expansion of 11 FPMFor each wall, two
strain gauges were mounted at raghn ortwo longitudinal rebars (outer and middle)
Then, the gauge was waxed and protected with electrical tape to ensure protection of the

gaugeduring handling and castinfrigure3.12)

% p ”
e gt ol )
3 R R TN T T

Figure 3.11: Protectedstrain qauge before assembly

Once the walls were cast, additional strain gauges were mounted on the compression side
prior to testing. For the control specimens, two concrete strain gaegeplaced on the
compression face of the watine at the centerline of the cross section and another close to
the edge of the cross sectioRorthe PVC encased specimerwjts were made through the
PVC panel in the compression zone in order forarstgauge (60nm long) to be adhered to
theconcretesurface. Also, high elasticity strain gaugesni® long) weremounted on tahe
tension and compression faces of the PVC panels (Figi8e FourPVC strain gauges

wereused to monitor the behaviour of ed®WC encased specimen
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Figure3.12: Concrete and PVC strain gauges on the compression face of the wall

The walls were tested in fogoint bending using a senlydraulic actuator controlled by
a MTSDigital GT controller. The shear span was 760 mm and the constant moment region
was 600 mmas shown in Figurd.14 The load was applied at a rate20d mm/min The
duration of the tests varied betweenas@120 minutes.The wall was supported @nhinge
support at one end and a roller support at the ether The hinge support was a cylindrical
bar welded to a flat plate and the roller support was a stiedley between two curved
plates. The load wareasured using a 500 kN load cell. The deflection of the wall at mid
span was measured using two extesgtihg pots attached to the sides of the specimen. The

test was stopped when the load dropped byertttan 20% of the peak load or if the
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specimen shifted on the supports, resulting in a change in the loading conditions

(encountered with one specimen only).
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Chapter 4: Experi ment al Test Resul

4.1 Introduction

In this chapter, the test results from the control specimenB¥@dncased specimens are
presented and compared. Thsultsinclude the modes of failure observed, the leabus
deflectionbehaviourandtheloadversusstrain behaviour of the differenbmponents of the

walls.

4.2 Behaviour of the Control Specimens

4.2.1 Modes of Failure

Each of the six control specimens exhibited the same failure mechanism. The reinforcing
steel yielded at mid span, followed by concrete crushing in the constant moment region.
Most of the crushing failures occurred at mid sparshasvnin Figure4.1. However, for two

specimengC-7-15 and C8-15) the crushing locations were closethe rightloading point.

Specimen &-15 Specimen €7-15

Figure4.1: Failure modes focontrol walls
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4.2.2 General Behaviour

Cracks first appeared at mid span in the constant moment refgate load increased,

cracks continued to form at a relatively even spacing between and just beyond the loading
points. As the load ineasedurther, the cracks propagatéolwards the compression face of
the specimen. Once the steel yedhe cracks in the constant moment region widened
significantly as the curvature of the wall increased. At failure, the wielesioncrackswere

a the sections whetthe concrete crugtdl on the compression face

4.2.3 Flexural Behaviour

4.2.3.1 Load-Deflection

The typical load versus deflection behaviour is presented in FigurerAevertical axis
represents the applied load (kN) and the horizontal axissemiethe mid span deflection
(mm). Thespecimens showdtlie same load versdeflection behaviour, which can be
described in three distinphass; uncracked crackedandpostyield. The urcrackedphase
refers to the rapid rise in load with minimafiéction(< 2 mm) until the cracking load is
reached. The crackghaseoccurs between the cracking and yield loads, where the load
increass linearly with deflectionThe stiffness in this phase is reduced compared to the un
cracked phaseAt the yieldload, thepostyield phase startwhere the deflection of the

specimen increases rapidly in comparison to the load.
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Table4.1 summarizeshe cracking, yield, peak, and ultimate loads and their corresponding
deflections for the control specimenBhe cracking load depends on the thickness of the
concrete section. As the thickness incrdatiee crackig load increask The average
cracking loads for the specimens with core thickness o218 mm, and 203nm were
15.8kN, 18.8kN, and 21.5%N, respectively.At a constantorethickness, the yield loadas
a function of the quantity dénsionsteelreinforcement.As the diameter of the reinforcing
bar increasg the yield load increadeFor examplethe specimen that was 152 mm thick
and reinforced with-30M showed a yield load of 32 kN. When the reinforcement was
increased to-d5M, the yield Ilad increased to 69 kNThis behaviour was seen for all wall

thicknesses tested:or a given reinforcement{BOM or 315M), as the concrete core
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thickness increaskthe yield load increasedrThis is mainly due to thecreased deptbf the
reinforcing steel in relation to the concrete compression block increased, thus improving the
load resistance at yielding. For example, a 152 mm thick wall reinforced \&@m3
reinforcement yielded at 32 kN, while the equivalent beam with arti@&hicknesyielded

at 44.5 kN.

Similar to the yield loadshe peak loads of the specimens increased atiwetecore
thickness and reinforcing steel increas&pecimens with a core thickness of 152 mm (6
inches) showed peak loads of 41 kN and KR2vhen reinforced with-30M and 315M
rebars, respectively. When the concrete core thickness was increas8adrim 17 inches),
the peak loads increased to 55.5 kN and 91 kN at a reinforcement equdlNbedd 315M
rebars, respectivelyThewalls with a core thickness of 268m (8 inches) showegkeak

loadsof 66 kN and 114 kN when reinforced withlBM and 315M, respectively.

The deflection at cracking load was less than 2 mm for each of the control specimens. For
a given concrete core thicknetise deflection at the yield load increased as the
reinforcement increased. For a given reinforcement, the deflection at the yield load decreased
as the concrete core thickness increased. The ultimate deflections ranged from 90 mm to 226
mm for the 152 mnthick walls, 100 mm to 139 mm for the&ihm thick specimens, and
136 mm to 158 mm for the 203 mm thick specimeiepending on the reinforcementhe
ductility index is a ratio between the maximum (ultimate) deflection and yield deflection. A
low ductility index indicates a brittle specimerhile higher values indicate a matactile
wall. For a given core thicknesas the amount of reinforcing steel increased, the ductility

index decreased. The ductility index of the b&@ (6 inch) walls decreasexsbin 15.7 to
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4.6 as theliameter of theeinforcingrebarincreased from 10M to 15M. Specimens with a
thickness of 18 mm and 203nm also reflected this trendthere the ductility index dropped
from 12.2 to 5.6 and 13.5 to 12@spectivelyas the reinficing bar diameter increased

from 10M to 15M

Table4.1: Testresults forcontrol walls

Pcracking I:)yield Ppeak q}racking; cQ/ield Qut DUCtI|Ity TOUghneSS

Steel (kN) (kN) (kN)  (mm) (mm) (mm) index (kN mm)
Thickness =152 mm(6 inche$

3-10M 14.6 32 41 1.9 14.4 226 15.7 8505

3-15M 17 69 77.2 1.3 19.6 90 4.6 5820
Thickness =178 mm (7 inche$

3-10M 175 44.5 55.5 1.6 11.4 139 12.2 7090

3-15M 20 84 91 2.1 174 99.9 5.7 8058
Thickness =203 mm 8 inche$

3-10M 22 53 66 1.2 10.1 136 135 8316

3-15M 21 102 114 1 13.2 158 12.0 16775

*: D stand for deflection

For walls with a 203nm thick concrete core, the specimen reinforced witl018l (C-8-
10) bars had a lower ultimate deflection than thel weihforced with 315M bars(C-8-15)
(138 mm vs 158 mm). At other thicknesses the wall specimend Olithsteel barsbserved
thegreatest deflection capacity. The anticipated ultimate deflection for the 15M reinforced
walls is less thathe respective 1 reinforced walls. This is due to the increased ratio
between the concrete crushing strain and the depth of the concrete compression block. As
the quantity of reinforcing steel is lowered, the corresponding compression depth is also
lowered. This ratigs also known as the curvature; the greater the curvature the greater the

anticipated displacement or deflection of the concrete element.
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This change in behaviour of the 203 mm core wadis the 152mm and 176mm control
wallswas attributed to the folleing reasons. First, the failure of&15 occurred
underneath amof the loading points. As such, the concrete at this location may be benefited
from local confinement of the crushing zone, prolonging the ultimate failure and extending
the deflection gaacity of the wall. In addition, both wall specimens had experienced
noticeable segregation of the concrete core at the mid span (test locktgure 4.3
illustrates the extent of the weaker concrete paste observed on the surface of the control walls
(right). The depth of the weaker paste into the core of the wall (left) was not significant.
While the depth of this damage was not extensive enough to compriraimtegrity of the

walls, the resulting changes in section reduction influenced whefaithie hinges formed.

Figure4.3: Example of surface damage observed e815, with solid concrete underneath.
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Table 4.1 presents toughness values for each of the control walls. Toughness is a measure
of energy absorption and was calculated by determining the area underneath the load versus
deflection curvesGenerally, as the thickness of the control walls increased, the toughness of

the 10M reinforced specimens decreased and the 15M reinforcethepsancreased.

4.2.3.2 Load-Strain

All of the specimenshowedsimilarload versusteel strain and loagersusconcrete strain
behaviour. Figurd.4 shows the test results for the If2n (6 inch) specimens. The vertical
axis represents the applied load (kN)Ydhe horizontal axis represents the concrete or steel
strain. Positive valus indicatetensile strais while negative values indicate compressive
strairs. Strain gauge readings are affected by the proximity to a crack location, yielding
location, or fdure location From Figuret.4a,t he st eel strain teal ue was
crackingload. Then, the strain gauge readimgseased linearly with the applied load until
reachinghe yieldload After yielding, strairgauge readingsicreased rapidlyith a small
increase intheapplied loaduntil complete failure Figure4.4b shows thdéoad versus the
concrete strain behaviour. The strgauge readings increaskitearly with load fom the
beginning of the tesintil the yield point. Past the yikpoint,the strain gauge readings
increasd with load at a higher ratentil failure (concrete crushingjas attained The strain

gauge readings when the concrete crushddd/éiom-3 500 -5 @0 ® oe U.
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4.2.3.3 Strain Profile

Figure 45 providesa typicalstrain profile of a control wall. Two sets stfain data were

used to create the profilepmpression in the concrete on tt@p surface of the wall, and

tension in thesteel reinforement The strain distribution was plotted at different percentages

of the peak load level as indicated in the figure. A line connects the two readings at each
load level. It is clear thathe neutral axis remained at the same location until reaching 80%

of the peak load. Beyond this load level, strain gauge readings of both concrete and the steel
increased and the depth of the concrete compression block decréhseis. understandable

as at 80% load level the specimen had not yet yielded and the strains within the steel were

relatively low.
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Figure4.5: Strain profile for specimen-6-15
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4.3 Behaviour of PVC Encased Specimens with Flat Panels

4.3.1 Modes of Failure

For a given tension steel reinforcemgoantity, all of the PVC encased wallwith flat

panels (PF) cracked in a similar manner and experienced the same failure mode. Specimens
reinforced with 10M rela failed first with steel yielding, followed by concrete crushing,

then PVC bubbling or buckling and finally PVC rupture on the tension side of the wall.
Specimens reinforced with 15M rebars faiied similar mannebput did not experience PVC

rupture Figure4.6 shows the different modes of failure.

