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Abstract  The use of fiber reinforced polymers (FRP) 

jackets as an external technique to strengthen existing 

reinforced concrete (RC) columns has become increasingly 

popular in recent years, resulting in very promising results. 

Existing research, primarily focused on columns fully 

wrapped with FRP jackets, has demonstrated that FRP 

strengthening considerably affects both their strength and 

ductility. However, the current focus has transitioned 

towards partial confinement, which is more cost-effective 

as it requires less FRP and adhesive, and is also simple and 

quick to implement on-site. Using the finite element 

program ATENA GID 3D, a 3D finite element model of a 

CFRP partially confined square reinforced concrete 

column subjected to eccentric loading has been created for 

this investigation. The numerical models were validated 

through comparison with the results from a subsequent 

experimental study. To investigate the effects of 

confinement configurations, slenderness ratio, 

strengthening ratio, concrete strength, and load eccentricity 

on column behavior, parametric research was conducted. 

The results indicated that an increase in load eccentricity 

leads to a considerable decrease in the load-bearing 

capacity of columns, while the mid-height horizontal 

displacements remain unaffected by eccentricity. The 

effectiveness of partial confinement decreases as the 

concrete grade rises. An increase in the slenderness ratio 

results in a significant reduction in their ultimate 

load-bearing capacity, accompanied by an enhancement in 

the lateral ductility of the columns. Concerning the 

strengthening ratio, an optimal value is found between 3 

and 5 confining layers, which helps to minimize material 

waste and reduce costs. The best performance regarding 

ultimate load and lateral ductility ratio is attained by both 

configurations featuring small distributed wraps and a 

single large central wrap, which also necessitate the least 

amount of labor cost. 

Keywords  RC Columns, Partial Confinement, CFRP, 

Numerical Analysis, Load Eccentricity, Load-Carrying 

Capacity, Lateral Displacement 

1. Introduction

For reinforcing existing reinforced concrete (RC) 

columns, Fiber Reinforced Polymer (FRP) has become the 

material of choice over the last two decades, primarily due 

to its various advantages over traditional methods. FRP 

strengthening has a significant effect on both strength and 

ductility, according to existing research, which mostly 

focuses on columns completely wrapped with FRP jackets. 

The numerous experimental investigations carried out on 

FRP confined RC columns subjected to eccentric loadings 

have indicated that their load-carrying capacity and 

ductility are influenced by several factors, including load 

eccentricity, column slenderness, strengthening ratio, type 

of FRP, and concrete grade, among others [1-12]. 

Numerical modeling is a valuable approach for predicting 

test results and saving material and human resources for 

laboratory experiments. In this context, many researchers 
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have used software based on the Finite Element Method 

(FEM) to model FRP-confined RC columns, thereby 

achieving a comprehensive understanding of the factors 

that affect their investigations [13–21]. Balla et al. [13] 

tested axially loaded RC columns with hybrid NSM-EBR 

reinforcement and validated their 3D modeling results 

using ABAQUS software. The impact of column size and 

the ratio of EB to NSM reinforcement on the effectiveness 

of hybrid FRP strengthening was also investigated through 

parametric research. A series of RC columns were used by 

Alrayes et al. [14] to investigate the impact of internal steel 

stirrup spacing and CFRP confinement. Excellent 

agreement was found when comparing the experimental 

results with numerical models using ATENA 3D software. 

CFRP confinement significantly increased the strength and 

ductility of the columns. These results demonstrate that the 

strength of the concrete, the confinement system itself, the 

cross-sectional shape of the column, the presence of 

transverse stirrups, and the orientation of the composite 

fibers all affect the effectiveness of FRP confinement. In 

their research, Chellapandian et al. [15] studied hybrid 

reinforcement and confinement techniques (NSM and EBR) 

for RC columns, employing 3D modeling with ABAQUS 

software. The findings showed that hybrid reinforcement 

technique significantly improved the stiffness, strength, 

and ductility of columns when subjected to both eccentric 

and axial compression. Zeng et al. [16] established a 

reliable 3D F.E. model of a partially FRP-confined circular 

column. An accurate plastic-damage model for concrete 

subjected to multiaxial compression is used in the 

suggested FE method. The proposed FE approach's 

accuracy was confirmed by comparing the test results with 

the numerical results. A better understanding of the 

confinement mechanics of partially FRP-confined concrete 

columns was then obtained by presenting numerical data. 

