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1. Introduction

The inelastic behavior of concrete compression members has 

significant influence on the overall performance of concrete 

structures. Several materials have been investigated for such 

purpose; steel tie (Sheikh and Uzumeri, 1982), steel fiber with 

the nominal tie (Lima Junior and Giongo, 2004), steel tube 

(Xiamuxi and Hasegawa, 2011) and FRP grids (Ding et al., 

2011). Another material with the potential to increase the 

strength and improve the ductility of concrete columns is the 

thermoplastic PPF with large deformations before the ultimate 

failure. PVC is a thermoplastic polymer with repeated molecule 

chains changeable for the better, expanding product possibilities 

and facilitating its recycling. Intermolecular attractions between 

atoms result in improved overall stiffness, tensile strength and 

modulus compared to other plastics (Pan et al., 2004). Field tests 

have shown that it has good durability with satisfactory protection 

from deterioration and weathering (Merah et al., 2013). The Poly 

vinyl chloride (PVC) not only provides the form for the concrete 

and steel reinforcement but also resists the axial load and 

contains the lateral expansion of concrete core. Compared with 

steel tube of similar thickness, its density is nearly 1/6 of steel 

tube and can be considered as a lightweight material (Abdulla, 

2017). The yield strength and elastic modulus of plastic tube are 

nearly 1/6 and 1/50 of that for steel tube, 248 MPa and 191GPa. 

The thermal conductivity of PPF is only 0.6% of that of steel 

which is important to reduce the hydration heat of concrete core. 

Protection of the concrete and mitigating the corrosion of 

conventional reinforcement found in concrete located in hostile 

environments has been a major challenge to the design engineer. 

Piles found in aggressive environments, splash zone, are 

vulnerable to corrosion (Stapleman, 1997). 

With its excellent anti-corrosion characteristics, the tubular 

plastic can act as a barrier and protect compression members 

found in the splash/tidal zone or in contact with soil from 

corrosion (Fujiwara et al., 1992). The polymeric tube is produced 

in sizes enough to confine bridge piers and is of remarkable 

versatility, making it suitable for civil and construction applications 

with high potential to replace the steel mold in column construction 

resulting in lower costs and shorter durations of casting. Previous 

studies were mostly performed on short CPPF specimens' 

subjected to uniaxial load (Abdulla, 2014; Oyawa et al., 2016). 

Unlike FRP, which features a brittle failure, the PPF has low 

stiffness but higher elongation at break which can mitigate the 
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bad ductility and brittle failure of concrete (Fakharifar and Chen, 

2016). The strength of unconfined concrete was increased by 2 

folds and steel reinforcement inclusion was of no significance in 

short stub specimens (Maiturare, 1990). Chen et al. (2016) 

evaluated the structural behavior of steel–concrete–PVC SHS 

joints under axial compression load. The joints had PVC tube 

and SHS steel tubes as the inner and outer tubes of chord 

member. PVC structural angles were employed to enhance the 

capacity of reinforced concrete beams (Naish et al., 2013). The 

PPF can reduce damages due to impact and vandalism associated 

with FRP tubes, where the former is more flexible and the fiber 

could be applied any time after casting concrete. 

The use of PPF was stretched to field studies where a 592-mm 

diameter and 18 m long PPF-concrete composite pile was tested 

(United States Department of Transportation, 2006) for bridge 

substructures. Other potential uses include piers and bridges 

columns in aggressive environments. The lightly reinforced PPF 

can find applications in light structural constructions, such as 

industrial buildings and small residential buildings (Abdulla, 

2019). Generally, there is no study on the load performance of 

slender CPPF with the inclusion of steel cages, bars or wire 

meshes. The objective of the current experimental work was to 

ascertain the influence of the polymeric tube on the mechanical 

properties of steel-reinforced concrete. The development of a 

consistent set of laboratory experimental results together with 

simple analytical expressions to aid in assessing the behavior of 

CPPF under load will be a notable and simple technique 

comparable to the existing state-of the-art techniques.

2. Experimental Investigation

2.1 Materials Details
Two groups of specimens, A and B, were prepared and cast and 

the concrete mix details were summarized in Table 1. The 

mechanical properties of the PPF which included the yield 

strength, compressive strength (fp,u), and the elastic modulus (Ep) 

were determined from coupon and tube tests, typical compression

failure of coupon and PPF is shown in Fig. 1. For the slender 

specimen casting, tubes were cut to the required height and used 

as temporary and stay-in-place formworks. All specimen details 

of groups A and B were shown in Tables 2 and 3, respectively. 

