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Abstract: 

Wrapping technology is one of the effective ways of strengthening concrete elements. 

Several researchers reported the effectiveness of Glass fiber reinforced polymers and carbon fiber 

reinforced polymers for improving the strength of the concrete elements. Wrapping on three sides 

is one of the effective methods for strengthening the beams supporting slabs. Scant literature is 

available on the strength enhancement of “U” wrapped concrete elements subjected to torsional 

loads. In this investigation an attempt is made to quantify the improvement in torque of “U” 

wrapped rectangular concrete members subjected to torsional loads “U” wraps. Ferrocement is 

taken here as wrapping material. Beams were cast with different number of mesh layers with 

different torsional reinforcement. Beams were cast with different grades of concrete and mortar. 

The beams were analyzed with MARS & WASPAS. The predictions cracking and ultimate torque 

are in good agreement with experimental test results. 
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1.0  INTRODUCTION 

A reinforced concrete (RC) structural element such as peripheral beams, ring beams at bottom of 

circular slab, beams supporting canopy and other types of beams are subjected to torsional loading.  

Strengthening or upgrading becomes necessary for these beams when they are unable to provide 

the resistance. Increased service loading, diminished capacity through aging, degradation and more 

stringent updates in code regulations have also necessitated for the retrofitting of existing 

structures (Rao and Seshu, 2005; Hii and Riyad, 2007). Repair and strengthening of RC members 
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can be done by epoxy repair, steel jacketing or by fibre-reinforced polymer (FRP) composite. Each 

technique requires a different level of artful detailing. Availability of labour, cost and disruption 

of building occupancy plays major role to decide type of repair (Karayannis et al., 2008). Few 

studies regarding torsion strengthening using FRP have shown that the continuous wrapping is 

much more effective than using the strips (Ghobarah et al., 2002; Panchacharam and Belarbi, 2002; 

Chalioris, 2008;  Deifalla and Ghobarah, 2010b). Recent studies have shown that the basic 

deformation of the torsionally strengthened beams is similar to un-strengthened ones, however, 

the externally bonded limits the crack formation, propagation, widening and spacing between 

cracks (Hii et al., 2007; Ameli and  Ronagh, 2007; Chalioris, 2008). 

 Retrofitting by FRP is restricted to developed countries and urban areas of developing 

countries due to their high cost and skilled workmanship for its application (Bansal et al., 2007).   

Ferrocement meets the criteria of flowability and strength in addition to impermeability, sulfate 

resistance, corrosion protection and in some cases frost durability. Such performance is made 

possible by reducing porosity, inhomogeniety, and micro cracks in the cement matrix and the 

transition zone Shannag and Mourad, (2012). Experimental and analytical study of thin concrete 

jacketing with self compacting concrete and “U” shaped stirrup was found to be beneficial in 

changing stiffness and altering the dynamic characteristics of the beam (Chalioris et al., 2014). 

1.1 Significance of present Investigation 

 Torsion, due to its circulatory nature, can be well retrofitted by closed form of wrap. Few 

analytical and experimental studies are found to quantify the torsional strength of FRP bonded full 

wrap (Ming et al., 2006; Hii and Riyad, 2006; Salom et al., 2004; Ameli and Ronagh, 2007; 

Chalioris, 2007). But inaccessibility and extension of flanges over the web has necessitated 

strengthening the beams by “U” wrap rather than full wrap (Behera et al., 2008).  For quantification 

of torsional strength of “U” wrapped beams very few attempts have been taken by (Panchacharam 

and Belarbi, 2002; Deifalla et al., 2013). U-jacketed flanged beams exhibited premature debonding 

failure at the concrete and the FRP sheet adhesive interface Chalioris (2008). From the above 

points, it is clear that the “U” wrapped beams cannot perform in the same manner as that of full 

wrapped beams under torsional loading as it lacks one torsion resisting element(reinforcement) on 

un-wrapped face.    

