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 This study highlights the recent developments in the use of Polyvinyl-chloride (PVC) in the 
construction technology. The PVC is a very versatile plastic, resistant to fire (prevents the 
spread of fire) wear and rupture, with excellent anti-chemicals and anti-corrosion 
characteristics. The material could be produced with plasticizers (PVC, more flexible) or 
without (uPVC, more rigid). The thermoplastic polymer is the most widely used polymer for 
structural concrete applications; either as a simple tube for pour-in concrete or the more 
complicated Stay-in-place formwork (SIPF) systems. In this study, the structural 
performance of uPVC-encased concrete (uPEC) used as a compression member is reviewed, 
for the period start-end of 2020, with emphases on the resistance of these members to the 
applied axial load. The study is extended to cover the seismic behavior of these confining 
devices when used in combination with the brittle concrete. Several strength models have 
been proposed for evaluating the bearing capacity of uPEC columns under monotonic axial 
compression load. Most of these models are based on limited number of test results and 
might yield unsatisfactory predictions. On the other hand, the number of models for 
predicting the strain at peak stress are limited. The main features of these models were 
reviewed and recommendations presented for future research. 

1. Introduction 

The field of civil engineering is characterized by the option of using 
alternative materials in the construction applications and for that 
there is a large selection of materials. One such material which has 
attracted the attention of the engineering community is the 
Polyvinyl-chloride (PVC) with wide applications. When employed for 
containing liquid materials, PVC exhibited good durability under 
service load and a stress relaxation state was reached at due to the 
viscoelasticity effect [1]. This signifies that if tube does not encounter 
failure as result of the initial loading, then in the long term the chance 
of failure diminishes as the applied stress will suffer continuous 
deterioration. Furthermore, the modulus of elasticity of the tube 
encounter no decline in value, and undergoes improvement due to 
physical ageing [2]. Several studies have been conducted on the use of 
these polymeric materials to contain concrete and improve its 
strength and long-term durability [3-5]. When used as a tubular 
system, the unplasticized Polyvinyl-chloride (uPVC) has shown good 
capacity to resist the stresses in the applied load direction [6-8]. In the 
lateral direction, the tube-shaped structure offers considerable 
pressure to oppose and impede the dilation of concrete core [9-12].  

In order to highlight the new knowledge in the literature and the new 
developments in this field, the most recent studies on uPVC-encased 
concrete (uPEC) are reviewed which is the objective of current study. 
To this end, more than ten papers published within the last year were 
examined by highlighting the main features of several strength and 
strain models that have been developed to evaluate the strength of 
concrete encased with uPVC tube. Such evaluation is important in 
order to establish a sound platform for further investigation in this 
new field of engineering. Furthermore, future perspectives for 
adopting these innovative systems in real practice are also reviewed.   

1.1. Hollow tubular system 

The non-permeable polymeric tube displays good potential for use in 
civil engineering applications with environmental influences such as 
concrete structures located in humid environments and internally 

exposed to high-humidity. A good example would be undercover car 
parks, where the concrete compression members are under sever-
threat of corrosion due to the presence of moisture. This moisture can 
transport the dissolved chlorides in foundation to compression 
members resulting in the corrosion of steel reinforcement in the long 
run. Similarly, it could be used as columns of an industrial building 
for housing chemical plants. Another practical application of uPEC is 
in residential buildings with acceptable performance [12]. Some 
typical cross-sections of uPEC specimen are depicted in Fig.1. A real 
practical use of the tube in low-rise residential buildings is to support 
flooring system as shown in Fig.2.  

 

2. Performance of stub PTC columns under direct axial load 

Thermoplastics tubes offer economy, eliminate time consuming 
process associated with more advanced materials such Fiber 
reinforced polymer (FRP). This also reduce labor costs by avoiding the 
need for skilled workers. 

2.1. Strength  

 

Figure 1. Typical cross-section of PTC [3] 

A multi-layered uPVC tube with a stronger thicker layer squeezed 
between two hard layers, was adopted to contain the lateral dilation 

t=4mm 
D=75m

 
t=4.5mm 
D=90mm t=6.5mm 

D=90mm 
t=5mm 
D=110mm 

(a) 
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of concrete in stub columns [4]. Test results showed satisfactory tube 
performance under the direct applied load with considerable 
elongation under failure due to higher tube stiffness and strength. A 
similar observation was made for the coupons tested under direct 
tension, Fig. 3. Typical test results for the strength of uPEC 
compression members were tabulated in Table 1. It included three 
strengths: yield, peak and ultimate and their corresponding 
displacement ductility’s. The strength was affected by the 
aggregate/cement ratio, where increment in this test parameter 
resulted in improvement in strength.  