Types of reinforcement included steel cages, Fig. 2, longitudinal 

steel bars (1 or 2 bars) in the center of the section, and household 

wire mesh (WM). Reinforcement details of the two groups A 

and B were given in Tables 4 and 5, respectively. Group A was a 

Table 1. Mix Details of Groups A and B Concrete 

Material properties

Water 160 Kg

Cement: (SG = 3.15)     360 Kg

Sand: (SG = 2.6)     630 Kg

Coarse aggregate: (SG = 2.65) 1260 Kg

w/c ratio 0.5

Maximum aggregate size 9.5 mm

Slump 100 ± 10 mm

Average compressive strength 31.3 MPa 

Fig. 1. Typical Compression Failure of: (a) Coupon, (b) PPF

Table 2. Specimen Details of Group A 

No.
L
mm

D
mm

0.8lu/
0.25D

Reinf.
type

A1-1 900 67 43 -

A1-2 1,000 67 47.8 -

A1-3 1,200 100 38.4 I

A1-4 1,000 100 32 I

A1-5 1,100 81 43.5 -

A1-6 1,100 100 35.2 I

A1-7 850 67 4.6 -

A1-8 1,200 100 38.4 II

Table 3. Specimen Details of Group B 

No.
L
mm

D
mm

tP
0.8lu/
0.25D

Reinf.
Type

Reinf.
system

B2-1 1,200 110 5 35 II CPPF-SC

B2-2 1,200 100 - 38.4 - PC

B2-3 1,100 100 - 35.2 - PC

B2-4 1,000 75 4 42.7 - CPPF

B2-5 1,100 75 4 47 III CPPF-Re

B2-6 1,100 110 5 32 IV CPPF-WM

B2-7 1,000 75 - 47 III C-Re

B2-8 1,100 100 - 35.2 IV C-WM 

Fig. 2. Details of Type I Steel Cages
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comparative group with four pure concrete specimens PC and 

four RC columns, Table 2. Group B was the main group with the 

three reinforcement systems; CPPF-SC (B2-1) and CPPF-Re 

(B2-5), CPPF (B2-4), and CPPF-WM (B2-6), Table 3, in 

addition to two PC and one RC and WM specimens. 

The prefabricated WM had steel wires running in two 

orthogonal directions and welded at the intersections. One of the 

alternatives to conventional reinforcement is WM which yields 

easier and faster construction and eliminates some of the detailing 

problems associated with conventional steel reinforcement. 

Light household WM is a new technique that needs investigation 

for its performance in concrete elements for ductility enhancement.

Concrete compression member must contain minimum amount 

of longitudinal reinforcement. However, column B2-4 had 

longitudinal steel ratio (ρs = 0.64%) less than the minimum amount 

(1%) mandated by ACI 318R-014 (2014). Therefore it's classified as 

a plain or unreinforced concrete column, Tables 4 and 5. In addition, 

column B2-4 was encased in PPF and it formed the type CPPF of 

the reinforcement system. The models for the three reinforcement 

systems; CPPF (unreinforced), CPPF-Re and CPPF-SC (reinforced 

with 2 rebars, Re, or steel cage, SC), and CPPF-WM (reinforced 

with WM) are shown in (Figs. 3(a) − 3(d)). 

2.2 Specimens Casting
The plastic forms were placed vertically inside horizontal timber 

formworks resting on a large horizontal vibrating table ready for 

casting. The specimens were compacted in three layers and the 

concrete cover was 20 mm thick at top and bottom, and 12.5 mm 

Table 4. Reinforcement Details of Group A

Steel reinforcement

Type Main steel Steel Tie Group Cross-section

SC-I 6φ8 mm plain 0.01 < (ρsPL = 0.0384) < 0.08
fy = 250 MPa

φ6 mm deformed 
@100 mmc/c

fy = 250 MPa

One: A1-3
 A1-4
 A1-6

SC-II 6φ6 mm deformed; 0.01 < (ρ
s
 = 0.01785) < 0.08

fy = 460 MPa
φ2.5 mm deformed 
@96 mmc/c

fy = 460 MPa

One: A1-8

Table 5. Reinforcement Details of Group B

Steel reinforcement

Reinf. system Main steel Steel Tie Column

CPPF-SC

Type II
6φ6 mm deformed; 0.01 < (ρ

s 
= 0.01785) < 0.08

fy = 460 MPa
φ2.5 mm deformed @96 mmc/c

fy = 460 MPa
 B2-1

CPPF 1φ6 mm deformed; (ρ
s
 = 0.0064) < 0.01 

fy = 460 MPa 
- B2-4

- 1φ6 mm deformed; (ρs = 0.0064) < 0.01 
fy = 460 MPa 

- A-app

CPPF-Re

Type III
2φ6 mm deformed; 0.01 < (ρ

s 
= 0.0128) < 0.08

fy = 460 MPa
- B2-5 

C-Re
Type III

2φ6 mm deformed; 0.01 < (ρ
s 
= 0.0128) < 0.08

fy = 460 MPa
- B2-7

CPPF-WM

Type IV
WM; 25 by 25 mm galvanized 1 mm wire; 
two rounds
fy = 240 MPa 

-
B2-6

C-WM
Type IV

WM; 25 by 25 mm galvanized 1 mm wire; 
two rounds, fy = 240 MPa 

-
B2-8
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on the circular surface. At least three concrete cylinder specimens 

(100 mm in diameter and 200 mm in length) were cast from each 

concrete batches. After casting, specimens were covered with 

wet burlaps and moist cured for 28 days. 