4.3.2 General Behaviour

The specimenshowedsimilar behaviour when tested. The first concrete cracks appeared on
the tension side at mid span in the constant moment region. As the load increased, several
more cracks appeared just outside of the constant maegian. After the steel yieldoint

was reached, the cracks at the mid span began to widen and propagatettevard
compression face as the wall experienaeepid increase ideflection. As the loadas
increasedurther, one or two cracks in the constant moment region continued to wie

these crack locationthe concrete crushed theretRVC panels on the compsemside of

the wall huckled

The final failure varied depending on theea of the steel reinforcemenior specimens
reinforced with 10M rebars, one of the PVC pameighe tension side of the wall would
rupture. For specimens with 15M rebars, the PVC panel in compression (top) would continue

to buckle, and partially lift off the concrete surface.
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ail Failure by steel yielding followelly concrete crushing then P\MDbblingthen ruptureof PVC
panel. (PF7-10)

b1 Failure bysteel yielding followed bygoncrete crushinthenPVC bucking (PF8-15)
Figure4.6: Modes of failure foPVC encasewvalls with flat panek (PF)
4.3.3 Flexural Behaviour
4.3.3.1 Load-Deflection
All of the specimens had similar load deflection behaviour. Figutehows typical load
versusdeflection curves for the 158m (6inch)thick PVC encased walls witfiat panes.
The vertical axis representstioad (kN) and the horizontal axis represents the mid span

deflection(mm) as recorded by the externalisgypots. Initially, the load increadevith
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minimal deflection (<2nm) until the specimen cragtat mid span. After cracking, the load
continuel to increase as the deflection increshgatil thesteel yieleed After yielding, the

slope of the curvevas shallower than the post cracking slopast the yielding point, the

load versus deflection curves for both specimens were similar but not itleficahe

specimens reinforced with 10M rebars, the load increased with deflection until the curve
plateaued with increasing deflection and a constant load. Finally, the load slowly started to
drop off this plateau until failure was reached at a dedleaf 300 mm.For the specimens
reinforced with 15M rebars, the load increased with deflection until reaching alpesak

the load started to decrease gradually with increasing deflection until reaching a deflection of
100 mm. Past00 mm deflectionthe load dropped linearly as deflection increased until

failure.
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Figure4.7: Load versusleflection curve for Pf6-10 and PF6-15
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Figure4.8 compares théwo flat panelspecimens (PB-10 and PF5-15) totheir
equivalentcontrol walls. The flat panel specimens showed significant improvemethis in
applied load and ductility. Tabke2 shows thecrack, yield, peak, and ultimate loads, as well

as their corresponding deflectioms.addition, the table shs the percentage of increase in

load and deflection over the control walls.

[e2]
o

Load (kN)

40 |

20

0 50 100 150 200
Deflection (mm)

Figure4.8: Load versusleflection curves foPVC encased walls witHat pane and their
equivalent control wall§C-6-10 & C-6-15)
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Table4.2: Test results foPVC encasedvalls with flat paneb

I:)crack I:)yield Ppeak CQracking %ield CpJIt DUCti”ty TOUghneSS

Reinforcement (kN) (kN)  (mm) (mm) (mm)  index  (KNmm)

Thickness: 152 mr 6 0 )

3-10M 20 43 55 14 154 300 195 15318
Improvement  37%  34%  34% | 33%  24% 80%
3-15M 275 825 93 14 151 185 123 14862

Improvement  62%  20%  20% | 106%  167%  155%

Thickness: 178 mm (70)

3-10M 30 54 72 255 26.0 18429

13 9.8
Improvement  71%  21%  30% | 83% 113%  160%
3-15M 31 96 111 1 141 178 12.6 16824

Improvement  55%  14%  22% | 78%  120%  109%

Thickness: 203 mm (80)

3-10M 33 64 89 262 32.0 22515

0.9 8.2
Improvement 50%  21%  35% | 93% 137%  170%
3-15M 41 120 138 09 109 209 19.2 26190

Improvement  95%  18%  21% | 3296 60% 57%

i T Cracking Load

Thecracking load for the 15&m (6 inch)thick PVC encasedvalls with flat panelsvas20

kN and 27.5 kN for the 10M and 15M reinforced walls, an increase of 37% and 62% over the
controls wallgrespectively The cracking load of the 8f/mm (7 inch)thick PVC encased
specimens witllat panes was30 kN and 31 kN, an improvement of 71% and 55% over the
equivalent 10M and 15M reinforced control speciméeRse increase in the cracking load for

the 178 mm thick specimens w&3%. Finally, the cracking load for the 2088n (8 inch)

thick flat panelspecimens wa33 kN and 41 kN for the 10M and 15M reinforced walls, an

increase of 50% and 95% over the respective control walls.

The cracking loads for given thickness increased as the reinforeai@ increased. This

makes sense as the transformed moment of inertia of the reinforced concrete walls increases
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as the quantity of steel increases. There was no distinct correlation between the tessvariabl
and the observed improvement in the cracking load. As the concrete in the control specimens
was subject to local areas of honeycombing, effectively reducing the effective wall cross

section, any further observations outside of the recorded improvesrfiicult.

The deflectiomat cracking for thePVC encasedpecimens with flat panels varied between
1 mm and 1.5nm. On averageheywere close to the deflection$ theequivalent control

walls at cracking.
il T Yield Load

PVC encaseavalls with flat panels showed a higher yield load than the equivalent control
specimens.The enhancement was influenced by the quantity of reinforcing steel, with
specimens reinforced with BOM rebars showing greater improvement than specimens with
3-15M rebars The yield loads fothe PVC encasedvalls reinforced with 10Mebars were
43 kN, 54kN, and 64N for the 152mm, 18 mm, and 203nm thick walls respectively.

The equivalent control specimesisowedyield loads of 3kN, 44.5kN, and 5%kN,
respectively. Therefore, the increase in the yield load was 34%, 21%, and 2h&tlfei?

mm, 18 mm, and 203nmthick walls, respectively

The yield load fotheflat panelencasedvalls reinforced with 3L5M rebars was 82 6N,
96 kN, and 12N for the 152mm, 18 mm, and 203nm thick walls, respectively. The
equivalent control wallshowedyield loads of 6%kN, 89kN, and 10XN for the 152mm,

178 mm, and 203nm thick walls, respectively. Therefore, therease in the yield load for
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the walls reiforced with 315M rebarsvas 20%, 14%, and 18% ftre152mm, 18 mm,

and 203mm thick walls respectively.

The observed improvement in the yield load can be attributed to the PVC panel on the
tension side of the wall providing a supplementary temsitee within the crossection. The
improvement in yield load was most significant for the 10M reinforced walls as the tensile

force in the PVC was the largest relative to the force in the yielding steel bars.

The yield deflection fothe PVC encasedvalls with flat panels and the control walls was
similar. Hence, lhe presence of the PVC panels did not have a significant influence on the

yield deflection.
iii T Peak Load

ThePVC encased walls with flat panels showed an increase in the peak load owerttbe c
specimens. Similar to the yield load results, specimens reinforced-#iM3ebarsshowed
a greater improvement thapecimenseinforced with 315M rebars. The peak loads ftre
flat panel encasespecimens with-30M bars were 58N, 72kN, and 89kN for 152mm,

178 mm, and 203nm thick walls respectively The peak loasifor the equivalent control
specimens were 4N, 55.5kN and 66kN for 152mm, 18 mm, and 203nm thick walls
respectively Therefore, thencreasen peak load for the wWia reinforced with 3LOM rebars

was 34%, 30%, and 35% ftre152mm, 18 mm, and 203nm thick walls respectively

The peak loads fdtat panelencasedvalls reinforced with 3L5M rebars were 98N, 111
kN, and 13&N for 152mm, 18 mm, and 203nm walls, respectively The equivalent
control specimenshowedpeak loads of 77.BN, 91kN and 114N, respectively.Hence,
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thePVC encasemerihcreased the peak loads by 20%, 22%, and 21% fdshenm, 18

mm, and 203nm thick walls, respectively.

As was discussed with the yield load, 10M reinforced wallswedthe most significant
improvement as the PVC was able to contribute a more significant portion of the tensile force
within the crosssection. In addition, the high strain values observed iPtheC ( >15000 ¢ 0)
indicate that the PVC was at or approaching the maximum stress value, further increasing the

p o | y mentridutsonto the crosssection.

Theultimatedeflection forthewalls with flat panelsvas significantly higher than the
ultimate deféction for thecontrol walls The increase in ultimate deflection varied between
32% and 106% as shown in Ta@lé. In addition, the walls were more ductile than their
equivalent control wallswith the ductility index of the specimens yarg between 12 and
32. For a given wall thickness, the ductility index decreased, as the rebar diameter increased
from 10M to 15M. However, for a given rebar diameter, the ductility index increased, as the
concrete core thickness increasedhe presence of the PVC msincreased the ductility

index by a minimm of 24% and a maximum of 167%.

This increased ductility was also reflected in the toughness of the flat panel encased walls.
Improvement in toughness varied from 57% to 17t walls reinforced with-10M deel
bars, the amount of improvement increased as the wall thickness increased. Conversely, for
walls with 315M steel bars, the amount of improvement decreased as the wall thickness

increased.Overall, the presence of the PVC panels significantly imguidiaie energy
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absorption of the wallsThis was due to the PVC containing the crushed concrete surfaces

on the compression side of the walls, prolonging the ultimate failure.

4.3.3.2 Summary of key findings

The following points can be concluded from the lgaduisdeflection behaviour of thevVC

encasedavalls with flat panels

1. Cracking load: the flat panels increased thekiray load by an average of 70% but

the cracking deflection remained almost the same.

2. Yield load: thePVC encasement wititat paneldncreasedhe yield load of the
concrete wallsThe increase depended on the rebar diameter and the concrete core

thickness.

a) The average yield load increase for walls with(®\ rebars was 25%. For walls
with 3-15M rebars the average yield load increasEr%. These results indicadte
that as the reinforcing ratio incredséheenhancemerntif theflat panelgo the

yield load decrease
b) the yield deflectioawerenot influenced by th®VC encasement.

3. Peak load: The contribution of tat panelgo thepeak load decreagas the

reinforcing ratio increask

a) PVCencased specimensinforced with 310M rebars showed an average
increasean the peak load of 33% over the control walls. For walls with higher
reinforcement ratios (25M bars), the load enhamaent dropped to 21% on

average.
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b) From the literatureni previoussimilar teststhe increase in peak load was
influenced by the wall thickness. As the wall thickness increased, the effect of the
PVC system on the peak load decreased. This trend waspawseapin the
results reported here. The average increase in peak load for the 1528mmm 17

and 203 mm thick walls was 27%, 26%, and 28%, respectively.

c) Theencasemenncreasd theultimate deflection and ductility. The increase in
ultimate deflectiorvaried between 32% and 106%. The ductility index for the
walls withflat panes was also improved over the control specimens. The

improvement of ductility index varied from 24% to 167%.

d) The toughness of the PVC encased walls increased significantly fialla
specimens. The improvement to toughness ranged from 57% to 170% over the

equivalent control walls.

4.3.3.3 Load-Tensile Strain

Tensile forces within the wall specimens were resisted by the steel rebar, PVC panels, and
portions of the PVC connector that were continuous through the wall. HigskBows a

typical load \ersts tensile straibehaviour othe steel and PVC panel. dkertical axis
represents the log#N) and the horizontal axis represents the stgaunge readinggre).