In their research, Fossetti et al. [17] developed a simplified 

analytical model to calculate the performance of RC 

columns confined with FRP in terms of strength, ductility, 

and energy dissipation, with validation provided by a 

subsequent experimental study. This allowed a simulation 

of a wide range of numerical outcomes derived from F.E. 

modeling using ATENA-3D software. The performance of 

the improved model was verified by comparison with other 

confinement models available in the literature. The 

proposed model overcame the shortcomings of previous 

models and provided a simplified approach for estimating 

strength, ductility, and energy absorption capacity. Angga 

et al. [18] used SALOME platform [19] to develop 3D 

models for circular RC columns fully confined with CFRP 

wraps and eccentrically loaded. The analysis outcomes 

from the 3D-NLFEA, in terms of axial load as a function of 

the mid-height lateral displacement, show good agreement 

with existing experimental data. The 3D-NLFEA results 

revealed an intriguing detail about the negative 

consequences of confinement in the outer concrete area. 

This adverse effect is attributed to a notable difference in 

concrete dilatation rates between the inner and outer core 

regions. In the compressed concrete sections at the elastic 

stages, there is a noticeable concentration of lateral 

modulus at the hoops. Following the yielding of the steel, 

this concentration of lateral modulus dissipates, which can 

be linked to the negative confinement effect. Using 

ABAQUS software, Khan et al. [20] carried out a 

numerical modeling of RC columns strengthened with 

CFRP under axial loading. Various techniques for partial 

and full confinement were considered to evaluate the 

effectiveness of CFRP strengthening on the load-bearing 

capacity of the columns, as well as the impact of 

longitudinal reinforcement bars on their behavior. The 

numerical simulation using ATENA 3D software showed a 

strong correlation with experimental results. The findings 

indicated that CFRP reinforcement significantly enhances 

the load-bearing capacity of the columns. A cylindrical 

specimen representing a short column was modeled using 

Ansys environment by Sureshkumar et al. [21]. Under 

axial compression, they numerically analyzed concrete 

columns that were completely wrapped in different 

composite materials. The findings included assessments of 

stress variations, ultimate load capacity, percentage 

reductions in deformation, percentage increases in load, 

and the behaviour of the different wrapping materials. 

Furthermore, a cost analysis of the wrapping materials, 

based on the maximum allowable working load and 

material expenses, indicated that CFRP is the most 

cost-effective and efficient option compared to the other 

materials evaluated. 
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Most of the previous numerical investigations into the 

structural performance of loaded RC columns strengthened 

with FRP have primarily considered full confinement. 

However, the current focus has moved towards partial 

confinement, which offers practical benefits over full 

wrapping. Because it requires less FRP and adhesive and 

can be quickly and easily implemented on-site, partial 

wrapping is more economical. Partial confinement of FRP 

strips could be an efficient and economical solution for RC 

columns that are in need of a moderate enhancement in 

strength and ductility. To understand the effects of critical 

factors on the performance of partial confinement, 

simulations are essential. The present work examines the 

case of square RC columns strengthened partially with 

CFRP wraps under eccentric loading. The numerical 

models, developed with ATENA GID 3D software, are 

based on the experimental data from Mai et al. [9]. 

2. Configuration of the Tested 
Columns 

The above-mentioned experimental study examined the 

structural behavior of CFRP-strengthened RC columns 

under load increases that were monotonic until failure. 

Four columns with a 20 mm concrete cover, each 

measuring 800 mm in height (h) and 150 x 150 mm² in 

square cross-section (axa), were examined. Four 

longitudinal HA 12mm bars were used to reinforce the 

columns, which were fixed at their base, and transverse Ø6 

mm ties spaced 80 mm apart, each with a 20 mm concrete 

cover, as illustrated in Figure 1. The concrete used has a 

characteristic strength (fc) of 36 MPa at 28 days. The 

Young's modulus of the longitudinal and transverse 

reinforcement bars is 173 GPa and 182 GPa, respectively, 

as shown in Table 1. The loading eccentricity (e) varies 

from 0 to 25 mm. Table 2 displays the characteristics of 

CFRP, whereas Figure 1 depicts the specifics of the CFRP 

confinement. Several results presented in terms of the 

load-displacement diagram and observed failure mode 

demonstrate clearly that the use of external CFRP 

confinement on the columns increases their strength and 

ductility. 