3. Test Procedure and Results

The specimens were placed vertically to be tested for different 

end-restraint conditions, hinged at top and restrained at the bottom by 

a stiff steel plate (which was considered as fixed). Four LVDTs at the 

mid-height were used to monitor the deflections. The slender 

columns were tested in a testing machine with a load capacity of 400 

KN. To monitor the swiveling head rotations, two inclinometers were 

mounted horizontally on top of it, in two orthogonal directions. The 

schematic of the test set-up is shown in Fig. 4. The average concrete 

strength was measured to be 31.3 MPa for the two groups. 

3.1 Failure modes 
When concrete was not confined or reinforced the post-peak 

failure was sudden explosive with negligible deformations (due 

to the low flexural ductility and shear strength) as was the case 

for pure concrete columns A1-1, A1-2, A1-5, and A1-7 (ruptured 

into 3, 4, 5 and 3 parts, respectively) depending on the slenderness 

ratio, Fig. 5(a), and B2-2, B2-3 (which were ruptured into 3 and 

2 parts, respectively) Fig. 5(b). The RC specimens A1-3, A1-4, 

A1-6, and A1-8, exhibited a completely different behavior. The 

concrete in the zone close to the top end bearing plate suffered 

bursting and splitting produced by the high concentrated stresses 

and these locations were approximated to be one to three cross-

section depths from top of the column. The depth of failure 

sections of the three systems was located near the mid-height. In 

CPPF-Re and CPPF-SC the failure mode was initiated by tension-

steel yielding, crushing of the concrete and finally buckling of 

the plastic tube. However, in CPPF failure was initiated by 

crushing of the concrete and consequently the yield and buckling 

of the plastic tube. The extra capacity of CPPF-Re and CPPF-SC 

might be due to the delayed yielding of the plastic tube in the 

presence of tension steel (Abdel Havez, 2014) and the possible 

strain hardening of steel. The post-peak behavior for CPPF-SC 

was characterized with a less steep drop and higher ductility 

performance, indicating wider post-peak curves than its counterpart, 

column A1-8. The failure of CPPF composite columns was due 

to the yield of the PPF on tension side and the subsequent strain 

hardening, which manifested itself in terms of a fine white patch, 

and the local buckling due to loss of tangential surface contacts 

on the compression side, Fig. 5(c). The CPPF (B2-4), which was 

reinforced with one 6 mm steel bar, showed enhanced performance 

compared to the member reinforced with two 6 mm bars (B2-7) 

which failed with spalling and crushing in the proximity of the 

collapse zone, Fig. 5(b). Failure of C-WM was due buckling and 

the breaking of wire mesh at welded joint along the critical 

section. CPPF-WM displayed a similar failure mechanism but 

Fig. 3. Models of the Reinforcement Systems: (a) CPPF, (b) CPPF-Re,
(c) CPPF-SC, (d) CPPF-WM

Fig. 4. Test Set Up

Fig. 5. Typical Failure of Columns: (a) Group A, (b) Group B, (c) CPPF 
(the developed deflected shapes)
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with a clear single curvature, Fig. 5(b). 

3.2 Deflection
The P-Δ curves, Figs. 6(a) and 6(b), had a linear elastic branch 

till a load of about 0.6 − 0.7, 0.5 − 0.8, and 0.7 − 0.8 for PC, RC, 

and CPPF specimens. The polymeric tube influenced the 

descending branch of the load-deformation curve for the low 

modulus CPPF composite system. The maximum sustainable 

lateral displacement increased by more than 27 times from 

approximately 2.3 mm for pure concrete specimens (A1-2) to 

63.8 mm for the corresponding CPPF, (B2-4). Such trend 

enhanced the absorbed energy capacity and manifested itself by 

the area under the load-deflection curve. Pure concrete specimens

showed very small lateral deformation with no descending branch. 

The presence of steel reinforcement resulted in additional 

improvement in the post-peak deformation capacity with the 

additional area under the load-deflection curves.