  The mentioned literature in the introduction substantially recommends ferrocement as a 

retrofitting substitution for FRP.  Few studies are available to quantify the torsional strength of 
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ferrocement “U” wrapped beams. Experimental and analytical estimation of torsional strength of 

“U” wrapped RC beams reported by the author earlier was limited to plain beams only (Behera et 

al., 2008). 

  This paradigm motivated to take up the present investigation. The torque-twist response 

of reinforced beams is characterized by different salient stages such as elastic, cracking and 

ultimate stages (Chalioris, 2006; Behera et al., 2008) .  

The objective of the present experimental study is to evaluate the cracking torque and ultimate 

torque of a wrapped ferrocement “U” wrap beam using soft computing method MARS and 

WASPAS. 

1.2   Soft Computing by MARS 

 Here soft computing method is employed for the calculation of ultimate Torque, twist, 

stiffness and toughness using MARS. This method is also known as the dark box method as finally 

the method of calculations is unknown and only end results were found out by this method. 

2.0  Experimental Program 

 To study the above mentioned parameters, beams are cast and tested under pure 

torsional loading. The variations considered are the number mesh layers in the ferrocement ‘U’ 

wrap, size aspect ratio, mortar strength, concrete strength and the state of torsion. To study the 

effect of number of mesh layers on torsional strength of four possible cases of states of torsion,, 

the number of mesh layers is varied as 3, 4 and 5.  

        Torsional loading induces spiral cracking approximately inclined at 450 to the longitudinal 

direction of the beam. To allow this pattern of cracking and to form two complete spirals in the 

central test region of the beam, a length 1500 mm is required. In order to hold the specimen and to 

apply the torque, the end zones are heavily reinforced for a length of 250 mm on either side of the 

beam. Thus, the total length of the beam is fixed as 2000 mm.  

BQ3N represents a beam of size (125 mm X 250 mm), Co stands for completely over reinforced, 

numeric 5 represents number of mesh layer and N stands for concrete of strength 35 Mpa. So, 

Co5N represents a completely over reinforced beam with 3 numbers of mesh layers in ferrocement 

zone with mortar grade 40 MPa and concrete of 35 Mpa in the core. 
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3.0 ANALYTICAL AND SOFT COMPUTING MODELS 

An analytical model was developed using skew bending theory with modifications to the material 

properties; the detailed procedure is presented by Behera et al. (2014a, 2014b). The torsional behaviour 

of a beam can be characterised in three stages – the elastic stage, the cracking stage and the post cracking 

stage. A wrapped beam behaves linearly up to elastic torque; that is, a shear stress equal to the tensile 

strength of the mortar of the wrapping or the shear stress at the unwrapped face is equal to the tensile 

strength of the concrete (whichever is induced earlier). If the tensile strength of the concrete core 

governs the failure, then the wrapping material becomes ineffective. Hence, the elastic torque is equal 

to the ultimate torque. Otherwise, the wire mesh in the wrapping is effective in both the micro-cracking 

Sl. 

No. 

Designation of 

the beam 

Aspect 

ratio 

Section Dimensions Compressive strength (MPa) 

Number 

of mesh 

layers 

Breadth 

(mm) 

Depth 

(mm) 

Ferrocement 

matrix 
Concrete  

1 BQ4N 1.5 125 250 40 35 4 

2 BQ3N 2.0 125 250 40 35 3 

3 BQ5N 2.0 125 250 40 35 5 

Sl. 

No. 

D
es

ig
n

a
ti

o
n

 

Dimensio

ns 

(mm) 

Compressive 

strength 

Reinforcement Details 

Core Reinforced Concrete Outer Wrap 

Ferroc

ement 

matrix 

(MPa) 

Concret

e 

(MPa) 

Longitudinal Steel Transverse steel 

No. of mesh 

layers 
Diameter, 

No. of 

bars 

Yield 

Strength 

(MPa) 

Diamete

r, 

Spacing 

Yield 

Streng

th 

(MPa ) 