From Figured.9, the strains in the PVC and steel were small until the cracking load was
reached (3&N). After the concrete crackgethe strains in the steel and PVC panels
increased linearlwith the load untithe steel yieleédat 56kN. Pastyielding, the steel strain

gauge failed while the PVC gauge continued to read steadily increasing strain while the load
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increased Figure4.10 shows the mid span deflectiorrgus thestrain in the steel and the

PVC. However the load plateaued at strain gauge reading of 25@0the strains in the

PVC increased with deflection as shown in Figlued, until failure occurred.
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4.3.3.4 Load-Compressive Strain

The compressive forces in the wall were resisted by the concrete, the PVC panels on the
compression side of the specimen, and the continuous portions of the PVC connectors that
were above the neutral axis of the specimen. Figdfdeprovidesa typicalload versus
compressive strainehaviour foithe concrete anthe PVC panels The vertical axis

represents the load (kN) and the horizontal axis represents the compressi@®train

Strains in both materiaisere low and increasHinearly until the craking loadwas reached
(30kN). The strains in the concrete and the PVC panels were similar until the steel yielded.
Beyond the yield load (5KN), the strain gauge readings of the concreteRAfd panels
increasednore rapidly. The oncrete cruséd at astrain gauge reading e8000ne, while

the PVC continugto experience compressive stiaup to-8300 ne.

Figure 4.12 provides the strain versus mid span deflection behaviour for the flat panel
encased wall s. The vertical axis represents
axis represents the mid span deflection in mm. As the concrete strelies® 0 0 0 ¢ U,
crushing occurs, however the PVC strain continues to increase, indicatoantirete and

PVC have ceased to act as a composite < esison.

It is worth noting that the specimen preser{tel 7-10) failed primarily due toruptureof
the P/C panelson the tension facérior to rupture of the panels, the PVC was buckled on
the compression face but the specimen continued to resist the applied load until complete
failure. The PVC straigat failure ranged frord/3000me to -15000n®, dependig on the
proximity of the gauge to thailure location. The averadg®/C compressivatrain at failure

was-10000ne.
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4.3.3.5 Strain Profile

Figure 413 presentghe strain profile fortheflat panel encased wall~7-10. Strain values

were taken from the concrete in compressieimforcing steel indgnsion, and the PVC panel

in tension. The strain distribution was taken at several load levels as a percentage of the peak
load. The three strain readings (concrete, steel, and PVC) were connected in a line to form
the strain profile. If a gauge was daged during the test, the data point at the corresponding
load level was removed from the distributiddp to 60% of the peak load the depth of the

neutral axis remains constant. Beyond 60% of peak load the strain levels of the concrete and
PVC increas@reatly and the neutral axis depth decreaBesiond 60% the steel

reinforcement had reached yielding, which resulted in highly increased strain in the steel and

PVC with a lesser increase in load resistance from the section.
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Figure4.13: Strain profile for wall PF-10
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4.4 Behaviour of PVC Encased Specimens with Hollow Panels

4.4.1 Modes of Failure

The PVC specimensvith the hollow PVC panetncasemer(PH) experienced failure in a

similar fashiorto the flat panel encased wallBailure started with the steel reinforcement
yielding, followed by concrete crushinghg with
of f 6 t he c (Figweded). &new phenbracnoa was arsed during the sing

of thesespecimenswhich was the slip of the panels resisting the tensile forces (tension panel

slip). This behaviour will be discussed in more dstailthe subsequent sectiorithe

tension panel slip occurred multiple times after the steeladeldd at a significantly higher

load level

Figure4.14: Failure mode foPVC encased specimens with hollow panels

4.4.2 General Behaviour

The specimenshowedthe same crackingehaviour when subjected to thag, similar to the
PVC encased walls with flat panel€racks first appeared on the tension side of the wall
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between the two loading points. As the load increas®ceral tension cracks appeared just

outside of the constant moment region. After the steel yield point was redehechcks in

the constant moment region widened as the specimen began to deflect exceBsive&ch

of the specimens the locationtbe widening cracks wdse the right of the centerline of the

beam in theonstant moment regiorAs the load continued to increase, crushing cracks

were observed on the sides of the specimdinsctly above the widening crack¥hen, the

PVCpanelsic ompr essi on began t o O04lh).bThdbebbledon t he su
surfacepropagatedrom the right loading point to left, arfmkcamanore pronounced as the

load increasedEventually, failure occurred when the crushed concrete tried to push up on

the PVC panel, which in turn buckledcessivelyand folded ove(Figure 415). ThisPVC

bucking occurredat midsparor just underneath thrgght loading point.

Figure4.15: Bubbling on PVC surface anditkling of compression panel (P8410)
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As mentioned previous)yeach of the tested specimens experienced PVC tension panel
slip. After the steel yieldednd aghe load increasethe contribution of the PVC panels to
resisting the tensile forces increaseldwever, the total applied load did not provide enough
clamping or frictional forces at the suppotislike the flat panelsthehollow panels did not
have nubs to interlock with concrete specimen. Therefloegension paneksxperienced
differentialelongationunder loading (Figuréd.16). Thiswas most pronounced in the 152
mm (60) thick speci mens. Athedppliedlomda | | s i ncr e

increasegthe friction between PVC and concratereased, reducintpe extent of the sl

s B Nubs [ '

y

\ /

- \\ \ i _ /

Figure4.16: Tested specimen showitgnsion panel slipPH-6-10)
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4.4.3 Flexural Behaviour

4.4.3.1 Load Deflection

The loadversusdeflection behaviour for abif the hollow panespecimens was similao the
flat panel encased wallg-igure4.17 shows a typical loadersusdeflection curve for two
152mmthick PVC encased specimens witbllow panes. The vertical axis represents the
applied load (kN) and the horizontal axis represents the middgkaction (mm). Initially,
the load increaskbwith minimal deflection (<3mm) until concrete cradkrmedon the
tension side in the constant moment region. Aftacking the deflection and load increase
until the steel yieldd Past the yielding pat, load and deflection contindéo rise, but at an

increasingly shallower slope.
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Figure4.17: Load versus deflection fé&?VC encased walls with hollow panels (PH)

62



The behaviour past the yielding poditfered depending on the amount of steel
reinforcement in the specimdror walls reinforced with-30M rebars,the peak loadvas

achieved through a gradual plateau whereas specimens reinforcedlsithrabars reacéd

theirpeak load more quickly and ftkcted much less. Sudden drops in the loagte

observed in both curves. These drogseattributed to the PVC panels slippiog the

tension side of the wallRegardless of this slip phenomenon, the load versus deflection
behaviour for thé®VVC encased specimens with hollow panels showed enhancement in load
and deflection over their equivalent control walls (Fighle). Table4.3 summarizeshe
chacking, yield, and peak loads and their corresponding deflections f@¥tbepecimens

with Rollow panet and compasgthem to their equivalent control walls
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Figure4.18: Load versusleflection forPVGencased walls withollow pane$ and their
equivalent control walN§C-6-10 & C-6-15)
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Table4.3: Testresults forPVC encased walls withdllow panels

Reimforcement Gas GRS Ty o ooy index. Gy
Thickness: 152nm ( 6 0 )
3-10M 18 38 57 26 176 311 177 17719
Improvement  23%  19%  39% 38%  13% 108%
3-15M 22 76 89 31 204 135 6.6 11362
Improvement  29%  10%  15% [ 50%  44% 95%
Thickness: 18mm ( 7 0)
3-10M 25 46 75 22 146 143 9.8 9683
Improvement  42% 3%  35% | 3%  -20% 37%
3-15M 24 85 104 1 171 124 7.3 12389
Improvement  20% 1%  14% | 24%  26% 54%
Thickness: 203nm( 8 0 )
3-10M 31 60 95 11 96 216 225 18228
Improvement  41%  13%  44% | 59%  67% 119%
3-15M 35 103 135 13 123 154 125 18297
Improvement  67% 1%  18% | 3% 5% 10%

i T Cracking Load

The cracking load for the 158mthick PVC encased specimemss18kN and 22kN for

the 10M and 15M reinforced walls respectively, an increase of 23% and 29% over the

equivalent control wallsThe cracking loador the 1B mm thick specimens withollow

pands was25kN and 24kN, an increase of 42% and 20% over the 10M and 15M control

walls. Finally, the 203nmthick specimengncased in hollow panels had cracking kaid

31kN and 35kN, an increase of 41% and 67% over thevalguit control walls.

The cracking deflection for tHeollow panelspecimens ranged fromtd 3 mm. The

panels did not have a significant effect on the cracking deflection.
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ii T Yield Load

As discussed earliehe yield loads afunction ofthe amount o$teel reinforcemerand
thewall thicknessThe yield load increaseas the reinforcindgpar diametemcreasd and/or
the concrete core thickness increhseVC encasedvalls with hollow panels showed a
higher yield load than the equivalamantrol specimensSimilar to the walls with flat panels,
the specimenseinforced with3-10M rebarsshowedgreaterenhancement to the yield load
than specimens with-B5M rebars. Fohollow panelencasegpecimens with-30M rebars,
the yield loads wer 38kN, 46kN, and 6(kN for wall thicknesses of 152m, 18 mm, and
203mm, respectively. The yield loads for the equivalent control walls wekN324.5kN,
and 53kN, respectively Therefore, the increase in the yield load forRME encasedvalls
with hollow panes reinforced with 310M rebarswas 19%, 3%, anti3%for wall

thicknesses of 15&im, 18 mm, and 203nm, respectively.

The yield load fohollow panel encaseadalls reinforced with 3L5M rebars was 7&N, 85
kN, and 10%N for 152mm, 178 mm, and 203nm thick walls, respectively. The equivalent
control walls had yield loads of &N, 84kN, and 10XN, respectively Thereforethe
increase in yield load for trepecimenseinforced with 315M bars was 10%, 1%, and 1%

for 152mm, 18 mm, and 203nm thick walls respectively.

The increase in yield load for all specimens was due to the PVC panel in tension providing
an additional tensile force to the wall cresstion, improving the resistance. The
improvements were minimadue to the steel reinforcement being placed at a shallower

depthas a result ofiollow paneds thickness, thus negating some oflikeaefit from the
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additional material in thkollow panels. This observation is further discussed in Section
4.5.17 Wall Crosssection Comparisonln addition, the strain levels observed in the PVC at
yielding resulted in a material stress significantly lower than the potential peak stress. The
PVC was not fully engaged and therefordy provided a mild enhancement to tress

section.

The yield deflection fothe encasedalls with hollow panedand the control walls were

similar. The presence of the hollow pait not have an influence on the yield deflection.
iii T Peak load

ThePVC encased walls with hollow parsethowed an increase in the peak load over the
control specimens. Similar to the yield load results, specimens reinforced LWt Bbars
experienced a greater improvement than the walls reinforced sv@V3ebars. The peak
loads forhollow panelen@sedspecimenseinforcedwith 3-10M bars were 5N, 75kN,
and 95kN for 152mm, 18 mm, and 203nm thick walls respectively. The peak loads for
the equivalent controls walls were KNI, 55.5kN and 66kN, respectively Therefore, the
increasen peakload for thehollow panel encased specimevas 39%, 35%, and 39% for

152mm, 18 mm, and 203nm thick walls, respectively.

The peak loads fdPVC encasedvalls reinforced with 3L5M rebars were 8&N, 104kN,
and 135N for 152mm, 18 mm, and 203nm thick walls, respectively The equivalent
control specimens had peak loads of KN291kN and 114N, respectively. The
specimens witmollow panelgeinforced with 315M showed an increase in the peak load of

15%, 14%, and 18%, respectively.
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As was gen in the flat panel encased walls, the improvement to load resistance was higher
at the peak load levéhan at yield load levelThe high strains associated with the peak load
indicated that the PVC was approaching or was at peak tensile stresegcftdrstantially
more improvement than at the yield load leviel.addition, the observed improvements for
the 10M walls were higher than the respective flat panel walls. The enhaneemsent
achieveddespite the shallower steel deptidicating the berfe of effectively doubling the

PVC crosssectional area within the cressction.