3.3 Mechanism of Plastic Tube Confinement
The plastic tube with its circular cross-section developed a 

uniform lateral pressure which resisted the lateral dilation of 

concrete core to some extent. At low stresses the tube resistance 

to concrete dilation was initiated, thereby offering passive 

resistance to concrete expansion. At later stages, induced stresses 

from the increased load minimized the tube confining mechanism. 

The composite system failed at the ultimate load as a result of 

excessive expansion of concrete core due to yielding of the 

plastic tube. In FRP-confined specimens, a limit has been set on 

the ratio of fr;rup/f0c = 0.08 in order to ensure strength enhancement,

ACI 440.2R-08 (2008). Strength enhancements below this limit 

signify low confinement which may be applied to the plastic tube 

to some extent. 

4. Test Parameters

4.1 Specimen Geometry
The effective slenderness ratio kL/r was used to classify the 

specimens as short ≤ 22 or slender > 22 (ACI 318-14), where lu = 

unbraced length of the column; k = effective length factor for the 

compression member; and r = radius of gyration. For the pinned-

fixed end conditions, the k value was approximated to 0.8. Based 

on this value (0.8lu/0.25D = 22) the L/D = 6.8 was the limit for a 

short column in a non-sway frame. All the columns were 

sensitive to the change in the slenderness ratio. The experimental 

results showed that hinged-end restraint condition adversely 

affected the load capacity of the columns while increasing their 

ductility. 

4.2 Strain Softening
Pure concrete columns had no post-peak response. Due to the 

flexibility effect offered by the plastic tube, CPPF specimens 

experienced post-peak softening behavior as the load was 

dropped down and this behavior continued until the load reached 

25% of the ultimate load without any rupture or crack and the 

test had to be stopped to prevent any damage to measuring 

instrumentation due to the excessive rotation of the swiveling 

head. 

4.3 Ratio and Yield Strength of Longitudinal Steel
Higher yield strength longitudinal bars can delay the transfer of 

lateral pressure to the steel ties, resulting in improved behavior. 

RC specimen (A1-8) had similar slenderness (38) to A1-3 but 

lower steel ratio (ρs = 0.0178), approximately half of that for A1-3

(0.0384) and yielded higher strength capacity, 216 KN compared 

with 212 for A1-3, however, its failure was less ductile. Steel ties 

restrain the lateral buckling of longitudinal steel. Improved post-

peak behavior of more than 20% was observed for specimens 

reinforced with longitudinal steel having yield strength of 250 

MPa compared with its equivalent reinforced specimens with 

yield strength of 460 MPa. This could be ascribed to the stiffer 

ties used in the former (φ6 mm deformed bar) compared with 

(φ2.5 mm deformed bar) for the latter. 

4.4 Plastic Tube
The PPF eliminated the sudden loss of column strength due to 

unstable cover. The plastic tube resisted the gravity load and 

sustained the inelastic deformations to maintain compatibility 

with the concrete core. As a result, the concrete strength, column 

ductility, and rigidity were improved. The influence of the PPF 

on enhancing the post-peak behavior was more significant for 

specimens having a small steel ratio. 

4.5 Plastic Rotation
The RC specimens showed lower rotation capacity and were 

largely influenced by the swiveling head which resulted in most 

cases in brittle pre-mature shear failure. Slender CPPF yielded 

favorable plastic deformation under axial compression by enhancing

the column’s rotational capacity and allowing the specimens to 

resist axial loads with increasing lateral displacements. These 

failure modes for CPPF are desirable in practice since it contains 

the deformation, crack, and lateral dilation of concrete. CPPF 

may reach a state where a hinge is formed at the critical section 

due to excessive yielding. The location of the critical section for 

the ultimate load was located near the mid-height of column. At 

Fig. 6. Load-Deflection Diagrams: (a) Group A, (b) Group B 
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maximum load, the curvature and strains were concentrated in 

the critical section and appeared as a hinge (lines of white 

patches) as shown in Fig. 5(c). 

4.6 The B/A Ratio
The B/A ratios were used to express the plastic rotation capacity 

of the columns (ASCE/SEI-41, 2007), Table 6, using two 

approaches:

1. From load-deflection diagram (P-Δ); A was estimated as 

follows:

 A = (Δ0.8 − ΔY)/H (1)

Where,

A = plastic rotations (the degree of inelastic deformations)

H = column clear height.

Δ0.8 = post-peak deflection corresponding to 20% of 

strength degradation

 ΔY = deflection at onset of yield

A secant line was stretched on the load-deflection diagram 

from the origin to the point on the curve at 70% of the maximum 

load (Sezen and Moehle, 2004; Ghannoum and Matamoros, 2014), 

Figs. 8(a) and 8(b). The ΔY represented the deflection at yield point, 

the intersection of the secant line with the horizontal line drawn 

at maximum load (Ghannoum and Matamoros, 2014). B = 

plastic rotation at 75% of the strength degradation of the peak 

load and was calculated as follows: 

B = (Δ0.25 − ΔY)/H (2)

where Δ0.25 was deflection at onset of collapse. 