 

Figure 1.  Details of RC specimens 

Table 1.  Mechanical properties of steel bars 

Reinforcement Diameter (mm) Average tensile strength fy 

(MPa) 

The average tensile strain εy 
(%) 

The tensile modulus of elasticity E 

(GPa) 

Longitudinal 12 568 0.327 173 

Transverse 6 517 0.284 182 

Table 2.  Mechanical properties of a CFRP layer 

Material Number of 

layers 

Nominal thickness 

(mm) 

Width (mm) Ultimate tensile 

strength (MPa) 

Strain at ultimate 

tensile strength (%) 

Young's modulus 

(GPa) 

Carbon fiber 1 0,167 22,75 3726 1.55 240.43 
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3. Modeling Parameters 

ATENA GID 3D is specialized software in civil 

engineering for the numerical modeling of various 

construction problems providing highly satisfactory results 

in the nonlinear analysis of structural elements. It utilizes 

the finite element method during solution procedures and 

the updated Lagrangian formulation to determine the 

deformed shape of the elements. The numerical modelling 

was conducted for four RC columns considering the 

following parameters: types of confinement (none, partial), 

load eccentricity ‘e’ with respectively 0 and 25 mm values. 

The partial confinement was achieved through 3 CFRP 

layers with the characteristics shown in Table 2. The model 

for these columns features a fixed base, with two steel 

loading plates simulated at the top and the bottom. A 

monotonic increasing load was applied to the upper plate, 

considering the eccentricities defined above. ATENA 

provides default material behavior laws that simulate the 

real behavior of materials [22]. The concrete behavior law 

in tension and compression is shown in Figure 2. A bilinear 

law with hardening (Figure 3) represents the behavior of 

steel and a linear law (Figure 4) represents the behavior of 

the CFRP composite in tension. 

 

Figure 2.  Concrete behavior law 

    

Figure 3.  The bilinear behavior law of steel with strain hardening    Figure 4.  The linear behavior law of carbon fiber-reinforced polymer 
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Each material is represented by an appropriate definition, 

with all 3D elements modeled as closed volumes with six 

surfaces and eight nodes, except for the CFRP, which is 

represented as surfaces. The content of Figure 5 depicts the 

concrete column, the partial CFRP wrapping, the 

reinforcement bars and the partially confined RC column. 

The modeling of each element is specified in the 

framework of ATENA. The concrete is modeled with the 

3D combined fracture–plastic material model referred to as 

'CC3DNonlinCementitous2’. The loading steel plates are 

represented as 3D volumes named 'CC3DElastIsotropic'. 

The reinforcement is represented by a 1D element called 

'CCReinforcement’, while the FRP is modeled as 2D 

surfaces using an element identified as 

'CCCombinedMaterial'. The resin was neglected due to the 

absence of its properties in the validation reference [9], but 

it was assumed that the column and the FRP were in perfect 

contact. The contact surface between two separate 

elements, such as between the column and the plates, is 

called 'fixed contact for surfaces'. The column is assumed 

to be the 'master' element, and the plates are considered 

'slave' elements. The static monotonic loading is applied 

until failure with an imposed displacement of 0.0001 m at 

the loading point. Meshing is a crucial stage in numerical 

modeling because only by choosing the right mesh type 

can prediction accuracy be increased. The mesh 

convergence investigation was completed, and an optimum 

mesh size of 0.05 m was selected.  

 

(a)             (b)             (c)            (d) 

Figure 5.  Modelling of: (a) concrete column, (b) partial CFRP wrapping, 

(c) reinforcing bars, and (d) partially confined RC column 

4. Numerical Validation 

4.1. Ultimate Load and Lateral Displacements 

The experimental and numerical results are presented in 

Table 3, which illustrates the ultimate load (Pu) and 

corresponding lateral displacement (ΔPu) for non-confined 

and partially confined columns, considering different 

eccentricities of the loading (e). The numerical results 

show consistency with experimental results in terms of the 

maximum load under eccentric loading and, to some 

degree, the related lateral displacements. 