Theultimatedeflection forthe PVC encaseavalls with hollow panelswas higher than the
ultimate deflection for theontrol wallsfor most of the specimens. The increasaliimate
deflection varied between 3% and 59% as shown in #aBlelhe ductility index of the
hollow panelencased specimens varied between 6.6 and 22.5. For a given wall thickness, the
ductility index decreased, as the rebar diameter increased froniol08M. The presence of

the PVC panelscreased the ductility index by a minimum of 5% and a maximum of 67%.

The toughness of each hollow panel encased wall was higher than the equivalent control
wall. The improvement in toughness ranged from 10%1886. For the walls reinforced
with 3-15M steel bars, the effect of the panels decreased as the thickness of the wall

increased. No trend was apparent for wall reinforced witBN steel bars.

4.4.3.2 Summary of key findings

1. Cracking load: the wallencaseavith hollow panels increased the cracking load by
an average of 45%.he deflection at cracking remained the same as the deflection for

the control walls.

67



2. Yield load: thewalls with hollow panels provided a minimal increase in the yield load

of thecontrolwalls

a) The average yield load increase for walls with(®M rebars was 12%. For walls
with higher reinforcement ratios{IGM rebars) the average yield load increase
was 4%. Similarto the previous findingby Wahab et al (2013}hese results
indicate thats the reiforcing ratio increases, the effedtthe PVC encasement

with hollow paneln the yield loadlecreases.
b) The yield deflection was not influenced by tP&C system.

3. Peak load:Similar to the yield loadhe effectof the PVC encasingystemon the

peak load decreases as the reinforcing ratio increases.

a) PVCencasedpecimenswith hollow panels andeinforced with 310M rebars
showed an averagedrease in the peak loatl39%over the control specimens
For walls with higher reinforcement rasi¢315M bars) theincrease in pealkoad

dropped tdl6% on average.

b) In previous tests dPVC encasingtheincrease in thpeak load wasifluenced by
the wall thickness. As the thickness of the specimens increased, the effect of the
PVC encasement decszal.This trend was not apparent in the results as the
averageancrease in the peak lo&ar 152mm, 18 mm, and 203nm thick walls

was 27%, 25%, and 31%espectively.

4. Deflection: Theencasemenwith hollow panels provided ancrease in ultimate

defledion and ductility. The increase in ultimate deflection varied between 3% and
68



5%%. The improvement of ductility index varied frosfo to 67%. Toughness also
improved with the presence of hollow panels, with a range of improvement from 10%

to 119%.

4.4.3.3 Load-Tensile Strain

Figure4.19 shows a typical loadersugtensile strain in the steel atite PVC paned. The

vertical axis represents the lo@dN) and the horizontal axis represents the stna. (

Figure4.20 shows the mid span deflectioergis the strain in the steel and the P\t@nels

From Figure4.19, the strains in the PVC and steel were small until craakicgrred at 30

kN. After the concrete crackeithe load increased linearly with tegain gauge readings for

both thesteel andhe PVC panes until steel yielédat 56kN. One of the PVC strain gauges

was attached to a panel tistipped which can be observed in a suddieop instrainvalue

Figure 420displays the inconsistency of the slips between the two panels recorded. The
dasled line shows a continual increase in strain as the specimen experiences deflection, while

the solid line shows the panel slip and evenfai@lre.
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4.4.3.4 Load-Compressive Strain

Figure4.21 providesa typicalload versus compressive stréi@haviour foithe concrete and

PVC panels The vertical axis represents the load (kN) and the horizontal axis represents the
compr es s i v @heseadingsiofiree(stfid yauges are presented offighee, a

gauge attached to the concrete surface (grey), a gauge attached to trecenéttfe PVC

panel (dashed), and a gauge attached to the outside face of the PVGgafelftrains in

both mateials wee low and increasHinearly until theconcrete cracked 20 kN. At the

cracking loadthe strains in the concrete and innangl of PVC remaied similar but the

strain in the PVC on the outside panel incredamere rapidly due to the increase in

deflection of the wall This difference in stragremairedthrough the specimen yielding

(76kN) and eventual failur€oncrete cruzgedat-300Qre, while the PVC continukto

experience compressive strabreyond-8000e.
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Figure4.21: Load versus compressive strain for hollow pamsasedvall (PH-6-15)
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It is worth noting that the specimen presented experienced panel slip on the tension face
but the compressive strains wenaintaineddespite these slips. Tiecorded strains in the
PVC panelst failure ranged from6000me to -14000me, depending on tfailure location.
The average strain at failuf@r both the outside and inside PVC paneis-10000ne,

which was the same average compressive strain for specimens with flat panels

4.4.3.5 Strain Profile

Figure 422 presents an example strain profile fdra@low panel encased wa$train values

were taken at 6 locations; from the upper and lower PVC panels on the compression and
tension sides, the concrete surface and the steel reinforcing. The strain distribution was taken
at several load levels as a pemtage of the peak load. Téi& strain gauge readinggere

connected in a line to form the strain profile. If a gauge was damaged during the test, the
data point at the corresponding load level was removed from the distribAtidow load

levels,all of thedata points fell on a straight line. As the load increased, there was no strain
gradient between the outer and inner panels on the tensionAgideak load level a distinct
difference incompressiorstrain level between the outside and ingidaels was recorded.

This strain gradient was not reflected in the tension side of the wall.
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Figure4.22: Strain profile for hollow panel encased wall 85
4.5 Effect of Panel Type (Hollow versus Flat)
Two types ofPVC panet were tested in this study, flat pasiahd hollow panal The
following section will highlight and discuss recurring trends that were observed during the

testing of these two panel types.

4.5.1 Wall Cross-Section Comparison

Figure4.23 provides a singleell crosssection for each of the three wall types tested
control wall withbare concreteg PVCencased wall witlflat pane$, anda PVCencased
wall with hollow panet. Thedepthof the steeteinforcemet is also shownAs discusse
earlier,all of thewalls were cast with a clear con&ebver of 38 mm on the tension side of

the wall.
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Figure4.23: Testedcrosssectionscontrol, flat panel, andhollow panel

Three significant observations can be made from studying thesesexigms. First, the
hollow pane$ double the quantity of PVC material versus the original flat panel.
Theoretically, this additional material could provide more resistance to flexdueed

forces on the wall than the flat panel specimens, particularly when achieving peak load.

A second observatiomasmade regarding the position of the reinforcing steel in the-cross
sections. Each of thestedwalls had a specified concrete cleaveoof 38mm ( 11 0) .
Clear cover is defined as the distance from the exterior concrete surface to the surface of the
reinforcing steelFor thePVC encased walls with hollow panelsetheinforcing steelvas at
a shallower depth,d102 mm for a 152 mm tbk wall) than the deptid; of the control and
flat panel cross sectiorf$14 mm for a 152 mm thick wall)This difference in depths would
have an effect on the yield loadd ultimate loadf the walls with hollow panels and will be

discussed further in éhfollowing section.
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Finally, due to the thickness of the hollow panels gffiectivethickness of the encased
concretevaslessthan the equivalent control and flat panel walls. This reduction in concrete

section wouldeduce the effect of the PVC eneasent on increasing the cracking load.

4.5.2 Flexural Behaviour

Figure4.24 compares typicalloadversusdeflectionbehaviourfor PVC encased walls with
hollow and flat panel The walls werd52mm thick andeinforced with3-10M rebas (PF
6-10 & PH6-10). Table4.4 compares the cracking, yield and peak loads and deflections for

the three types of tested specimens.
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Figure4.24: Load vsdeflectionbehaviour for equivalenwalls withflat and hollow panel
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Table4.4: Test results for all specimens

Specimen fmc)k Fﬁﬁ; (Plgﬁf)k Rrooira B P PUEY Toughness
Thickness = 152 mm (6 inches)
C-6-10 14.6 32 41 1.9 14.4 226 15.7 8505
PF6-10 20 43 55 14 15.4 300 19.5 15318
PH-6-10 18 38 57 2.6 17.6 311 17.7 17719
C-6-15 17 69 77.2 1.3 19.6 90 4.6 5820
PF6-15 275 82.5 93 1.4 15.1 182 12.3 14862
PH-6-15 22 76 89 3.1 20.4 135 6.6 11362
Thickness = 178 mm (ihches)
C-7-10 17.5 44.5 55.5 1.6 11.4 139 12.2 7090
PF7-10 30 54 72 1.3 9.8 255 26.0 18429
PH-7-10 25 46 75 2.2 14.6 143 9.8 9683
C-7-15 20 84 91 2.1 17.4 99.9 5.7 8058
PF7-15 31 96 111 1 14.1 178 12.6 16824
PH-7-15 24 85 104 1 17.1 124 7.3 12389
Thickness = 203 mm (8 inches)
C-8-10 22 53 66 1.2 10.1 136 13.5 8315
PF8-10 33 64 89 0.9 8.2 262 32.0 22515
PH-8-10 31 60 95 11 9.6 216 22.5 18228
C-8-15 21 102 114 1 13.2 158 12.0 16775
PF8-15 41 120 138 0.85 10.9 209 19.2 26190
PH-8-15 35 103 135 1.3 12.3 154 12.5 18297

The cracking loads for the specimenith flat and hollow panslwere 20kN and 18kN,

respectively. The lower cracking load for the hollow panel specwasattributed to the

smaller effective thickness of concrete present in the watlshollow pane$. This trend of

lower cracking loads was consistent for all specimens t€stdile4.4). Regardless, the

PVC encased wallsith hollow panes still recordel an increased cracking load when

compared with the control walls.
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Similar to the cracking load resulthe wallwith hollow panes yielded at 38 kNwhereas
thewall with flat panes yielded at 4kN. This difference can be primarily attributed to the
shallowersteelreinforeementdepthin the hollow panel specimeiithe specimens with
hollow pane$ had less improvement in yield load over the control walls than their
corresponding wallaith flat panes. For the example presented, the wath hollow panels
(PH-6-10) showeda 19% improvement over the contvadll, as opposed to a 34%

improvement fothe wallwith flat pane$ (PF6-10).

When comparing the peak loads of the walls with hollow panels with the flat panels, the
findings were consistent forgaven reinforcementFor walls reinforced with-30M rebars,
thespecimens witlollow pane$ showed equivalent or slightly higher peak load values
(increase of 3% to 10%) than the specimens with flat panels. However, for specimens
reinforced with 315M rebars, the specimen with flat panels achieved slightly higher load
capacity (increase of 2% to 6%) than the equivalent specimen with hollow péresistore,
it could be safely assumed that the specimens with hollow panels showed almost the same
peak lod as the specimens with flat panels, in spite of the reduced depth of the reinforcing
steel and the reduced cressctional area of concret&his behaviour can be attributed to the
relative influence of the panel type. As the hollow panels have twecaréa of PVC, there

is an increased contribution of the panel in ultimate flexural resistance.

The walls with hollow panels showed a reduced ductility compared with the equivalent
walls with flat panels due to the tension panel shg.the slipped occurred, resulting in
differential elongation between the panels and the tension side of the concrete face, the PVC

and concrete ceased to act as a pure composite. The reinforced concrete core predictably
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failed as expected (steel yiaeldi followed by concrete crushing), but without an effective
bond to the encasing panels, the concrete fadtomoted the wall failure sooner than an
equivalent flat panel encased specimen, where the bond between PVC and concrete was

maintained for a longr duration.