 

 

Figure 2.  Tube filled with concrete as a column in low-rise building 

 

2.2. Deformations 

The polymeric tube is characterized by inelastic-behavior and 
considerable stretching under tension load. These properties of tube 
can offer concrete to sustain more cracks the applied load and the 
composite tube-concrete become less brittle and this enhances the 
displacement ductility of PTC specimen. Yield influences the 
displacement ductility and the toughness,  

 

Figure 3. Blue-middle layer of uPVC cushioned between two-hard 
layers [4] 

 
energy dissipation capacity, is a short phenomenon relative to the 
service life of PTC columns. However, neither tube nor the concrete 
display a clear yield point (in the case of concrete that means first 
crack) and it has to be evaluated from the stress-strain curve of PTC. 
As shown in Fig. 4, a tangent to the curve will be parallel to the line 
drawn from origin to peak point and this point will be yield load.  

 

 
Figure 4. Evaluation of yield point of PTC stub column [4] 

The load-deformation relationship was used to evaluate the energy 
absorption capacity by adopting an ultimate strain corresponding to 
the failure strain (𝓔𝓔u). The area under the load-deformation diagram 
represent the toughness of the specimen, Fig.5, and toughness index 
(T.I.)  

is computed from: T.I =𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑂𝑂𝐴𝐴𝑂𝑂𝑂𝑂
(𝑃𝑃𝑃𝑃 ) 0.12

 

(LPTy the failure zone length, the vertical distance measured from top 
of specimen to the centre of critical section at yield load. LPTu the 
failure zone length, the distance measured from top of specimen to 
the centre of critical section at ultimate (failure) load. KL/r= 
slenderness ratio. r=radius of gyration. s=short column (L/D=2). δy= 
measured lateral displacement at tube yield at mid-height of column. 
δu=ultimate lateral displacement. θ y=angular rotation (in ra dians) 
at tube yield. θu=measured ultimate rotation (in radians). μ  (ductil ity 
index)= δu/δ y. Iθ  (rotation index to characterize plastic rotation 
capacity) =θu/θ y. 2/0.9: 2 is L/D ratio and 0.9 is diameter. - means 
not applicable or no data).  

 

 

 
Figure 5. Determination of toughness index for PTC column [4] 
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Table 1. Test results for the strength and ductility displacement of PTC columns [4] 
Specimen Py 