4 L3N 125 x 250 40 35 12 mm, 4 
nos. 

440 
 

 
 3 

5 L4N 125 x 250 40 35 12 mm, 4 
nos. 

440 
 

 
 4 

6 L5N 125 x 250 40 35 
12 mm, 4 

nos. 
440 

 

 
 5 

Table- 1 Details of Plain Normal Strength Beams 
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stage and the post cracking stage of a wrapped beam. When shear stress due to torsion reaches the 

tensile strength of the mortar of the wrapping, micro-cracking in the ferrocement is initiated. This stage 

is referred to as the ‘micro-cracking stage’ in which the reinforcement present in the wrapping 

participates in arresting crack propagation. This stage is between the beam’s cracking and post-cracking 

stages. The microcracking stage ends when the shear stress in the wrapping is equal to the cracking 

strength of the ferrocement. 

4.0 Multivariate Adaptive Regression Spline (MARS) 

Experimental and analytical method both are tedious and time-consuming process; unable to provide 

single equations to predict torsional parameters. To overcome these shortcomings, soft computing 

method is employed for the calculation of cracking and ultimate Torque, using MARS. This method is also 

known as the dark box method as finally the method of calculations is unknown and only end results were 

found out by this method. MARS is an adaptive procedure because the selection of basic functions is 

data-based and specific to the problem at hand. This algorithm is a nonparametric regression 

procedure that makes no specific assumption about the underlying functional relationship 

between the dependent and independent variables. It is very useful for high dimensional 

problems. For this model an algorithm was proposed by Friedman (1991) as a flexible approach to high 

dimensional nonparametric regression, based on a modified recursive partitioning methodology. 

 

5.0 WASPAS METHOD 

Weighted aggregated sum product assessment (WASPAS) method for solving MCDM problems was 
suggested by Zavadskas et al. in 2012. This method signifies a unique arrangement of two well-known 
MCDM methods, i.e. weighted sum method (WSM) and weighted product method (WPM). The main 
procedure of the WASPAS method solving MCDM problems includes several steps (Madic et. al., 
2014; Madic et al., 2016; Zavadskas et. al., 2012).  

Step 1. Initial decision matrix is set. 

Step 2. Normalization of the decision matrix using following equations (iv) an (v) for maximization and 
minimization criteria, respectively (Madic et. al., 2014; Madic et al., 2016; Zavadskas et. al., 2012): 

 �̅�𝑖𝑗 = 𝑥𝑖𝑗 𝑚𝑎𝑥𝑖𝑥𝑖𝑗⁄   (iv) 

 �̅�𝑖𝑗 = 𝑚𝑖𝑛𝑖𝑥𝑖𝑗 𝑥𝑖𝑗⁄  (v) 

where xij is the assessment value of the ith alternative with respect to the jth criterion. 
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Step 3. Calculation of the total relative importance of ith alternative, based on weighted sum method 
(WSM) using equation (vi) (Madic et. al., 2014; Madic et al., 2016; Zavadskas et. al., 2012): 

 𝑄𝑖
(1)

= ∑ �̅�𝑖𝑗  .  𝑤𝑗
𝑛
𝑗=1  (vi) 

Step 4. Calculation of the total relative importance of ith alternative, based on weighted product method 
(WPM) using equation (vii) (Madic et. al., 2014; Madic et al., 2016; Zavadskas et. al., 2012): 

 𝑄𝑖
(2)

= ∏ �̅�
𝑖𝑗

𝑤𝑗𝑛
𝑗=1          (vii) 

Step 5: In order to have increased ranking accuracy and effectiveness of the decision-making process, 
in the WASPAS method, determination of the total relative importance of alternatives is done using 
equation (viii) (Madic et. al., 2014; Madic et al., 2016; Zavadskas et. al., 2012): 

 𝑄𝑖 = λ . 𝑄𝑖
(1)

+ (1 − λ) . 𝑄𝑖
(2) (viii) 

where λ=0,0. 1,1 is coefficient of linear combination and usually takes value of 0.5. By varying values 
of λ one can observe the change in values of total relative importance of alternatives as well as rankings 
of alternatives (Madic et. al., 2014; Madic et al., 2016). 