4. 5.3 Reduction of Wall Thickness

Figure4.25 compares load deflection behaviour of a b2 wall encased with flat panels
acontrol wall with a core thickness of @/mm. Both walls were reinforced with- B5M

rebars. Since theVC encased wadlwith flat panes showed a superior behaviour compared
with thehollow panel encased wallsollow panel walls wereliminated from this
comparison. Te.solid line represents ti/C encasedpecimen and the dashed line

represents the control'specimen.
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Figure4.25: Load vs. deflection for &-15 and PF6-15
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The 152 mm thick PVC encased wakhavedsery similaty to the 18 mm thick concrete
wall, with thePVC specimen having yield and ultimate loads neaténtical to the thicker
control wall. Three other sets of results were summarized, comiatipgnel encased
walls with acontrol wallwith the same quantity of steel reinforcemehbse corghickness
was increased by 28m. These results are presented in Tdlielt is clear thaPVC
encasedpecimens with eeduced25 mm core thickness providedmparable yield and
ultimate loads tahe correspondingontrolwalls. In addition, the ultimate deflectiovas

significanty improved.

Table4.5: Comparison ofor PVC encased wallgith 25 mmthicker controlwalls

Specimen Yield load Percentage Peakload Percentage i Percentageof

(KN) of control (KN) of control (mm) control

C-7-10 44.5 55.5 139

PF6-10 43 97% 55 99% 300 216%

C-7-15 84 91 99.9

PF6-15 82.5 98% 93 102% 185 185%

C-8-10 53 66 136

PF7-10 54 102% 75 114% 255 188%

C-8-15 102 114 158

PF7-15 96 94% 111 97% 178 113%

4.5.4 Hollow Panel Slip

As discusseearlier, the walls with hollow panels experientedision panel slipyhere the
elongated PVC panel would slide against the concrete surface as seen in Figui&d.26

panels that slipped were still recording positive strain, but the effective elangative

panel was less than the potential elongation as seen on the tension face of the concrete wall.

These slips were most apparent in the t52 and 18 mm specimens. As seen in Figure
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4.27, the majority of theslips occurredvhere the walls were apgachingthe peak load and

at high deflectionsyith the panels experiencifggh strain values.

Figure4.26. Paneldips observed on wall P§-10
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Figure4.27: Load versusleflectionillustratingpanel slips

For specimens with core thicknesses of 203 mm, sudden slip of the wanetot
observed but there was a gradual difference in the elongegiggling the concrete

underneatfas the test progresseth addition, ypon removing the applied load at the end of
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the test, the paneddipped. This change in behaviour can be attributed to the increased loads
applied to the thicker wall§ hese loads provided higher frictional forces at the supports and
ackd as a clamping force; effectively preventing sudden slijdsthe completion of the tests,
the applied |l oad was rapidly removed. At
been restraining the tension PVC panels from moving was gone, resulirggeneral slip of

the panels as the stress was relievBae slips observed indicated that the PVC hollow

panels and concrete were not acting in pure composite behaviour, reducing the effective

contribution of the PVC to the croesgction.

4.5.5 Damage Investigation of PVC Encased Walls

After the completion of #lexure test, portions of the panels from each PVC encased wall
wereremoved to expose the concrete surface. The exposed surfaces were examined to gain
insight intohow the previously discussed fai¢ modes occurred, and to further understand

the interaction between the PVC and concrete.

At failure, the top compressive fibres of the control walls experienced concrete crushing.
The concrete effectively crumbled in these areas and began to liffeasaghe core of the
wall (Figure4.28). As there was no steel reinferaentin the compression zone of the wall
providing confinementthe compression block could be easily observed and even removed

entirely from the wall in large chunks after testing (Figli).
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Figure4.28. Control wall at failure with crushed concrete liftingsatface.

Figure4.29: Concrete compression block removieasim control wall

During tests of the PVC encased walls, this separation of concrete from the wall was not
observed. Figuré.30 presernsthe compresion face of a wall encased in flat paraising
testing Bumpsor bubblesn the PVC panel can be seen across the width of the wall. At

location where the panels are linked to PVC connectors, these bumps are either less
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pronounced or not present. Witedhe PVC panel s were removed
crushed concrete was observed underneath the wall. As the concrete was contained by the
panels and connectors throughout testing, the expmsenietenvas effectively pulverized

(Figure 4.3).

Connector
locations

Figure4.30: Bubbled surface of flat panel encased wall.

Figure4.31: Pulverized concrete under bubbled location.
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As previouslydiscussed, flat panel encased walls did not experience panel slip during
testing. As the panels were removed, portions of the PVC were more difficult to take off
than the hollow panelsThe underside of each flat panel had two n&iggi(e4.32). These
nubs had concrete paste attached to them as the panels were removed, implying that some
mechanical bond was present in connecting the concrete to the panel. In contrast, the hollow
panels had a completely smooth surface, giving further indication tmatwias only

frictional bond present in the hollow panel encased specimens.

Figure4.32 Concretepst e attached to PVC O6nubsao.
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Despite the lack of mechanical connection to the concrete suréaceving the hollow
panelsafter testing yielded additional observations. As was seen in the flat panel walls, the
hollow panels contained the failure surface of the concrete. In areas outside of the failure

locations, removal of the panels revealed aatim, clean concrete surfafégure 4.3).

Figure4.33: Failure location and smooth surface of hollow panel formed concrete.
4.6 Effect of PVC Encasement on Concrete Strength
It was suggested that the SIP systmay provide an increase in concrete compressive
strength over the conventionally formed walls. With a permanent formwork layer against the
concrete, mix water would be restricted from exiting the walls, prolonging the curing
process.After the flexurdtests were completethreewall specimens were selected for core
sampling. Tabld.6 shows the walls selected atik number of coresken from each wall

The cores were tested to determineabialcompressive strength of the control &dC
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encasd walls. The core strengths were compared with the remaining cylinders from the

concrete cast

Table4.6: Cores drilled from tested specimens

Averagecompressive

Type Number of specimens strength (MPa)
Controlcores C-8-10 4 27.5 1.3
PVC Encased PH-8-10 2

cores PH-8-15 2 28.2+13
Cylinders Cylinders 8 26.7# 0.7

Thecompressive tesesults and confidence intervals are presented in Bahl&he
concrete cores takdrom thePVC encasewalls shoveda minimal improvement over the
control specimen and cylinders. However, duthésmall sample size and confidence
interval presented in Tab#e6, it can be concluded th#te PVC encasingloes not appear to

provide any significant benetib concrete strengths.

4.7 Summary from Experimental Test Program

Based on the test results, it was found that the use 8MBesystem enhanced the flexural
behaviour of the reinforced concrete walls in terms of mode of failure, load capacity, and
deflection. The main findings of the experimental work reported here can be summarized as

follow.

4.7.1 Modes of Failure

All of the control specimens failed by steel yielding followed by concrete crushing at mid
span. The location of the crushing point varied fronctrdre of the constant moment

region to underneath the loading points.
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Failure forflat panel encased PVC watlepended on the reinforcing ratio. For specimens
reinforced with 310M rebars the walls failed by steel yielding at mid span, followed by
conaete crushing at mid spatienbubbling or bucklingf the PVC panelsn the
compression face, and finally PVC rupture on the tension side of the wall. Specimens
reinforced with 315M rebars did not experience PVC panel ruptomehe tension sideas

the tensile strains at failure were significantly lower for the more heavily reinforced sections

All of the hollow panel encased PVC walisowed a similar mode of failurd=ailure
started with steel yielding at mid span, followed by concrete crushinglapan, and PVC
panels buckling on the compression face. Slipping of the hollow panels on the tension side

of thewall was also observed.

4.7.2 Loads and Deflections

Cracking StageTheflat panel and hollow panel walisproved the cracking load by an
avera@ of 71% and 45%espectively. The wallwith hollow pane$ showedess

improvement as the geometf/the panel reduced the thickness of the concrete specimen.

Yielding Stage: The effect of the PVC on the yield load decreases as the reinforcement ratio

increases.

- PVCencased wallwith flat pane$ increased the yield load by at least 21% for
specimenseinforcedwith 3-10M rebars and at least 14% for specimegiaforced

with 3-15M rebars.

- PVCencased walls withollow pane$ and reinforced witB-10M rebarsshowed

an increase in thgeld load by 12% on average, and 4% on average for walls
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reinforcedwith 3-15M rebars.It is worth mentioning that theéepth of the steel
reinforeement for the walls with hollow paneksas less than th&alls withflat

panes, which reduced the potential increasehe yield load
- The yield deflection was not affected by the presence of the PVC panels.

Peak Stage: The contribution of tA®C system to the peak load decreases as the

reinforcement ratio increases.

- PVCencased wallwith flat panes showed arincreased peak load by at lea8%3
for specimenseinforcedwith 3-10M rebars and at least 20% for specimens with 3

15M rebars when compared with the equivalent control walls

- PVCencased walls withollow parels and reinforced with-20M rebarshowed
an increase@eak load by 38% on average, and 16% on average for walls
reinforcedwith 3-15M rebars. The greatest improvement was observed i2GBe
mm thick specimens due to the high clamping forcephateried sudden slips in

the PVC tension panels.

Ultimate deflection:The increase in ultimate deflection for the flat and holtameled PVC

encased walls varied fro8% to 106%.

4.7.3 Strains in the PVC Panel

- Compressive strains: Strain values for concrete ar@ fevhained consistent until
concrete crushing. The PVC strain gauge readings continued to increase until
buckling of the PVC. The average strain in the PVC at failure- 2080 0 OU- a n d

4000 OU for concrete.
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- Tensile strains: The strain gauges readindsotth the PVC and steel were
consistent. Very high strain values were recorded on the PVC tension panels in

multiple testst failure( >500000U) .

4.7.4 Effect of PVC Encasing on Concrete Strength

Concrete cores were taken from control and hollow panel specifdémsn compared with
the cast cylinders, there was no significant difference found in the compressive strength.
Therefore, théVC encasememtoes not have a significant impact on the compressive

strength of concrete overigareinforced concrete.
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Chapter5: AwtailllcmVvestigati on

5.1 Introduction

The following section will outline the model developeddalculatingthe flexural resistance
of PVC SIP formed concrete waht yield and ultimate load levels. Results from the model

will be compared with thexperimentatata.

5.2 Assumptions of the Model

Strain compatibilityanalysishas beemised to determine the flexural resistance of various
reinforced concrete elements. In this method a force batdrmomcrete acting in
compression and reinforcing steek@msion is determined from a linear strain distribution

through the element. The following assumptions are made to validateatiisisin
- plane sections remain plane after bending
- aperfect bond exists between the reinforcing steel and concrete
- the correte provides zero tension resistgrare;
- concrete crushes when reaching the crushing san0.0035

The mode of failure of the element depends on the strains in the concrete and.tHé steel
steel yields before concrete crestthe flexural eleentfails in a ductile manner ansl
classified as undeeinforced(CSA A23.304). In this situation, additional load applied
beyond the yield point results significantdeflection and eventual crushing of the concrete
in compressionlf the concreterushes before the steel yields, the flexural element fails in a

morebrittle manner and is classified as oveinforced.
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The model presented here calculates the capacity of PVC encased walls. Treetbfate,
material, PVC, is included in tregraincompatibility analysis and equilibriumin addition to

the previous assumptions, the following assumptions are.made
- perfect bond exists between the PVC and congcrete

- boththe PVC panelsn the tension and compression faoatribute to the

resistance othe wall

- continuous portions of the PVC connestoontribute to resisting tensile forces

and

- continuous portions of the PVC connectior the compression zone are neglected

due to small strain values.