2. From load-rotation diagram (P-θ), A was estimated as fol-

lows:

 A = (θ0.8 − θY)/H (3)

Where,

θ0.8 = post-peak rotation corresponding to 20% of strength 

degradation

θY = rotation at onset of yield

Table 6. The B/A Ratio for Specimens of Groups A and B

No.

Load-deflection curve

L
(mm)

ΔY

(mm)
Δ0.8

(mm)
Δ0.25

(mm)
A B B/A

A1-1 900 1.00 2.15 2.15 0.0002 0.0002 1.00

A1-2 1,000 0.80 2.30 2.30 0.0001 0.0001 1.00

A1-3 1,200 3.30 4.78 6.00 0.0012 0.0023 1.92

A1-4 1,000 3.40 4.60 6.45 0.0012 0.0031 2.54

A1-5 1,100 1.25 2.15 2.15 0.0001 0.0001 1.00

A1-6 1,100 3.20 4.45 5.50 0.0011 0.0021 1.91

A1-7 850 1.40 2.16 2.16 0.0002 0.0002 1.00

A1-8 1,200 3.20 4.53 5.25 0.0011 0.0017 1.55

B2-1 1,200 3.01 6.60 30.0 0.0030 0.0225 7.5

B2-2 1,200 1.39 2.14 2.14 0.0001 0.0001 1.0

B2-3 1,100 1.55 2.18 2.18 0.0002 0.0002 1.0

B2-4 1,000 1.65 9.00 63.8 0.0073 0.0062 8.5

B2-5 1,100 1.69 7.90 49.0 0.0062 0.0471 7.6

B2-6 1,100 1.67 5.50 34.5 0.0035 0.0298 8.5

B2-7 1,000 1.50 3.30 9.00 0.0018 0.0075 4.26

B2-8 1,100 1.50 2.25 2.42 0.0007 0.0008 1.14

No.

Load-rotation curve

D
(mm)

θY

(rad10−2) 
θ0.8 

(rad10−2) 
θ0.25

(rad10−2) 
A B B/A

A1-1 67 0.59 0.65 0.65 0.0001 0.0001 1.0

A1-2 67 0.47 0.51 0.51 0.0001 0.0001 1.0

A1-3 100 1.63 2.38 3.0 0.0006 0.0011 1.83

A1-4 100 1.68 2.60 3.35 0.0009 0.0017 1.88

A1-5 81 0.73 0.78 0.78 0.0001 0.0001 1.0

A1-6 100 1.70 2.30 2.67 0.0005 0.0009 1.80

A1-7 67 0.60 0.67 0.67 0.0006 0.0006 1.0

A1-8 100 1.80 2.25 2.63 0.0004 0.0006 1.72

B2-1 110 2.0 4.0 14.7 0.0016 0.0110 6.9

B2-2 100 1.36 1.40 1.40 0.0001 0.0001 1

B2-3 100 1.24 1.35 1.35 0.0001 0.0001 1

B2-4 75 1.33 3.50 16.3 0.0018 0.0150 8.30

B2-5 75 1.36 3.10 13.9 0.0017 0.0125 7.35

B2-6 110 1.85 3.50 13.0 0.0015 0.0103 6.67

B2-7 75 1.37 2.20 4.40 0.0008 0.0030 3.75

B2-8 100 1.35 2.05 2.33 0.0006 0.0009 1.5

Fig. 7. Axial Load Versus Slenderness Ratio for Groups A and B

Fig. 8. Axial Load-Deflection Diagrams for Evaluating the Value of: (a) 
A, (b) B
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A secant line was stretched on the load-rotation diagram from 

the origin to the point on the curve at 70% of the maximum load, 

Figs. 9(a) and 9(b). θY was taken as the rotation at the intersection 

of the secant line with the horizontal line drawn at maximum 

load. 

B was calculated as follows:

B = (θ0.25 − θY)/H (4)

where θ0.25 was the rotation at onset of the collapse. The CPPF 

specimens showed the highest B/A ratio (7.5 to 8.5) from load-

deflection curve and (6.67 to 8.3) from load-rotation curve 

(Table 6), whereas RC specimens showed lower values (1.55 to 

2.54) and (1.72 to 1.88) due to the lower rotation capacity. The 

rotation capacity of PC specimens was negligible, 1, and was 

ignored. The B/A ratio versus slenderness ratio for groups A and 

B were plotted in Fig. 10. The correlation between B/A ratios 

calculated from P-θ and P-Δ diagrams shown in Fig. 11. A better 

correlation (more linear) was observed for group B compared 

with group A.