MPa 
𝓔𝓔y PP 

MPa 
𝓔𝓔p μ1 

𝓔𝓔p/ 𝓔𝓔y 
PP/ Py 

 
Pu 

MPa 
𝓔𝓔u Pu/py μ2 

𝓔𝓔u/ 𝓔𝓔y 
Pre/PEx T.I 

CT-A1 37 0.0071 47.6 0.0112 1.577 1.286 21 0.259 0.568 36.479 0.93 0.78 
CT-A2 38 0.0072 48.38 0.0113 1.569 1.273 20.6 0.223 0.542 30.972 0.95 0.76 
CT-A3 35 0.0058 47.6 0.011 1.877 1.360 21 0.273 0.6 46.587 0.93 0.74 
CT-B1 35 0.0066 46.7 0.01 1.503 1.334 20.9 0.215 0.597 32.331 0.93 0.76 
CT-B2 37.4 0.0068 47 0.0125 1.830 1.256 20.5 0.24 0.548 35.294 0.94 0.75 
CT-B3 35 0.0070 47.62 0.0112 1.600 1.361 22.8 0.255 0.651 36.429 0.96 0.72 
CT-C1 34 0.0062 44.76 0.0096 1.548 1.316 20.7 0.22 0.609 35.484 0.95 0.60 
CT-C2 31 0.0051 44.42 0.0089 1.749 1.306 20.8 0.236 0.671 46.235 0.95 0.66 
CT-C3 32 0.0056 45.8 0.0099 1.768 1.431 21.4 0.216 0.667 38.571 0.98 0.64 
CT-D1 29.5 0.0050 41.45 0.0082 1.640 1.405 20 0.21 0.678 42 0.92 0.61 
CT-D2 31.5 0.0061 44.42 0.0083 1.361 1.41 20 0.208 0.635 34.98 1.01 0.66 
CT-D3 30 0.0049 45.8 0.009 1.837 1.526 20.4 0.22 0.68 44.898 0.99 0.69 
CT-E1 30.7 0.0050 44.11 0.0081 1.634 1.437 20.5 0.185 0.668 37.373 0.99 0.72 
CT-E2 31 0.0041 45.08 0.0086 2.097 1.454 21.5 0.19 0.694 46.341 1.02 0.75 
CT-E3 29 0.0044 44.76 0.0081 1.841 1.543 21 0.2 0.724 45.454 1.01 0.69 
CT-F1 28.9 0.0039 42.43 0.0077 1.949 1.468 21 0.179 0.727 45.316 0.98 0.76 
CT-F2 30 0.0038 43.99 0.0079 2.079 1.466 21 0.183 0.7 48.158 1.01 0.75 
CT-F3 30 0.0041 44.62 0.008 1.951 1.483 21.8 0.19 0.727 46.341 1.03 0.76 
CT-G1 30 0.0040 40.04 0.0071 1.775 1.335 21.2 0.17 0.707 42.5 0.98 0.78 
CT-G2 29.7 0.0041 40.9 0.0078 1.916 1.377 21.2 0.175 0.712 42.998 1.00 0.70 
CT-G3 30 0.0040 40.46 0.0076 1.900 1.349 21.2 0.179 0.707 44.75 0.98 0.64 
CT-H1 29.5 0.0043 37.74 0.007 1.628 1.279 22.5 0.174 0.763 40.465 1.00 0.73 
CT-H2 28.5 0.0044 38.51 0.0073 1.659 1.351 22.4 0.168 0.786 38.182 1.02 0.68 
CT-H3 28 0.0042 36.98 0.0071 1.69 1.321 22.7 0.172 0.811 40.952 0.98 0.78 
CT-I1 26 0.0044 31.42 0.0067 1.523 1.208 21.9 0.166 0.842 37.614 0.96 0.80 
CT-I2 26 0.0046 32.44 0.0068 1.478 1.248 22.2 0.168 0.855 36.522 1.00 0.83 
CT-I3 26 0.0047 32.03 0.007 1.489 1.232 21.8 0.169 0.838 35.957 0.98 0.76 
CT-J1 25 0.0043 31.49 0.0061 1.418 1.259 22.8 0.162 0.91 37.674 1.00 0.80 
CT-J2 25 0.0045 31.49 0.0064 1.422 1.259 22.4 0.16 0.896 35.555 1.00 0.82 
CT-J3 26 0.0049 32.45 0.0067 1.367 1.248 21.8 0.166 0.838 33.877 1.03 0.81 
CT-K1 25 0.0041 29.39 0.0055 1.341 1.175 22.9 0.149 0.918 36.34 1.02 0.80 
CT-K2 25 0.0042 29.89 0.0059 1.405 1.195 22.7 0.155 0.908 36.905 1.03 0.82 
CT-K3 23 0.0033 29.22 0.0052 1.600 1.27 22.5 0.151 0.979 46.462 1.01 0.83 
CT-L1 24 0.0037 30.32 0.0052 1.405 1.263 22.9 0.15 0.956 40.541 1.06 0.83 
CT-L2 25 0.0034 29.99 0.005 1.470 1.199 23 0.157 0.92 46.149 1.05 0.84 
CT-L3 23 0.0034 29.67 0.0051 1.500 1.29 23.3 0.148 0.987 43.529 1.04 0.85 

 
Table 2. Angular rotations of PTC columns [3] 

 
No. 
 