Further details of the material properties are dised in the next section.

5.3 Material Properties

5.3.1 Concrete

For compressive strengths less than 41 MPa, concrete is assuimlénii@ parabolic stress
strain relationship as seen ilgére5.1 The stress in the concrete verdwuscorresponding
strain can be expressading Equation 8 (Collins and Mitchell 1987)CSA A23.304

recommends strain value of 0.0025corresponding to the 25MPa concrete compressive

strength an@ crushing strain , of 0.0035 and.

N 0 c_ — [5-1]
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Where,

"Q the concrete stress corresponding to a given concrete sfréviRa),

"Q2: the concrete compressive stren@Pa)

-: the concrete strain corresponding to a given constetss 1,

- : the concrete strain corresponding to the concrete compressive stféngtnd

O:the Youngod6és modMPalus of concrete
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Figureb.1: Idealized concrete stressrainrelationship.

The use of an equivalent rectangular concrete stress block has been adopted for design

multiple codegCSA A23.304, ACI 318 and in previous models developed for PVC
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encasedvalls (Kuderet al. (2009)Rtiel et al.(2008) and Wahalet al(2013). The
parabolic stresstrain curve in Figure 5.1 is transformed to a rectangular block using
modification factors{y a n d. The stress and depthodificationparametergU; a n d) arb

calculatedatany given strain values usimguation®-2 and 53 (Collins and Mitdell 1987).

— [5-2]

[5-3]

Where,

| :the ratio of the average stress in the compression stress block to the concrete strength

and

I :the ratio of the depth of the compressstress block to the depth of the neutral axis

5.3.2 Steel

The tension reinficement is assumed to be elastic until yielding flastic with a 1% strain
hardening slope (Hinear behaviour). The idealized stresdgain relationship is shown in
Figure5.2 with the yield stress taken as 486 MBathe 10M reinforcing bar or 478 MPa
for the 15M reinforcing baas reported by the reinforcing steel manufactukgyuatons 5-4
and 55 give the expressi@for steel stress versus strain.

Q -0 - - [5-4]
N Q W - - - - [5-5]

Where,
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"Q the steel stress corresponding to a given steel straifMPa),

"2 the steel stress corresponding to the steel gieddn ¢ ) (MPa),

O: Youngo6s modulus for reinforcing steel
- : steel straircorrespondingo a given stresand,

- : steel strain according to the yield stress

600

500

400 F
300

200 /
100 /

Tensile Stress (MPa)

0 -
0 0.005 0.01 0.015 0.02
Tensile Strain
Figureb.2: Stress versus strain relationship for reinforcing steel.
5.3.3PVC

Figure5.3shows the stresstrain relationship of the PVC. The relationship can be expressed

according to the following equation.

Q XPUPY OT @ [5-6]

Based on the experimental test resu

constant value of 40.6MPa is assumed (solid Esethe PVC encased wall
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specimens maintainedconsistentoad resistancplateauthrough a largeleflection

This behaviour is particularly evident in the flat panel specimens reinforced wit|

10M bars that experienced high strains until failure.

50

40 -

30

20

Tensile Stress (MPa)

10

Previous Work
Model
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Tensile Straini{Q)

Figure5.3: Stressstrain curve for PVC panels andrmectors.

Figure 5.4 presents a typical PVC connector used to construct the PVC encased walls.

Critical portions of the connect¢continuous in the longitudinal directiotf)at are utilized in

the model are identified.
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Figure5.4: PVC ®nnector

5.4 Yield Load Analysis

5.4.1 Control Specimens

The strain and corresponding stress distribution of a singly reinforced concrete wall at

yielding, as described by Pillat al.(2007) is provided inFigure5.5. At yielding, the

stresse@ the concrete can be reasonably approximated as linear from the neutral axis to the

top compression fibre. During testing the concrete strains at yield were rebetdegn

700 andredunogo Gh a concr et e (Bigure 8.5 Figueef5.5d ess t han
shows theeffective crosssection consists of the reinforcing steel at a dégjthand the

concrete compression block with a widt) andadepth(kd). The depth of the neutral axis

can be determined usimgastictheory, where the cracked cressction is transformed into
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an effective section of concrefeigure 5.5b) The steel is equated to concrete area through
the use of a modular ratfo=EJE:). The centroid of this transformed areadgial tothe
depth of the neutral ax{&d). Equating momentsf areaabout the neutral axalows the

neutral axis depth to be determin@&djuation[5-7]).

»QQ .
€0 Q QQ [5-7]

Where:

b.  the widthof the wall (mm)

d  the deptho the centroid of reinforcing steel (mm)

As the crosssectional area of the reinforcing steel (fym

ns the rati o of ofgteeltocgndreteaddo d ul u s

k. the fraction of the depth from the compression face tdNtAdocation

b

5 4
7
AT‘ C=0.5bkd f
‘/“
d ]

| | jd=d- %

| |

| nAs |

| |

A o O @] L : ; Ts= fy As
- |
(b) TRANSFORMED (c) STRAIN (d) STRESS
(a) WALL SECTION DISTRIBUTION DISTRIBUTION

Figure5.5: Sectional analysis at yield load.

Oncethe depth of the compression block (kslfleterminedrom Equatior{5-7], the yield
moment can be calculated from the resultant stres#distm as shown in Figure.8d and

given by Equatiof5-8].

0 YQQ [5-8]
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U 0QQ —
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From this moment value the applied load on the specimen can be determined using

Equation[5-9].

5 qi] [5-9]
Mo GO

Where;the shear span is equal to 770 mm.

5.4.2 PVC SIP Formed RC Specimens

Elastictheory was extended walls encased in PVC. In addition to the concrete
compression block and steel reinforcement, four portions of the PVC forming system were
included in the analysj the compression and tension pa€}scpe Tpvepy), and the

continuous portions of the connectors acting close to the extreme tensiohtbielevall

(Tovees Tpveed).  The additional components of the analysissaramarized for simplicityn a

singlecell wall with hollow panelsn Figure5.5.

puepe < vacpc
fe—— C=0.5bkdf

o) Aslo 0
\ E’Y’Epvcm Ts, Tpvcc1
I — 7P;F;|7 s — .\‘Epw:pl'spvc:z . Tpvcpt'T;)vccz
(b) TRANSFORMED (c) STRAIN (d) STRESS
(a) WALL SECTION DISTRIBUTION DISTRIBUTION

Figure5.6: Section analysis of PVC encased concrete walls at yield load.

In order to determine the depth of the neutral 8xd3, momentsf area of the cracked

transformed sectioareequatedesulting in Ejuation[5-10].
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0 Q o QQ

o~ Y, ';h,Q Y, c‘) \ o 1 © , o, \ o ~
QQﬁc— QQ < € 0 €0 Q QQ ¢ 0 Q 0 QQ [5-10]
0 Q pd Q0
Where:
€ modular ratio between PVC and concrete
Q : depthof the first continuous portion of the connestacting in tension
measured from the compression PVC pdnmeh),
Q : depthof the second continuous portion of the conoesacting in tension

measured from the compression PVC pdnmeah),

"Q totalthicknessof the wall (mm)

0 : thickness of the PVC panels (m()L.5mm for hollow panels, flat panels assumed 0
thickness),

0 : crosssectional area of the first camious portion of the connecscting in
tension (mrf),

0 : crosssectional area of the second continuous portion of the consactorg
in tension (mrf),

0 : crosssectional area of the PVC pasatting in compression (nfip and

0 : crosssectional area of the PVC pasatting in tension (mf)

Using the linear strain distribution shown in Figuré, and knowing that the strain in the
steel is equal to the yield strain, the strains in the PVC panels and connectors will be

determined agiven byEquation [511].
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I - _ - _ - } [5-11]
0 QQ Qo6 0 6 QQQ 6 QQQ pBO Q0

The stresses in the PVC panels and connectors are compute&asaimgpn [512]

Q XPUPUY OT @E [5-12]
With the material stresses calculated, the resulting yield moment can be calculated using

Equation [513].

n QQ , QQ
0QQ o — ™M o Q o —
o . o .
) , QQ | w . . QQ [5-13]
Q o Q 0 = Q o] Q pd&0 —
i QQ o
Q o] — —
o C
Where,
“Y: tension force in the reinforcing steel (N)
Yoo tension force in the first portion of the connector (N)
Yoo tension force in the second portion of the connector (N)
Y : tension force in the PVC panel (N)
0 compression force in the PVC panel (N)

"2 vyield stress in reinficing steel (MPa)
stress in the PVC connegd(MPa) due to the
stress in the PVC connegdb(MPa) due to the

stress in the PVC panghk(MBaye to the est.i

stress in the PVC connegg(MPa) due to the
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5.4.3 Comparison between Calculated and Experimental Yield Loads

Table 5.1and Figure . presenthe experimental yield load results with the values
calculatedusing setion analysis The calculated values for the control specimens were
consistently overestimated with the model exceeding the test results by an avéage of
(19% maximumfor only one specimgn Howevet the results fothe PVC encased
specimens were coistently conservative by an averageorof 5% (16% maximumfor one

specimen.)

Table5.1: Summary of Experimental vs Calculated Yield load for test program

| Yield Load |
Specimen Expt(akr;\rlr)lental Caéml;" ted Error (%)
C-6-10 32 38.1 -19%
_ C-615 69 70.9 -3%
% C-7-10 44.5 47.3 -6%
S Cr715 84 88.7 -6%
C-8-10 53 56.6 7%
C-8-15 102 106.7 -5%
PF6-10 43 42.1 2%
T _PR615 82.5 75 9%
& PF7-10 54 51.8 4%
% PR7-15 96 93.3 3%
Y PR8-10 64 61.5 4%
PR8-15 120 111.6 7%
_ PH-6-10 38 37.6 1%
% PH-6-15 76 64.1 16%
O PH7-10 46 47.3 -3%
E PH-7-15 85 82.3 3%
£  PH810 60 57.2 5%
PH-8-15 103 100.7 2%
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Figureb.7: Experimental ersuscalculated yield loads for tested walls
5.5 Ultimate Load Analysis

5.5.1 Control Specimens

Figure5.8 presents the strain and stress distributions of a singly reinforced concrete wall at
ultimate load. At ultimate load conditionghestrain in thesteel reinforcemerns well above

the yi el>> y)sfrtd tha ¢omcreté id the top compressive §ibias reached crushing
strain(Cy,). An iterative method is used to determine the location of the neutrgthxihe

strain in thetop compressive fibre is setjualto the concrete crushing strgi = 0.0035.

The stress in the concrete nosflects a nodinear relationship with strain and can be
equated into a concrete compressi opansd rbess

respectively. From the resulting strainprofile@a | ue of 6cd6 i1 s det er mi

and tensioriorces are equated to satisfy internal equilibrium
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Figure5.8: Stress and strain distributions for reinforced concrete walls at ultimate limit state

6 Y [5-14]
6 |1 ok
Y Q mp- - 00
Where;
0 : the force in the concrete compression block (N), and;

Y: the force in the steel reinforcing (N)

If internal equilibrium is not satisfied, the steel strain is incrementally increased
subsequently reducing the neutaals depthuntil C=T. The moment resistance of the wall
can be calculated by a summation of moments about the concrete compression strass block

given by Equation [A.8].