4.7 Ductility
When the confinement level is low, which is the case with the 

plastic tube, the deformations generated are termed softening 

strain. The displacement capacity of specimens was used to 

evaluate the ductility index. Ductility was increased with the 

decrease in slenderness ratio and an increase in the amount of 

longitudinal reinforcement and the use of PPF. The improvement in 

axial compression strength and ductility enabled the CPPF 

column to behave like a beam thereby increasing the flexural 

bending capacity of the column. For CPPF, it was noted that 

the effect of slenderness was more on ductility. Small 

enhancement in ductility was achieved using WM; it can 

withstand small lateral pressure from the concrete core due to 

its high slenderness, 1 mm diameter only. Some researchers have 

proposed deformations indexes based on section capacity and 

the behavior of the member under the load (Mufti et al., 

1996). The indexes include strength and deformation parameters to 

reflect the overall performance. Two parameters, deflection, 

and rotation were used for the columns and one parameter 

for the section. 

 = strength index (5)

 = deformation index (6)

(7)

Where,

 IC =  The column ductility index expressed by IS and ID

PU =  peak load

PY =  yield load 

ΔY and ΔU =  the deflections at the yield and peak load.

Similarly using the second parameter 

(rotation):

Strength index = (8)

Deformation index =  (9)

(10)

where θY and θU: the rotations at the yield and peak. The 

computed results for ductility indexes using the two proposed 

Eqs. (7) and (10) were summarized in Table 7. With  and  

values from 1.566 to 2.177 and 1.56 to 1.788 for group B (CPPF) 

specimens compared with 1.284 to 1.433 and 1.35 to 1.589 for 

group A. The three reinforcement systems showed better results 

for the two ductility indexes, compared with its equivalent RC 

and PC specimens. The ductility index from the load-deflection 

curve versus index calculated from load-rotation curve was 

IS
Δ

PU

pY
------=

ID
Δ

ΔU

ΔY

------=

IC
Δ

IS
Δ
ID

Δ
⋅=

IS
θ

PU

PY

------=

ID
θ

θU

θY

-----=

IC
θ

IS
θ
ID

θ
⋅=

IC
δ

IC
A

Fig. 9. Axial Load-Rotation Diagrams for Evaluating the Value of: (a) A, 
(b) B 

Fig. 10. The B/A Ratio versus Slenderness Ratio 

Fig. 11. The B/A Ratios from P-θ and P-Δ 
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shown in Fig. 12.

4.8 Energy Dissipation Capacity
The CPPF specimens absorbed energy by plastic deformation 

and underwent residual deformations after unloading with the 

descending branch of load-deflection curve. The plastic tube 

sealed and bridged the micro-cracks and exhibited a larger 

elongation at failure. The toughness of tube prevented crack 

initiation and propagation of cracks through the tube wall. The 

CPPF composite system increased the total energy absorbed, 

manifested itself by the large areas under the load-deflection 

curve i.e., ductility measured in terms of toughness increased, 

between 3 to 21 folds which is very important for the structural 

behavior in regions susceptible to earthquakes, and needs to be 

further researched. Unlike the PPF, the release of elastic energy 

for pure concrete was devastating. A concrete-encased by the 

PPF would have the durability and deformations of the tube but 

the mechanical strength and the rigidity of concrete. 

4.9 Analytical
To quantify the composite action among the specimen components, 

the individual contributions from the unconfined concrete (PC), 

steel reinforcement (PS), plastic tube (PPPF) in carrying the 

applied load, were analytically determined and superimposed for 

the three reinforcement systems. The superimposed relationships 

were as follows:

For CPPF only:

(11)

Where,

AC = cross-sectional area of concrete

APPF = area of PPF and was calculated from Eq. (12)

= the concrete compressive strength

= compressive yield strength of tube

PPPF = axial load resisted by the PPF

Pu = the maximum strength of equivalent short column

(12)

where  and : the external and internal diameters of the 

tube, respectively. Although the CPPF specimen (B2-4) had 

single rebar (1φ6 mm deformed) in the centre of cross-section 

(Table 5), the rebar contribution was ignored since (ρs = 0.0064) 

< 0.01 as according to ACI 318-14. 