δy 
mm 

θey 
rad*10-2 

Py 
MPa 

LPTy 
mm 

δu 

mm 
θu 

rad(10-2) 
PU 

MPa 
LPTu 
mm 

θy.eff 
rad10-2 

μ 
 

1-1 3.33 3.07 200.0 150 10.0 6.5 150 160 2.9 1.41 
1-2 2.59 2.67 120.0 480 75.0 13 40 480 2.4 1.15 
1-3 2.23 1.99 110.0 460 90.1 17 30 460 1.85 4.24 
1-4 3.50 3.37 219.0 390 35.0 7.5 90 402 3.25 1.26 
1-5 3.29 3.10 197.0 343 50.7 17.8 70 348 3.08 1.48 
1-6 2.20 1.47 80.00 360 95.0 24.4 28 360 1.4 3.34 
1-7 2.40 2.50 135.0 435 85.0 16 27 439 2.39 2.13 
1-8 4.40 4.00 283.0 - - - - - - - 
1-9 3.00 1.69 104.0 358 14.1 3.2 80 358 1.55 1.83 
1-10s 3.5 - 164 60 - - - - - - 
1-11s 3.9 - 217 57 - - - - - - 
1-12s 3.8 - 244 53 - - - - - - 
1-13s 4.4 - 326 45 - - - - - - 
2-1 1.35 1.45 57 - 1.35 1.45 57 - 1 1 
2-2 3.31 3.6 155 - 3.31 3.6 155 - 1 1 
2-3 3.52 2.6 154.5 - 3.52 2.6 154.5 - 1 1 
2-4 3.35 2.25 135 - 3.35 2.25 135 - 1 1 
2-5 - - - - - - - - - - 
2-6s - - 106.2 - - - - - 1 - 
2-7s - - 155.2 - - - - - 1 - 
2-8s - - 236.5 - - - - - 1 - 
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2.2.1. Angular rotations 

The PTC columns exhibited considerable angular rotations when 
tested for the condition pin at the top and fixed at the bottom. Table 2 
displays the rotation ductility of columns having different 
slenderness ratio. The failure zone length, the vertical distance from 
top of specimen to the center of critical section was measured at yield 
and ultimate loads. Iθ,  a rotation index to characterize plastic rotation 
capacity was also evaluated.  

2.3. Database 

A database of 90 test data for the uPEC short and slender columns 
subjected to direct compression was collected from nine different 
published papers [3-11]. A brief summary of the test data is computed 
in Table 3, displaying the main parameters, number of tested 
specimens and the range of variations for each parameter. More 
details with a discussion are given in the following section.  

 

2.4. Parameters influencing the strength 

Several studies have examined the parameters that influences the 
performance of uPEC under monotonic axial load. Table 3 enumerates 
the variables that were investigated by the different studies. These 
include the shape variables (thickness t, diameter d, and length l), 
parameters for the mechanical properties of tube (yield and ultimate 
strength), in addition to the concrete core strength (fco). As shown in 
Table 3 the thickness of the tube varies from 2.2 to 5.6mm [5]. 
Generally, small diameters of uPEC have been investigated, from 75 to 
110mm [3], and there is need to study larger diameters; 250mm and 
beyond. The height starts from 200mm [5] and peaks at 1250mm [7]. 
More tests are needed on full length columns; three meters and 
beyond for long columns. The yield change from 37.66MPa [7] to 
48.04MPa [6] and according to the assembled database the yield 
strength of available PVC and uPVC tubes hangs around 40MPa. The 
ultimate tube strength falls between 47.1MPa [7] and 56MPa [11]. 
Research is needed on the material strength of the polymeric tube to 
increase the yield strength as is the case with steel tubes, where there 
is a variety of strengths. The unconfined concrete strength falls in the 
range from 7.8MPa [7] to 55.6MPa [6]. The confinement effectiveness 
of the tube ranges from as low as 1 [6] to as high as 2.7 [7] and its 
strongly affected by the concrete strength. As it can be seen from 
Table 3, the tube offers considerable resistance to the dilation of 
concrete core with low strength and the strength index (fcc/fco) could 
reach the value of two and beyond. In the case of high-strength 
concrete this advantage vanishes and the index hangs around a value 
of one. This is not surprising, and similar observations have been 
reported for fiber-reinforced polymer [13,14] and steel tubes [15].  

2.5. Strength models 

Most of the considered studies have proposed strength models for 
predicting the strength capacity of uPEC columns under direct 
applied load. A summary of these recent models is presented in Table 
4. The model expressed by Eq. (3) is for the prediction of bearing 
strength of slender columns and it uses a reduction factor (F) to 
evaluate the equivalent strength of the slender column [16].  Several 
of these models are based on Richard et al. [17] model, which was 
proposed for steel confined concrete. Eq. (4) is a linear model which 

evaluates the strength enhancement ratio (𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐

) by computing the 

confinement index [18, 19]. Eq. (5) is based on the nominal capacity of 
individual components but also with a reduction factor for slender 
columns. Eq. (6) adopts a parameter (𝜂𝜂1) for the influence of tube 
confinement in the concrete component. Eq. (8) adopts the nominal 

confinement ratio (𝑓𝑓𝑙𝑙𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐

), and strength related confinement pressure 

coefficient=2.63. The same thing is correct for model expressed by the 
Eq. (9). 