O YQQ [5-15]

The applied load at ultimaté,) for a given wall in theest program can be calculated

from theEquation [516].
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5 qV [5-16]
'Mmaoin o

Where the shear span equal to770mm.

5.5.2 PVC SIP Formed RC Specimens

A similar approaclis taken to determine the ultimate load capacity of PVC encased concrete
walls. Figure 3 shows the strain compatibility and resulting stress profiles for the six forces
considered. The strain in each material (concrete, steel, and PVC) can be deteomined fr

linear strain analysis as given by Equatiofl[g.

o - - - - [5-17]
W w o Q wo 0Q w o 1Q W o M w o
Eovepc tp
777 7 X i - —» vacpc
- \ =
\\ € = Ea 3 CC
\ Cc
\\
\
I\
N d.deq
| \\ h'dCZ
| \
\
N
| N\
o 1 A
CE O Tss Toveet > To T
- ‘ \\
_ 1 € - pvcpl‘Tpvcc2 —> Tpvcpl’Tpvccz

pvept’ Epvcc2

Figure5.9: Stressstrain diagrams fosingle cellPVC encased wall with hollow panels at
ultimate limit state

An iterative methods used to determine a neutral axis location that satisfied internal
equilibrium. Thestrain at theop compressive concrete fibewas set to the concrete
crushing strairf(} = 0.0035 while an arbitrary value of strain in the tension PVC panel,

C,chpt, is selected. From these conditions, the depth of the neutral axis could be determined

(Equation [518]).
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[5-18]

Once the deptbf the neutral axi$ ds&alculated, the remaining strain values of the steel
and PVCarebedetermined From these strain values, forces in the PVC, concrete and steel

arebe calculate@nd usedo check for internatquilibriumconditions (Equations f49] and

[5-20]).
0 Y [5-19]
6 6 Y 'Y Y Y [5-20]
6 11 ol
0 ” 0
Y O mqp- - 00
Y ” 0
Y o]
Y 0

If the compressive forcd€) exceed the tensile forc€E), the assumed strain in the PVC
panel strains increased, anthe processs repeated until internal equilibriura satisfied
(Equation[5-20]). Onceinternal equilibrium was satisfietdhomentaveresummedabout the

concrete compression block to calculate the morokrgsistance of the wall (Equation-[5

21)).

N

<N - [5-21]
C
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5.5.3 Comparison between Calculated and Experimental Ultimate Loads

Table 5.2and Figure 5.0 comparehe experimentalltimateload resultso the values
calculated usingtrain compatibility The control specimerasein close agreement to the

test results with each calculated load falling within £4% of the experimental load values.
The calculated ultimate load for thalls encased in flat panedseconservative (or
underestimated) by an average of 4% (8% max for only one wall). Finally, walls encased
with hollow PVC panelareunderestimated by an averages® (15% max for only one

wall). In conclusion, the calcukd and experimental ultimate loads are in good agreement

except for one specimen (Fé415).

Table5.2: Summary of experimental versus calculated ultimate load

Ultimate Load
Specimen Experimental (kN) Calculated (kKN) Error (%)

C-6-10 41 42.8 -4%
_ C615 77.2 74.1 4%
g C-7-10 55.5 54.4 2%
S Cr715 91 95 -4%
C-8-10 66 66.7 -1%
C-8-15 114 116.8 2%
PF6-10 55 56.9 -3%
T _ PR615 93 85.7 8%
8  PR7-10 75.3 71.4 5%
® PR7-15 111 110.5 0%
L PR8-10 89 86.2 3%
PF8-15 138 135.4 2%
_ PH6-10 57 55.3 3%
% PH-6-15 89 75.5 15%
o PH7-10 72 70.7 2%
§ PH-7-15 104 101.2 3%
£  PHS8-10 95 86.5 9%
PH-8-15 135 127.5 6%
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The models significantly conservative for one specimen in particular,6”tb. The
ultimate load of this walls calculatedo be15% less than the experimental result. When
reviewing the test data at yield load, the calculated D&% underestimated. Figufell
shows the specimen after testing. The failure location for the wall was directly underneath
the right loading point. Further investigation of the wall post testing revealed significant
depression of the hollow panels at this load point, while tihéokd point had much less
depression. Hence, there was a discrepancy in load between the two points, inadvertently
shifting the load distribution and producing a higher resistance in the wall than first

anticipated.
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Figure5.10: Experimental versus calculated ultimate load
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Figureb5.11: Failure at right loading poirior wall PH-6-15.

The strain in the tension PVC pane).{y) as estimated by the modsicomparedvith the
experimental strain values recorded during testing. The results are presented iB.Bables
and5.4. The experimental strain valugs®an averge of the gaugereadings at the ultimate
load level. The recorded strain level is highly dependent on where the gauge is in relation to
the failure locatior{crack locationspf the specimen. Overall, the calculated strains at

ultimate load are in goocaigreement with the experimental results.

The largest overestimation of ultimate strigifor wall PF6-10, a 6inch thick wall
encased with flat panels and reinforced with 10M rebars. The strain gauges on the PVC
panel were not at the failure locatiohthe specimen, reducing the recorded strain reading at
ultimate load. For specimens encased with hollow panels, the greatest underestimation of
ultimate strains for wall PH-8-15. The recorded strain was nearly double the calculated
strain (35006@evs 19700v€). Despite this discrepancy, at the calculated strain value the wall

achieved 97% of the recorded ultimate load.
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Table5.3: Comparison of ultimate tensile strain values for flat panels

\ Tension Strairfe) \

Wall Experimental Calculated Difference Error (%)
PF6-10 17000 27400 -10400 38%
PF6-15 18500 15100 3400 23%
PFR7-10 35500 33000 2500 8%
PR7-15 19000 18100 900 5%
PF8-10 N/A 39000 N/A N/A
PFR8-15 25400 21400 4000 19%

The flat panel strain valuesecloser on average than the corresponding hollow panel
walls, with an average error of 18% (as compared with 24% for hollow panel walls). This
lower variance could be attributed to the panel slips observed in the hollehspagimens,

as the model assumed perfect bond between the concrete and PVC.

Table5.4: Comparison of ultimate tensile strain values for hollow panels

\ Tension Strainr(e) \

Wall  Experimental Calculated Difference Error (%)
PH-6-10 21000 24900 -3900 16%
PH-6-15 15600 13500 2100 16%
PH-7-10 22600 30000 -7400 25%
PH-7-15 19000 16800 2200 13%
PH-8-10 36000 36000 0 0%
PH-8-15 35000 19700 15300 78%

A closer examination of the hollow panel strain valstesw that walls with 10M
reinforcing bars overestimatdoe strain values and walls with 15M reinforcing bare
underestimated. As the loads experienced by the 10M reinforcedanedtisver than
corresponding 15M specimens, thesé e s s &6 clcempiomg afped i ed fricti

supports to prevent the panels from slippifigpe slips in the 10M specimens also
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contributed to the experimental strains at ultimate being lower than the corresponding

calculated ultimate strains, where a perfect compbsitel was assumed.

In addition, the estimated and calculated strain values tend to be higher in walls with less
steel reinforcing, exceeding 200@in each case. This value of strain corresponds to the
maximum stress in the PVC, increasing the likelihfaydslips to occur.This stress within
the panel would have the highest possibility of exceeding the frictional resistance between
the concrete and PVC, as well as the clamping force at the supPortgersely, walls with
hollow panels reinforced with5M bars showed experimental strain values higher than the
calculated values. These conservative estimates ffwatexception of wall PH-15) are
within 16% of the experimental strains. The calculated strain values were also less than
20000re, showing he material had not reached a stress level promoting slip. Finally, due to
higher loads experienced by these walls, the clamping force at the supports increased,

reducing the severity and extent of panel slip.

The model was also used to calculate the walature at the ultimate load level. This

curvature was determined using the following equatie®Zp

Fool [5-22]

Wheref  is the ultimate curvature in miney, is the crushing strain of concrete, and c is
the depth of the neutral axiFheexperimental curvatures were calculated using the strain

data at ultimate load. Table 5.5 presents a comparison between the experimental and
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ultimate curvatures. Three wall specimens did not have concrete strain gauges to determine

the experimentacurvature.

Table5.5: Comparison of Experimental and Ultimate Curvatures

| Ultimate Curvaturef(ur) |
Wall Experimental  Calculated Error
Flat Panel Encased
PF6-10 0.000138 0.000206 33%

PF6-15 0.000149 0.00012 -24%
PF7-10 0.000218 0.0002 -9%
PF7-15 0.000123 0.000118 -4%
PF8-10 N/A N/A

PF8-15 0.000141 0.000116 -22%
Hollow Panel Encased
PH-6-10 0.000174 0.000127 -37%

PH-6-15 0.000136 0.00012 -13%
PH-7-10 N/A N/A
PH-7-15 0.000123 0.000117 -5%
PH-8-10 N/A N/A

PH-8-15 0.000197 0.000115 -12%

The average error for the walls w&gl%, with the model consistently underestimating the
experimental curvature. The model used a concrete crushing strain ag3b6®ever
many of the walls exceeddhis strain and crushed at approximately 4@00If a strain
value of 400@eis usedhe average error is reducedlit®a This change resulted most
curvature estimates exceeding the experimental restd&tjng conservative estimates of the
ultimatecurvature. The adjustment in crushing strain changed the ultimate load resistance
calculations by +1%, and was therefore not a significant adjustment to the load estimation of

the model.
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5.6 Model Results with Modifications to Wall Cross-sections

Since the pposed model provided results in good agreement with the experimental results,

two modifications to the PVC encased walls that were not tested in the experimental program

are presented. The first modification adjusts the depth of reinforcing steetaodistent

for both flat and holl ow panel wall s. Second
a combination of hollow and flat panels to maximize yield atichate load levels. These

newwalls are shown in Figure 21

o ra o

(a) Control (b) Flat Panel (c) Hollow Panel  (d) depth = flat panel (e) Optimum Design

Figure5.122 Summary of tested {&@) and modified (d, €) wall cros®ctions.

5.6.1 Effect of the steel reinforcing depth on yield and ultimate loads for hollow panel

walls

For the walls with hollow panels and flat panels, the locaifdhe reinforcing steel was
inconsistent due to the panel thickness. The depth of the steel for walls encased with hollow
panels was set in the model to match the reinforcement depth in the control and PVC encased
walls with flat panels. Figure B3Yresents the calculated yield load predictions for the

tested walls, grouped with constant thicknessraimdorcement(i.e., the data group labeled

0 6100 6 sHlnohwhick walls reinforced with 10M reinforcing steel). The fourth column

in each groughaows results if the hollow panel encased walld sizelreinforcement depth

equal to the walls with flat panels
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Figure5.13: Effect of the steel reinforcement depth on the yield load

Increasing the depth dfie steel reinforcement impravihe yield load in each data set
over thetestedhollow panel encased specimens. The improvemenore pronounced in
walls with more steel reinforcementhe calculated load for wall withOM barsshow an
increased yi@l load by an average of 7%, whilall with 15M barsshow anmprovedyield
loadby an average of 9%. This trencedgpectedas the PVC encased walls with greater
amounts of reinforcement would be more sensitive to the location of the reinforcing steel.
Higherreinforcementireasncrease the tension force at thelding point, assuming a
greater portion of the tensile fortedt within the crosssection(compared to PVCip satisfy
equilibrium. Theanticipatedmprovement also depesdn the thickness of the wall.
Thinner walls (12 mm) show the highest improvemerftor example, 15 mm thick walls
reinforced with 15M barsnprove yield load by 11% while 30nm thick wallsexperience a
7.5% increase. Recall that the modificationh® wall sections was an 11 mm increase in
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the depth of reinfoementfor all wall thicknessesepresenting 7% and 5% of the thickness
of 152 mm thick and 28 mm thick walls respectivelyHence, the sensitivity to this change

IS most apparent in thinneestions, resulting in thieighest increase in tHead resistance.