The axial load capacity and ductility of columns are 

improved when partial CFRP strips are bonded to the 

column surface. As seen in Figure 6, the CFRP strips 

prevent lateral deformations brought on by the axial 

loading, which confines the concrete core and delays 

concrete rupture. This increases the column's ultimate load 

and ultimate lateral displacement. A typical bilinear trend 

with a transition zone is displayed by partially constrained 

columns. All specimens exhibited a comparable linear 

ascending portion of the load–lateral displacement 

response, which is controlled by the stiffness of the 

unconfined concrete. Given the extremely low lateral 

strains in the compressed concrete, this suggests that no 

confinement is activated in the CFRP wraps. Once the 

ultimate load is reached, the unconfined RC columns 

exhibit a sharp decline in strength and stiffness. As the 

compressed concrete expands, a nonlinear transition takes 

place in partially reinforced RC columns, resulting in 

greater lateral strains. In response, the CFRP wrap creates a 

confining effect on the compressed concrete core, 

increasing its load-bearing capacity. In the post-peak 

behavior, the load progressively drops until failure, 

exhibiting a declining response. 

The experimental and numerical curves show a 

reasonable degree of agreement, according to the 

validation results shown in Figure 6. In particular, the 

initial stiffness, peak loads and to a lesser extent 

associated lateral displacements are all accurately 

predicted by the FE model, along with the transition zone 

and the descending response observed in the post-peak 

behavior. 

4.2. Failure Modes 

Figure 7 illustrates how a partially confined RC column 

fails under eccentric loading. It exhibits both compressive 

and tensile cracks, with the high compression side of the 

column experiencing spalling of the non-wrapped 

concrete cover. There was no evidence of delamination in 

the CFRP reinforcement layers, which exhibit signs of 

tension represented by red areas in the compressed zone. 

The numerical failure shows good agreement compared to 

that from the experimental work. 

In light of the previous findings, it may be concluded 

that the numerical results provided using ATENA GID 3D 

software demonstrate a good correlation regarding 

ultimate loads, corresponding lateral displacements and 

failure modes when compared to experimental data. 
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Table 3.  Validation of ultimate load/lateral displacement results 

Confinement 

Experimental / numerical results 

e=0 e=25 mm 

Pu (kN) Variation ΔPu (mm) Pu (kN) Variation ΔPu (mm) Variation 

None  993.5/993.5 0% - / 0.11 630.2/631.0 -0.12% 2.52/2.30 +8.73% 

Partial 1114.2/1114,3 0% - / 0.12 684.9/697.9 -1.90% 3.42/2.56 25.14% 

 

Figure 6.  Experimental versus numerical load–lateral displacement curves 

 

Figure 7.  Failure Mode of CFRP partially confined column 
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5. Parametric Study 

A parametric analysis of RC columns partially confined 

by CFRP strips was carried out following the calibration 

of the F.E. models using test data, as seen in Figure 2. 

They have the following basic characteristics: a concrete 

strength (fc) of 33.7 MPa, a load eccentricity (e) of 25 mm, 

a partial CFRP confinement of 7 strips each with 3 layers 

(L), and a square cross-section (axa) of 150x150 mm² 

with a height (h) of 800 mm. Investigations on the effects 

of changing load eccentricity, concrete strength, column 

slenderness, strengthening ratio, and partial confinement 

configurations were conducted in order to comprehend the 

significance of each of these characteristics. The focus 

was on the ultimate carrying capacity and the columns' 

lateral deformations at mid-height, which were brought on 

by both the initial and second-order moments. The lateral 

ductility (), which is the ratio of ultimate lateral 

deformation (u) to yield lateral deformation (u), was 

evaluated in the same way as Balla et al. [13]. The 

idealized bilinear load-deformation behavior shown in 

Figure 8 is thought to determine the yield deformation 

corresponding to the limit of elastic behavior. The yield 

deformation is associated with the extended linear 

component of the load-displacement curve and is 

represented by the horizontal line from the peak load. The 

ultimate deformation is the distortion caused by a 30% 

reduction in the ultimate load.  

 

Figure 8.  Ultimate and yield displacements in the load deformation 

curve 

5.1. Effect of Load Eccentricity 

Variations in the e/a ratio, which is the ratio of the load 

eccentricity (e) to the column width (a), are taken into 

consideration in order to examine the impact of load 

eccentricity on CFRP partially confined RC columns. 

Figure 9 illustrates how the load capacity of the columns 

drops as the e/a ratio rises from 0 to 0.36. Therefore, as 

concrete works best under compression, increasing 

eccentricity causes the compressed section of RC columns 

to decrease. As a result, columns' ability to support loads 

at high eccentricity is significantly reduced. 