 

2.6. uPEC incorporating fibers 

Polypropylene fibers, used in the ratio of 1kg per m3 of concrete, 
marginally enhanced the strength uPVC tube filled with concrete [6]. 
However, the enhancement in ductility was more. From regression 
analysis of the test results and collected data from some of the 
previous studies, two models were proposed for uPEC specimens 
reinforced with and without PP fiber as given in Table 4. The authors 
concluded that uPEC systems yield a number of advantages such as 
low-cost and environmental resistance that can be decisive 
parameters in certain engineering practices [6].  

3. Strain models for PTC columns 

3.1. Strain model based on database 

Based on a database of 178 test points, a model for the strain at peak 
stress was derived, Eq. (9) in Table 5. The accuracy of the proposed 
strain model was verified by comparing the model predictions with 
the predictions from twenty existing FRP-confined concrete strain 
models using several statistical indicators [9]. The main feature of the 
proposed model was that it comprised of several parameters that 
directly affect the performance of uPEC under axial load.  

3.2. Strain model based on normalized stiffness approach 

In another paper [11], a strain model was proposed for uPEC specimens 
based on a normalized confinement stiffness procedure, Eq. (10) in 
Table 5. A database was assembled from papers published during 
2019-2020 and employed to examine the performance of five existing 
FRP-confined concrete models and the proposed model to evaluate the 
strain at peak stress of uPEC specimens. The average peak strain from 
the database was found to be ε fu= 0.00827. The nominal confinement 
ratio was assessed and the strength enhancement ratio were 
determined from equations listed in Table 5 and the two equations 
were employed to compute the strain of uPEC specimens.  

3.3. Strain model based on ANN 

The soft computing technique artificial neural work (ANN) was 
adopted to develop a model for the strain at peak stress of uPEC 
specimens, Eq. (11) in Table 5. The results showed better performance 
of the ANN based model compared with several existing strain models 
for FRP-confined concrete [12]. 

4. Embedded uPVC tube 

The cyclic behavior of five reinforced high-strength concrete columns 
of whom three were embedding PVC tube (PVC-RHC), a fourth column 
embedding steel tube (CST-RHC) and the last column without 
embedded tube (RHC) were investigated, Fig.6.  

 

Figure 6. Embedded tubes (a) PVC; (b) steel tube [13]. 

The failure patterns of the tested columns shown in Fig.7 with 
shearing failure as the controlling pattern of failure for the tested five 
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columns. However, the specimens embedding the plastic tube 
exhibited considerable concrete crushing in sharp contrast to the 
specimen embedding no tube which exhibited no concrete crushing. 

 

Figure 7. Failure pattern of tested columns [13] 

 

4.1. Seismic performance 

The influences of embedded PVC tube diameter, embedding concrete 
strength, and axial compression ratio on the seismic performance of 
reinforced concrete columns embedding PVC tube was analyzed [20]. 
The outcome of the study revealed that the hysteretic curves of the 
PVC-RHC, Fig.8 (a)-(c), and CST-RHC column, Fig.8 (d), were fuller 
compared to RHC column as shown in Fig. 8 (e). The same thing is 
correct about the skeleton curves, where the specimens embedding 
the tubes were longer and spanning more in the lateral direction, Fig. 
8(f). 

 

Figure 8. Cyclic behavior of embedded PVC tube, hysteretic loops and 
skeleton curves [13] 

Similar observations were made for the energy dissipation capacity, 
deformation, and ductility. 

With the increment in the axial pressure, the ability to dissipate 
energy and deform of PVC-RHC column degraded. The hysteric loop 
and skeleton curve for the equivalent damping ratio was computed 
from Fig.9 which is important for the energy dissipation capacity 
calculation. The shear bearing capacity of the PVC-RHC column was 
computed according to the design code (GB 50010-2010) with a safety 
margin of 25% compared with the test results. 