For all six data sets, theeld load achieved by the modified hollow panel encased
specimenss less than the equivalent flat panel encased walls. In addition, walls reinforced
with 15M bars achieviessyield loadthan the corresponding control specimens. This is due
to thepanel thicknessedudng concrete core and thtise moment arm betweereticoncrete
compression block and steel tensile forcBespite the concrete wall core reductwalls
with hollow panel reinforced with 10M rebaskow a slight load increase over tlespective
control specimens. This is due to the PVC panel in teinsigimg a greater influence in the

moment resistance of the wall, offsetting the effective concrete section reduction.

160
m Control
140 1 Flat Panel
120 - m Hollow Panel
= Modified 'd'
__ 100
Z
<
< 80
I
(@]
|
60 =
40 -
0 -
6"-10 7"-10

Figure5.14: Ultimate load for wall sections with equivalent depth of steel reinforneme
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Figure 5.14 presents the results of the modified hollow panel reinforcement depth for
ultimate load conditionsSimilar to the yield load resultthe amount of improvemeit the
ultimate load resultever thetestedhollow panel encased walliepend®n wall thickness
and reinforcing quantity. The anticipated Ideain the mode&xceedshe equivalent
anticipatedoad for theflat panel wallgeinforced with10M reinforced walls.However, for
walls reinforced with 15M, the ultimate lo@dedictionfor the modified walls remasgiess
than the walls with the flat pats. This differenceés attributed to the reduction in the
moment arm of the force couple between the concrete compression core and steel
reinforcing. Regardledsr all cases, the holo panel encased walls with equivalent steel
reinforcing depth shosvasignificant increase inltimateload capacity over the

corresponding control walls.

5.6.2 Yield and Ultimate Load prediction with Optimized Panel Layout

A second modification to the wall ci®sectionis analyzed A flat panelis used on the
compression side of the wall while a hollow paisgdlaced on the tension side. The depth of
steel reinforcemens keptequal to thalepth in theexperimental test prograftat panel and

control walls This proposed layous deemed to be an optimal configuration of panels as it
benefis fromincreased PVC crossectional area to resist tensile forces (hollow panel)

without reducing the effective concrete area thickn@$g configuration favours loath

cases where bending is dominant in one direction, such as retaining walls and water/chemical
holding tanks.Figure 5.5 presents the yield load results for this optimal section in

comparison to the tested wall sections.
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Figure5.15: Yield loadcalculatedor optimized PVC encasement

The optimized section ressin the greatesncrease in yield load over the control walls.
The improvement observeltpendedn the quantity of steel reinforcement and wall
thickness. Walls reinforced with 10M batsowan average increase in yield load of 15%,
while wallsreinforcedwith 15M bars improve by an average of 8%. As the wall thickness
increased, thexpectedmprovemenfor yield load decreased. For emple, wallswith the
optimizedlayoutandreinforced with 10M bars shoanincrease in yield load of 17%, 15%,

and 13% forl52 mm, 178 mm, and203 mmthick walls, respectively.
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Figure5.16: Ultimate loadprediction for optimized PVC encased wall

Figure 5.16 presents the ultimate load prediction for the optimized PVC encased section.
At ultimate load level, the optimized PVC encased walls improve the load capacity by an
average of 48% and 24éter their guivalent control wallseinforced with 10M and 15M
rebarsrespectively. This difference is expected as the effective contribution of the PVC at
ultimate load decreases as the amount of reinforcement increases. For examflsnm 20
thick walls reinfoced with 10M bars, the PVC panels contribute 34% of the tensile force at
ultimate load. Conversely, 30nm thick walls with 15M rebars experience PVC panel

contribution of 21%, a reduction in effective contribution to the load resistance.

Finally, the prelicted improvemernis pronounced enough for the PVC encased walls to
provide the same or greater ultimate |tlaaha thicker conventionally reinforced concrete

wall. For example, a mm thick 15M rebar reinforced PVC encased wall utilizing the
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proposedanel layout resuddin an ultimate load of 11&N, while a 2@ mm thick concrete

wall without encasememésists doad of 116kN.

5.7 Summary of Analytical Model Development

An analytical model was developed to estimate the yield and ultimate load lel?&@o
encased reinforced concrete walls. The follmpindingsareconcludedrom the model

results.
Yield Load

Elastic analysiss used to estimate the yield load resistance. The results from the
modelarefound to be in good agreement with the test results, with an average error of

8% for the control walls ansP for the encased walls.
Ultimate Load

Linear strain compatibility is useéd estimate the ultimate load resistance. The results
from the modehre in good agreement with the experimental data. The average error
for the control specimens 3%. The flat panel encased wdisvean average error of

3%, while the hollow panel encased wélts/ean average error @b.
Modified Crosssections

With the model producing estimates in close agreement with the experimental results,
the modeis usedo estimate the results for two more crgsstion types; hollow panel
encased walls with steel reinforcement depth equal to the test program depth, and a
wall crosssection that utilized flat panels on the compression side and hollow panels

on the tension sideThe hollow panel crossection with equivalent steel depth
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improve the yield and ultimate loads by an average of 8% over the tested hollow panel
wall. The latercombination of panels resultsthe largest predicted increase in both
yield and ultimate load levelsThe aveage yield load improvemerd 15% and 8% for

10M and 15M walls, while ultimate load improvemew8% and 24% respectively.

In compaing the relative improvemesiin loadof the PVC encased walls over the

control walls, the effect is most apparent at the ultimate load level. The contribution of
the PVC when steel is yielding is minimal as the strain levels observed and calculated
reflect PVC stresses that are approximately 25% of the ultimate tensile stress.
Conversely, at the ultimate condition, the PVC stress level is close to or at maximum,

providing a much more significant portion of the cross sections resistance.
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Chapter6: Conclasd oRscommendati ons

6.1 Experimental Work

Experimental and analytical studies were conducted on the behaviour of reinforced concrete
walls that were encased in PVC stayplace formwork. Eighteen reinforced concrete walls
were cast and tested in fepoint bending. Three test variables were examined; the type of
PVC panel (flat or hollow), amount of steel reinforc{@gLOM or 315M bars) and wall
thicknesg152mm, 18 mm, or 203mm) The following conclusions can be made from the

experimental results.

- Themode of failure observed was different for each type of specimen. Control
walls failed due to steel yielding followed by concrete crushing. For wall
specimens encased in flat panel PVC and reinforced with 10M bars, the failure
mode was through steel {déeng, followed by concrete crushing, PVC buckling and
finally PVC rupture. Flat panel encased walls reinforced with 15M bars
experiencd failure through steel yielding, followed by concrete crushing and PVC
buckling. For walls encased in hollow paneléspecimens failed by steel

yielding, followed by coarete crushing and PVC buckling

- Unlike the modes of failure reported in the literature, PVC panel slip was observed
during the testingf hollow panel encased walls. The majority of these slips
occured when the recorded strain values in the gamete approachinthe strain

atmaximum stress, approximately 250@0
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- PVC encasement improved the load capacity of the reinforced concrete kaalls.
flat panel encased walls, the average improvemenelat and ultimate loads were
21% and 27% respectively. Hollow panel encased walls recorded average yield
and ultimate load improvements of 8% and 27% respectively. Therefore, the flat
panel encased walls showed better over improvement to load resistinees
due to the shallow location of the steel reinforcement in the hollow panel encased
walls, reducing the effective improvement given from the panels. The observed
improvement was more significant at ultimate load conditions due to the higher

stresses in the tension PVC panels contributing to the load resistance.

- The amount of load carrying improvement was found to be a function of the
reinforcing ratio and wall thickness. The effect of the PVC encasement lessened as
the reinforcing ratio or wathickness increased. Lightly reinforced, thin walls had
the highest improvemen#s the reinforcing ratio increased, the strains in the
tension side of the walls at failure were significantly lowered. As the PVC does not
achieve maximum stress until higtrains are reached, the contribution of the
panels to resisting the applied loads is lessened. In addition, increasing the amount
of steel reinforcement reduces the relative contribution of the PVC to the cross

section.

- A comparison was made betweenlg/aith the SIP PVC system and walls that
were conventionall y c¢ on Jheyielccandepdak laadst 2 5 mm

were very similar in this comparison, suggesting the potential for using the SIP
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system as a means to reduce the wall thicknesa@meve the same structural

performance.

PVC encasement improved the ductility at ultimate load level and the toughness of
the reinforced concrete walls. Flat panel encased walls improved ductility by an
average of 71% and toughness by 122%. Hollow pamedsed walls improved
ductility by an average of 29% and toughness by 70%. Flat panel encased walls
were determined to be better at improving difgtand toughness, as composite
behaviour was achieved, while the hollow panels did not behave as a pure

composite.

There was no statistic difference observed in the concrete strength of PVC encased

walls and traditionally formed concrete.

6.2 Analytical Work

In addition to the experimental testing, an analytical program was developed to estimate

the yield and dimate loads of PVC encased reinforced concrete wal& model followed

linear strain compatibility to estimate the internal forces of the wall elem&htesfollowing

conclusions were madrom the results of the model.

Calculated ield loads were ingood agreement with the experimental data, with an

averageerror of 8% for the control walls arido for the PVC encased walls.

Calculated ultimate (peak) loads showed good correlatiinthe experimental data.
The average error for the control, flat paand hollow panel encased walls were 3%,

3% and6% respectively.
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- Calculated and experimental PVC tensile strain values were in good correlation at
ultimate load conditions. The average error for PVC tensile strain prediction was

21%.

- With the proposed odel providing results in good agreement with the test data, other
PVC encased wall css-sections were explored. Aaptimized panel layout was
proposed that utilized flat panels on the compression side of the wall and hollow
panels on the tension sid€his configuration of panels resulted in the greatest

estimated improvemeiwtver the control wallat both yield and ultimate load levels.

6.3 Recommendations and Proposed Future Work

The following topics are proposed for further investigation in light ofatbek completed in

this study.

- A new crosssection layout was examined using the model developed in this
research. Itis recommended that walls be aagttestedising this configuration
of PVC encasement in order to confirm the predicted load resigtehesiour.
This configuration is of particular interest in situations wherewasg bending

would dominate, such as retaining walls and holding tanks.

- The analytical model developed by this research assumed perfect bond between the
concrete and PV@ollow panel. Slips were observed during testighe hollow
panel encased wallsuggesting thainly partial bond existsFrictional and bond

tests between the PVC panels and concrete should be investigated.
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- In order to assure borahdfull compositeactionis achieved between the hollow
panel PVCand concrete, the use of a gritting material should be consideoed.
instance, 152 mm (60) thick walls encased

tested to determini¢ the slip will occur or not.

- Thenubs present on the interior face of the flat panels appeared to be sufficient in
providing this composite behaviour. These nubs could be potentially be

incorporated into the hollow panels as well.
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Appendix A
Test Results
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ci load versus tensile strain (steel and PVC panel)
Figure(A1) : Test Results for -60Mbarshi ck wall s
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