It is observed that the curves regarding small 

eccentricities, such as e/a ratios of 0.1 and 0.16, have two 

branches: a branch that increases until it reaches the 

maximum load and then decreases till it fails. In contrast, 

for larger eccentricities (e/a ratios of 0.3 and 0.36), the 

load/lateral displacement curves show an increasing 

branch and a second branch that tends to become almost 

constant. Xing et al. [10] reported similar findings. In 

addition, the mid-height lateral displacements remain 

alike for all eccentricity ratios considered (0.1 to 0.36). 

Comparable experimental observations were reported in 

[1]. According to Angga [18], this can be readily 

comprehended as the failure mode shifts from being 

primarily governed by axial compression to one that is 

influenced by bending. 

5.2. Effect of Concrete Strength 

Concrete strengths ranging from 10 to 100 MPa were 

taken into consideration in order to examine the impact of 

the concrete compression strength. Concrete grades fc/2, 

fc, 2fc, and 3fc were taken into consideration, with a 

concrete strength fc value of 33.7 MPa. The ultimate load 

carrying-capacity of partially restricted RC columns 

increases approximately linearly with increasing concrete 

strength, as Figure 10 clearly illustrates. 

The strength gain is defined as the ratio of the confined 

column's ultimate load to that of the unconfined column. 

Figure 11 displays variations in strength gain for partially 

confined RC columns with increasing concrete strength. 

This gain exhibited a nearly exponential decline with 

rising concrete compressive strength, fc. The strength gain 

is more pronounced for low-strength concrete; however, 

as the concrete reaches higher strength levels, the rate of 

strength gain diminishes, becoming smaller for concrete 

with a compressive strength exceeding 70 MPa. This 

implies that low-strength concrete elements, which are 

commonly encountered in older concrete buildings, the 

partial CFRP strengthening approach would be best suited 

for them. 

5.3. Effect of Column Slenderness 

Figure 12 shows the load/midheight lateral displacement 

curves of four partially confined RC columns with the 

same FRP thickness (3 layers) and load eccentricity 

(e/a=0.16) but different height/side ratios (h/a). Their 

overall height varied from 80, 160, 240 to 320 cm, giving a 

height/side ratio (h/a) of 5.33, 10.66, 16 and 21.33, 

respectively. 
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Figure 9.  Effect of load eccentricity on load/mid-height lateral displacement 

 

Figure 10.  Effect of concrete strength on ultimate load 

 

Figure 11.  Relationship between the gain strength and the concrete strength 
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Figure 12.  Effect of slenderness on load-midheight lateral displacement 

It is evident that increasing slenderness causes the 

ultimate axial load to decrease while also increasing the 

lateral displacement at mid-height. Columns with greater 

slenderness experience a slightly slower rate of load 

decline in the post-peak range. With the increase in 

slenderness from 5.33, 10.66, 16 and 21.33, the maximum 

load drops by 25.12%, 54.6% and 69.8%, respectively. 

Whereas, the lateral displacement is significantly 

increased, as displayed by Figure 12. This latter behavior 

may be attributed to the activation of CFRP confinement 

that starts at lower loads for higher slenderness ratios, 

which leads to a notable improvement in the column's 

lateral ductility and therefore reduces the risk of early 

buckling failure. Additionally, FRP wrapping can delay 

the damage in the compression zone and buckling in 

longitudinal reinforcement [23]. Thus, the increase in 

slenderness for CFRP partially confined RC columns 

under eccentric loading results in a notable rise in their 

lateral displacement at mid-height and a considerable loss 

in their ultimate load-carrying capacity. 

5.4. Effect of CFRP Strengthening Ratio 

The volume of the confining CFRP sheets divided by 

the volume of the column is known as the strengthening 

ratio, or ρf. Its influence was investigated by considering 

ρf with values of 0.00416, 0.0125, 0.0208, 0.0291 and 

0.0375 corresponding to 1L, 3L, 5L, 7L and 9L, 

respectively. The strength increase compared to the 

unconfined column, as displayed in Figure 13, is about 

3.3%, 10.6%, 15.32%, 19.16% and 20.50% for 1L, 3L, 5L, 

7L and 9 layers, respectively. It is evident that the 

difference in the increasing rate declines as ρf rises. 