 

Table 3. Experimental database of PTC columns

Source of data Specimens t 

(mm) 

d 

(mm) 

l/d l 
(mm) 

fy 
(MPa)  

fco 
(MPa) 

f'cc 
(MPa) 

fcc/fco fu 
(MPa) 

Abdulla [4] 36 3.8 110 1.82 200 40 16.3-
38.7 

47.21 1.22-
1.86 

47.7 

Abdulla [5] 50 1 4 75 13.3 1000 40.5 16.01 24.21 1.51 49.4 
Askari et al. [6] 24 3-4.9 110 2 220 48.04 39.6-

55.6 
43.166
0.05 

1-1.2 49.9 

Abdulla [3]  12 4-6.5 75-110 2-
13.3 

150-
1200 

40.53 30 37 1.233 47.8 

Raheemah and 
Resan [7] 

SA7 2.2-5.6 75 12.71
4.7 

950-
1250 

37.66 7.808 
17.01 

10.79 
27.38 

1.08 
2.7 

47.1 

Abdulla [8] 18 3.9 110 2 220 40.5 27-50.1 36.18 
53.61 
 

1.07-
1.34 

47.8 

Abdulla [9] 2 5.03- 
5.05 

110 2 220 45.6 44.1 51.4-
53.2 

1.16-
1.2 

52 

Abdulla [10] 
  

2 4.01-4.04 110 2 220 40 50 62-64.5 1.24-
1.29 

55 

Abdulla [11] 2 4.02-4.09 110 2.5 275 40.8 41-41.3 58.89 
50.89 

1.43 
1.44 

56 

4.2. Shear strength of PVCT 

The shear strength of the column embedding the PVC tube (PVCT) was 
obtained from: 

𝑉𝑉𝑃𝑃1 = �

𝐴𝐴𝑃𝑃𝑓𝑓𝑃𝑃
2

= 0.3𝐴𝐴𝑃𝑃𝑓𝑓𝑃𝑃    𝜆𝜆 = 0

1+�𝑟𝑟1𝑟𝑟2
�
2

8𝜆𝜆
 𝐴𝐴𝑃𝑃𝑓𝑓𝑃𝑃   𝜆𝜆 ≥ 0.5

              (12) (12) 

Where 𝑉𝑉𝑃𝑃1= shear force of PVCT; 𝐴𝐴𝑃𝑃= the cross-section area of PVCT; 𝜆𝜆 
=shear span ratio= H/(2r2); 𝑟𝑟1 and 𝑟𝑟2= inner diameter and the outer 
diameter of the PVCT; H= height of the PVCT; fp= ultimate strength of 
PVCT.  PVCT conformed to the von Misses yield criterion. It is observed 
that the PVCT was in a pure shear state when the shear span ratio (λ 

= 0) and the failure of the PVCT columns were characterized by typical 
bending failure [20].  

4.3. Strength and ductility 

The three different columns PVC-RHC1, CST-RHC, and RHC exhibited 
different peak loads ratios: 196.54, 201.21, 182.01KN and the ratios of 
ductility were 3.35, 5.31, 1.94, respectively. Comparing PVC-RHC-1 
with PVC-RHC-3, it was observed that with the increase of the PVC pipe 
diameter, the initial stiffness of the specimen was also increased, but 
the peak load did not increase much, about 1.5%. The study pointed 
out to the fact that the ductility of reinforced high strength column 
restrained by the embedded PVC pipe was better than that restrained 
by the ordinary stirrup [20]. 
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Table 4. Strength models for PTC columns 

Source Model 
[3] Expression one 

𝑃𝑃 = 𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴𝑓𝑓 + 𝑓𝑓𝑓𝑓𝐴𝐴𝑃𝑃                                                                               (1) 
𝑃𝑃𝑃𝑃 = (𝐹𝐹)𝑃𝑃                                                                

𝐹𝐹 = �1.76− 0.9𝑛𝑛 �
𝐿𝐿
𝐷𝐷𝐸𝐸𝐸𝐸

� + 0.023𝑛𝑛�
𝐿𝐿
𝐷𝐷𝐸𝐸𝐸𝐸

�
2

� 

 

𝐷𝐷𝐸𝐸𝐸𝐸 = 𝐷𝐷 + 2𝑡𝑡 �𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸
�                                                                                                                          (2) 

 𝑟𝑟 =
𝐷𝐷𝐸𝐸𝐸𝐸

4  

𝑛𝑛 = �
𝐸𝐸𝐸𝐸
𝐸𝐸𝑓𝑓� 

Expression two 
𝑃𝑃𝑃𝑃 = (𝐹𝐹)𝑃𝑃                                                                                                                               (3) 