For CPPF-SC column: 

 (13)

(14)

Where,

 As = area of steel

= Steel yield strength

For CPPF-WM column:

(15)

where PWM: Axial load contribution of WM which was very 

small. For steel reinforced concrete column:

(16)

(17)

The steel-reinforced specimens (A1-3, A1-4 A1-6, A1-8) 

suffered considerable damage under the applied load. For most 

of the circular reinforced concrete columns, the longitudinal 

reinforcements attained yielding at the load which initiated the 

spalling of the concrete cover (Kim et al., 2007). Based on this 

assumption, all the tested reinforced specimens had reached the 

yield load. The two parameters which most influenced the 

capacity of the columns under the applied load were length effect 

and the rotation of upper loading platen. The load capacity of the 

tested slender column was evaluated as follows:

(18)

Pu Pc PPPF+ fc′ Ac( ) f ′yPPF APPF⋅+= =

fc′

f ′yPPF

APPF

π

4
--- D 1

2

D 2

2

–( )=

D 1

2

D 2

2

Pu PC PS PPPF+ +[ ]=

PS fy′ As⋅=

fy′

Pu PC PWM PPPF+ +[ ]=

Pu Pc Ps+ fc′ Ac AS–( ) fy′ AS+ += =

Pc fc′ Ac( )=

PCal Φ Pu⋅=

Table 7. Ductility Indexes for Columns Using P-Δ and P-θ Curves

No.

Load-deflection curve

0.8lu/
0.25D

A1-1 43 1.150 1.075 1.236 1.091 1.101 1.201

A1-2 47.8 1.112 1.076 1.200 1.097 1.085 1.190

A1-3 38.4 1.234 1.134 1.399 1.168 1.157 1.350

A1-4 32 1.244 1.152 1.433 1.410 1.393 1.589

A1-5 43.5 1.080 1.068 1.153 1.119 1.068 1.195

A1-6 35.2 1.098 1.203 1.32 1.191 1.260 1.501

A1-7 40.6 1.114 1.057 1.177 1.079 1.116 1.204

A1-8 38.4 1.156 1.111 1.284 1.207 1.206 1.455

B2-1 35 1.269 1.226 1.556 1.490 1.20 1.788

B2-2 38.4 1.180 1.083 1.200 1.137 1.029 1.170

B2-3 35.2 1.123 1.087 1.220 1.093 1.050 1.148

B2-4 42.7 1.776 1.103 1.959 1.429 1.189 1.699

B2-5 47 1.953 1.195 2.334 1.375 1.138 1.560

B2-6 32 1.796 1.1923 2.141 1.350 1.389 1.875

B2-7 47 1.500 1.192 1.788 1.120 1.314 1.470

B2-8 35.2 1.270 1.154 1.466 1.100 1.209 1.330

ID
Δ

IS
Δ

IC
Δ

ID
θ

IS
θ

IC
θ

Fig. 12. Ductility Indexes from P-θ and P-Δ diagrams 
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Where,

PCal =  the predicted load-bearing capacity of the slender 

column

Pu = the maximum strength of equivalent short column

Ф = buckling reduction factor

The slenderness ratio has a considerable influence on the 

buckling reduction factor. For CPPF columns, a buckling 

reduction factor, previously validated against 35 test results and 

proposed by (Yang et al., 2015), was used and is given by:

Ф = 1 − 0.005λ (19)

where λ: the slenderness ratio of the column (0.8 lu/r). Eq. (19) 

underestimated the capacity of all columns and was calibrated 

using the current test results and was modified to:

Ф = 1 − 0.006λ (20)

All the predicted values and PEx/PCal ratios were summarized 

in Table 8, where PEx/PCal18, PEx/PCal19, PEx/PCal20 represented the 

ratio of experimental to calculated load without reduction factor 

Eq. (18), and with reduction factor using Eqs. (19) and (20), 

respectively. A better prediction of PCal and higher PEx/PCal ratio 

was obtained using Eq. (20). The difference between Eqs. (19) 

and (20) predictions may be ascribed to the loading platen 

(rotation effect). In addition to the length effect, the rotation of 

swiveling head resulted in the reduction in strength capacity too, 

especially for PC specimens which showed much lower strength 

due to its low resistance to non-axial stresses resulted from the 

upper loading platen rotation. The influence of PPF and composite 

action in improving the compressive and deformability

performance of CPPF was present for the considered slenderness 

range.

4.10 Strength
The nominal strength increase in the post-yield range for CPPF 

was not substantial but it may be sufficient when a modest 

improvement in strength was desired. Approximately the load 

resisted by the CPPF with (APPF/AC = 24%) was equal to the load 

resistance of concrete specimen reinforced with 1φ6 mm 

deformed rebar (ρs = 0.0064 < 0.01). Shear was adequately 

transferred between the concrete and PPF and spalling of 

concrete cover at high displacement was avoided. The compressive 

yield strength of the tube was only 40.5 MPa, nearly 12% of the 

yield strength of longitudinal steel bars (460 MPa). For the 

comparison purpose, no external metal edge protections were 

used in RC specimens. Thus, a stress concentration field due to 

the applied load appeared at the top end of the specimen and a 

fragile break in this area was not avoidable. 