Nevertheless, the percentage gains in strength from 1L to 

3L, from 3L to 5L, from 5L to 7L, and from 7L to 9L are 

approximately 7%, 4.2%, 3.3%, and 1.2%, respectively. 

This indicates that raising the strengthening ratio beyond a 

certain range will not enhance the load-bearing capacity 

of the columns. Consequently, it is recommended to use 

an optimal number of confining layers, specifically 

between 3L and 5L, to minimize material waste and 

reduce costs. A similar finding was reported by 

Chellapandian et al. [15], indicating that increasing the 

number of confinement layers beyond 4L did not 

substantially increase strength in axial or eccentric 

compression as a result of the CFRP wraps’ decreased 

lateral confining pressure. 

5.5. Effect of Partial Confinement Configuration 

More configurations that are different were considered 

to assess their impact on the structural response of columns. 

All the configurations illustrated in Figure 14 have the 

same strengthening ratio (ρf=0.0125) and confined area 

(62.5). For the first three configurations, confinement 

was provided through 10, 7 and 3 CFRP strips representing 

respectively the cases of smaller, average and larger 

distributed wraps. Regarding configuration 4, two equal 

wraps located at the top and the bottom of the column 

produced strengthening. Whereas for configuration 5, only 

the central area of the column was entirely confined with a 

single large wrap. 

Referring to Figure 15, all configurations exhibit a 

bilinear behavior, an ascending branch followed by a 

descending branch. All configurations display a significant 

plastic phase, with the exception of configuration 4, which 

demonstrates a nearly brittle failure (Pu=667.5 kN, =4.5) 

similar to that of the unconfined column, despite a 

considerable overall confined area of 62.5%. Thus, 

configuration 4 highlights the critical role of CFRP wraps 

in the mid-height region. The best performance regarding 

ultimate load and ductility ratio is achieved by both 

configuration 1 (Pu=709.3 kN, =11.33) and configuration 

5 (Pu=708.8 kN, =12.5), which also requires the lowest 

labour cost. The performance of partial FRP wrapping 

shown in configuration 5 is in accordance with the 

wrapping scheme proposed by Lin et al. [24]. This scheme 

involves applying a greater number of FRP sheets in the 



 Civil Engineering and Architecture 14(1): 106-117, 2026 115 

 

central zone, with a gradual reduction of FRP materials 

towards the ends. Tests conducted experimentally to 

evaluate the effectiveness of several wrapping schemes 

showed that the suggested wrapping strategy makes better 

use of FRP materials along a column's height, increasing 

the material's strength and ductility. 

 

Figure 13.  Effect of strengthening ratio on ultimate load 

 

CONF.1           CONF.2           CONF.3         CONF.4           CONF.5 

Figure 14.  Various confinement configurations 

 

Figure 15.  Effect of confinement configurations on load-midheight lateral displacement 
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6. Conclusions 

To understand the behavior of square RC columns 

partially confined with CFRP and exposed to eccentric 

loads, a numerical study was conducted. ATENA GID 3D 

software was used to create a nonlinear finite element 

model, which was then verified against experimental 

findings. A parametric investigation was then conducted 

using this calibrated finite element model to examine the 

impact of various variables on load-bearing capacity and 

lateral displacements at mid-height. The following are the 

main conclusions drawn from this study's findings: 

 There is a good correlation between experimental 

results and those derived from modeling using 

ATENA GID 3D software.  

 The load-bearing capacity of columns is significantly 

reduced when load eccentricity increases. However, 

due to partial wrapping, mid-height horizontal 

displacements stay constant and are not impacted by 

eccentricity. 

 The strength gain is more pronounced in low-strength 

concrete elements, with a reduction in strength gain 

observed as the concrete's strength rises.  

 The ultimate load-bearing capacity noticeably 

decreases as the slenderness ratio rises, along with a 

significant rise in lateral displacements at mid-height. 

This occurrence improves the lateral ductility of the 

column. 

 It may be advisable to recommend an optimum range 

of confining layers, specifically between 3 and 5 

layers, to minimize material waste and lower 

expenses. 

 The best performance regarding ultimate load and 

ductility ratio is achieved by both configuration 1 

(small distributed wraps) and the surprising 

configuration 5 (one large central wrap), which 

additionally require the least labour cost. 
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