𝐹𝐹 = 1− 0.008 �
𝐾𝐾𝐿𝐿
𝑟𝑟 +

2𝑡𝑡
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𝐸𝐸𝐸𝐸
𝐸𝐸𝑓𝑓� 

[5] 𝑃𝑃 = 𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴𝑓𝑓 + 𝑓𝑓𝑓𝑓𝐴𝐴𝑃𝑃                                                                                      (4) 
ɸ = 1 − 0.006𝜆𝜆 

[6] 𝑃𝑃 = 0.39𝑓𝑓𝑓𝑓𝐴𝐴𝐸𝐸 + ƞ 𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴𝑓𝑓                                                                           (5) 
For PVC and uPVC-confined concrete: 

ƞ1 = −3.39 + �−0.41 + �
𝑑𝑑
𝑡𝑡�

0.84

�
𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓𝑓𝑓�
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𝑓𝑓𝑓𝑓. 𝑡𝑡
𝑓𝑓𝑓𝑓𝑓𝑓(𝑑𝑑)�  

PVC and uPVC-confined concrete with PP fiber: 

η2=-3.39+�−0.41 + �𝐷𝐷
𝑡𝑡
�
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�𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐
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�+[0.13− (𝐹𝐹 − 0.52)2]   

[8] 𝑓𝑓𝐸𝐸𝐸𝐸
𝑓𝑓𝐸𝐸𝑓𝑓

= 0.73 + 2.63ƞ𝐸𝐸 � 𝑓𝑓𝑓𝑓
𝑓𝑓𝐸𝐸𝑓𝑓
�                                                                                                 (6) 

𝜉𝜉 =
𝑓𝑓𝑓𝑓 ∗ 𝐴𝐴𝐸𝐸
𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝐴𝐴𝑓𝑓 

ƞ𝐸𝐸 = 2.5 �1 −
5𝑡𝑡
𝐷𝐷 � 

 

𝑓𝑓𝐸𝐸𝐸𝐸
𝑓𝑓𝐸𝐸𝑓𝑓

= 0.72 + 1.5ƞ𝐸𝐸𝜉𝜉𝐸𝐸                                                                              (7) 

𝜉𝜉 =
𝑓𝑓𝑓𝑓 ∗ 𝐴𝐴𝐸𝐸
𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝐴𝐴𝑓𝑓 

ƞ𝐸𝐸 = 2.5 �1 −
5𝑡𝑡
𝐷𝐷 � 

 
[12] 𝑓𝑓𝐸𝐸𝐸𝐸

𝑓𝑓𝐸𝐸𝑓𝑓
= 1 + 4.39� 𝑓𝑓𝑓𝑓

𝑓𝑓𝐸𝐸𝑓𝑓
�                                                                                 (8) 

 
 

Table 5. Strain models for PTC 

Source Model 

[9] 𝜀𝜀𝑐𝑐𝑙𝑙
𝜀𝜀𝑐𝑐𝑐𝑐

= 0.07 �𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐
�
3.6

+ 0.273 �𝐷𝐷𝐷𝐷𝐷𝐷
𝜀𝜀𝑐𝑐𝑐𝑐
�
0.2
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𝐸𝐸𝑓𝑓
� � 𝑓𝑓𝑐𝑐𝑐𝑐

𝐷𝐷𝐷𝐷𝐷𝐷
�
1.3

        (9) (8) 

 

[11] 𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐

=(0.00827)𝐾𝐾𝑁𝑁.                                                                      (10) 

𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑐𝑐𝑐𝑐

=1+0.034 𝐾𝐾𝑁𝑁.  
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𝜀𝜀𝑐𝑐𝑐𝑐

=1+0.17𝐾𝐾𝑁𝑁  

10 ≤ 𝐾𝐾𝑁𝑁𝑃𝑃𝑁𝑁𝑂𝑂 ≤ 20  
 

[12] �εcu
εco
�
ANN

= 1.29 � fl
fco
�
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                                                         (11) (17) 
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Figure 9. hysteric loop and skeleton curve for the equivalent 
damping ratio [13] 

 

5. Strength reduction factor 

To account for plastic tube confinement effect for design applications, 
a formula for strength reduction factor that handles the uncertainties 
related to the design variables (t, D, fpy and Ω) was derived:  

𝛷𝛷 = 0.65 + 3.35 �2𝑡𝑡
𝐷𝐷
�
1.65

             (13) (13) 

where t and D= the thickness and diameter of tube; fpy= yield of the 
tube; Ω= design parameter; ϕ = strength reduction factor for the 
design of uPEC [21]. Some uncertainties regarding the tube material 
properties and the peak strength model influence the strength 
reduction factor. A ϕ  value of 0.75 was proposed for the case when 
the tube used as stay-in-place formwork; otherwise, ϕ  is determined 
from Eq. (13) and the uPEC is designed according to ACI 318–14.  