A comparison of the strength capacity of each composite 

system and its equivalent RC and PC strengths were shown in 

Fig. 13. For column (A1-8) with type II steel cage, the steel 

reinforcement increased the strength capacity of the column by 

46% compared with its equivalent PC specimen (B2-2). With the 

inclusion of PPF the strength capacity of the column, CPPF-SC 

(B2-1), was increased by 36% over that of the reinforced column 

(A1-8) and by 99% over its equivalent PC specimen (B2-2). 

When compared with its equivalent specimen (A1-3) with steel 

cage type SC-I, the strength of CPPF-SC (B2-1) was 39% higher. 

A similar observation was made for the other two composite 

systems. Generally, the PPF resulted in strength increase of 36%, 

43% for CPPF-SC (B2-1), CPPF (B2-4), compared with its 

equivalent steel-reinforced columns without PPF which had a 

smaller diameter (minus the thickness of tube). The other two 

composite columns, CPPF-Re (B2-5) and CPPF-WM (B2-6), 

yielded 28% and 20.5% increase in strength compared with its 

equivalent columns, B2-7 and B2-8, but with a similar diameter 

(all four had a diameter of 75mm). Column A-app (Table 5) was 

not cast and its ultimate experimental strength was approximated 

from its equivalent PC (A1-2) and CPPF (B2-4) for comparison 

purpose, Fig. 13. 

Table 8. Experimental and Predicted Strength of Group A and B 
Columns

No.
PEx

(KN)
Pcal18

(KN)
PEx/
Pcal18

Pcal19

(KN)
PEx/
Pcal19

Pcal20

(KN)
PEx/
Pcal20

A1-1 72.00 120.50 0.60 95.80 0.75 90.86 0.79

A1-2 56.50 120.50 0.47 92.79 0.61 87.24 0.65

A1-3 212.0 311.92 0.68 252.7 0.84 240.8 0.88

A1-4 230.4 311.92 0.74 262.0 0.88 252.0 0.91

A1-5 86.50 157.40 0.55 122.8 0.71 115.8 0.75

A1-6 218.0 311.92 0.70 257.3 0.85 246.4 0.89

A1-7 74.00 120.50 0.61 97.00 0.76 92.30 0.80

A1-8 216.0 318.68 0.68 258.1 0.84 246.0 0.88

B2-1 294.2 385.51 0.76 318.05 0.93 304.55 0.97

B2-2 147.8 245.93 0.60 201.89 0.73 194.28 0.76

B2-3 155.4 245.93 0.63 206.58 0.75 198.71 0.78

B2-4 107.0 158.67 0.67 124.56 0.86 117.73 0.91

B2-5 119.5 170.79 0.70 134.07 0.89 126.73 0.94

B2-6 221.66 312.70 0.71 262.67 0.84 252.66 0.88

B2-7 93.00 144.75 0.64 113.63 0.82 107.40 0.87

B2-8 184.0 262.67 0.70 216.44 0.85 207.19 0.89

Fig. 13. Strength Capacity of Each Composite System and Its Equivalent 
RC and PC Strengths 
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5. Conclusions 

The technical merit of using the PPF to encase and improve the 

deformation capacity of the concrete was investigated and the 

following conclusions were drawn: 

1. The composite systems offered different rigidities which 

can ameliorate the axial and to less extent the radial perfor-

mance of the specimen. 

2. Slenderness ratio and rotation of the loading platen were 

the two main factors affecting the load-carrying capacity of 

the specimens. 

3. The PPF improved the deformation of concrete due to the 

compression softening behavior. The maximum sustain-

able lateral displacement was increased several folds. 

4. The B/A ratios were used to express the plastic rotation 

capacity of the columns. The CPPF specimens showed the 

highest B/A ratio 7.5 to 8.5 from the load-deflection curve 

and 6.67 to 8.3 from the load-rotation curve, whereas RC 

specimens showed lower values 1.55 to 2.54 and 1.72 to 

1.88. The rotation capacity of PC specimens was negligi-

ble. 

5. The three low-cost composite systems showed better results

for the two ductility indexes, compared with its equivalent 

RC and PC specimens. The  and  values were 1.566 

to 2.334 and 1.56 to 1.875 compared with 1.284 to 1.433 

and 1.35 to 1.589 for its equivalent RC specimens.

6. The strength capacity of CPPF specimens was increased by 

36%, 43%, 28%, and 20.5% compared with its equivalent 

steel reinforced columns without PPF.

The PPF is a new class of construction materials which can be 

used in infrastructure applications such as piers and bridge 

columns, due to its several advantages such as reducing the 

brittleness of concrete and providing additional shear and 

compressive capacity. The short-term structural feasibility of a 

promising material under axial load was examined. Long term 

performance is one of the several issues of concern for future 

research including fire and creep. 
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