 

6. Slender PTC columns 

6.1. Columns with tubes for potable water  

The behavior of nine slender and four stub PTC columns were 
examined under compression load. The columns were free to rotate at 
the upper end and were restricted at the lower end [3]. Results show 
large lateral displacement due to the considerable upper loading 
platen rotation, see Fig. 10. 

 

Figure 10. Top end rotation versus mid-height deflection for series 
one [11] 

 

 

 

Figure 11. Effect of: (a) tube thickness on PL/PS (D=0.09m, L=1.2m); (b) 
D/t ratio on PT radial stiffness, KR; (c) specimen length L on PL/PS 

(t=5mm, D=110mm) [3] 

 

The variation of tube thickness with the strength ratio of long to short 
uPEC were also examined, Fig.11(a). The test variable D/t influenced 
the parameter KR, Fig.11(b). The increment in length of column, for the 
same cross-section, decreased the strength ratio of slender column (PL) 
to the short column (PS), Fig. 11(c). The influence of KL/r ratio was 
greater on the specimens of series one (S1), which were confined with 
plastic tube, compared to series two specimens (S2), which were 
unconfined, Figure 12(a). The variation of failure zone length, 
measured from the top of specimen, with the slenderness ratio 
showed a poor correlation, Fig. 12(b). A similar behavior was observed 
for the relationship between PL/PS-D/t ratio, Fig.12(c) 
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Figure 12. Influence of: (a) KL/r on PL/PS; (b) KL/r on LPT.U ;(c) D/t on 
PL/PS 

 

For slender PTC column tested under monotonic compression load, 
the ductility index was evaluated based on angular rotation, Fig. 13.  

 

6.2. Slender PTC specimens, confined and composite modes 

In an investigation, slender columns were tested for and composite 
mode, the two components have the same height, and the confined 
mode, height of tube shorter than the height of concrete core, Figs. 
14(a) and 4(b), respectively. 

 

 

 

Figure 13. Ductility index calculation for specimen 1-7 [3]. 

 

 

(a)                        (b) 

Figure 14. slender PTC columns: (a) composite mode;(b) confined 
mode [7] 

 

The authors pointed out to the instability failure to be dominated in 
all tested slender PTC columns [7]. The axial-transverse strain 
relationship was more non-linear for the composite mode, Fig. 15. All 
the column exhibited global elastic buckling leading to considerable 
localized failure in concrete and local buckling deformation, Fig.16.  

 

 
Figure 15. Axial-transverse strain for slender PTC columns [7]. 
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a. (Conc.) b. (Composite column) c. (Confined column) 

Figure 16. Failure patterns of tested specimens [7] 

 

Figure 17. Effective stiffness for the two modes [7] 

 

Furthermore, the test results showed that the flexural rigidity of 
slender uPEC columns can be assessed according to ACI 318-14. It was 
found that effective flexural stiffness was influenced by the tube, 
concrete core strength, and slenderness ratio, Fig.17. 

 

7. Conclusions 

The present study highlighted the most recent papers published 
within the last-year. The plastic tube contributes to the bearing 
capacity of uPEC columns in both longitudinal directions where it 
resists the load directly and in the lateral direction (confinement 
effect) where it encases the concrete core and delays its expansion due 
to the internal cracks in concrete core. The unconfined concrete 
strength falls in the range from 7.8MPa [7] to 55.6MPa [6]. The 
confinement effectiveness of the tube ranges from as low as 1 to as 
high as 2.7 and its strongly affected by the concrete strength. The 
benefits of concrete encasement offered by the plastic tube provides 
positive signs for its use in future civil engineering applications. 
Using PVC as encasement material and as a protective shield for 
concrete core can greatly impede crack propagation and improve 
durability of concrete compression members. Future research is 
needed to investigate full length columns; three meters and beyond 
for long columns. Research is needed on the material strength of the 
polymeric tube to increase the yield strength as is the case with steel 
tubes, where there is a variety of strengths. 
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