Now, the candidate alternatives are ranked based on the Q values, i.e. the best alternative would be that 
one having the highest Q value. It is interesting to observe that when the value of λ is 0, WASPAS 
method is transformed to WPM, and when λ is 1, it becomes WSM. 

Table-2  Experimental and Predicted Values of Cracking Torque  

Beams Ext Analytical MARS WASPAS % ERROR WASPAS 

BQ3N 5.415 5.548 5.438347 5.323 1.702 
 

BQ4N 5.415 5.548 5.438347 5.372 0.791 
 

BQ5N 5.491 5.548 5.438347 5.414 1.404 
 

L3N 5.61  5.671128 5.647 -0.653 
 

L4N 5.61  5.671128 5.694 -1.498 
 

L5N 5.69  5.671128 5.741 -0.904 
 

 

Table-3  Experimental and Predicted Values of Ultimate Torque 

Beams Expt Analytical MARS 

WASPAS % ERROR 

WASPAS 

BQ3N 5.443 
5.54 

5.074 5.555 
-2.587 

 

BQ4N 5.546 
5.54 

5.074 4.791 
11.517 

 

BQ5N 5.54 
5.54 

5.074 5.855 
-6.622 

 

L3N 5.73 
  

5.956 5.671 
0.334 

 

L4N 5.74 
  

5.956 5.817 
-1.512 

 

L5N 5.82 
  

5.956 5.962 
-4.054 
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6.0 RESULTS AND DISCUSSION 

In this phase of investigation, the experimental results obtained in the were analyzed and compared with 

the results of MARS & WASPAS.  

6.1 General Torsional Behavior of Plain Normal Strength Beams 

The ultimate torque and twist of the plain beams with jacketing was presented in the Table- 5.1. 

A comparison of experimental torque in column (2) of Table- 5.1 with that of predicted by MARS of 

plain concrete beams in column (6) shows that experimental are higher than the predicted values 6.76%, 

8.50% and 8.40 % for BQ3N, BQ4N and BQ5N respectively in MARS & 5.323, 5.372, 5.414 in case 

of WASPAS. The % of error was found to be 1.702, 0.791, 1.404. This shows that the predicted values 

are well in agreement with experimental values for plain “U” wrapped beams. 

 

      

 

6.2 Beams with Only Longitudinal Reinforcemen t 

A reinforced concrete member when subjected to torsion, longitudinal reinforcement, transverse 

reinforcement and the concrete present in the diagonal strut resist the load. For a single type of 

reinforcement, as one of the load resisting elements is absent, the load carrying capacity is limited to 

plain beams only. Thus, the beams with single type of reinforcement with ferrocement “U” wrap can 

be analyzed as plain ferrocement “U” wrapped beams. The beams L3N, L4N and L5N were cast to 

reflect the effect of layers on torque-twist response of “U” wrapped beams with longitudinal steel alone. 
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Fig.1 variation of Ultimate Torque of plain beams with number  of mesh layers in ferrocement 

wrap 
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The beams L3N, L4N and L5N were similar to the beams BQ3N, BQ4N and BQ5N respectively if the 

later beams were provided with only longitudinal steel. 

Torque 

The ultimate torque of these beams L3N, L4N and L5N were found 5.69 kNm, 5.73 kNm and 5.73 kNm 

respectively which indicates that there was no such improvement in ultimate torque. The predicted 

torque of the beams was found to be 5.956 kNm for all the three beams. The predicted values are found 

to be 3.94%, 3.766% and 2.34% more for beams L3N, L4N and L5N respectively for MARS &  5.647, 

5.694, 5.741 were the cracking torque and  5.671, 5.817, 5.962 were ultimate torque. The % of error 

was found to be 0.334, -1.512, -4.054. 

.    

 

7.0 CONCLUSIONS 

From the analytical model developed and experimental study for torsional behavior of “U” 

wrapped plain and reinforced concrete beams, the following conclusions were drawn. 

Plain “U” Wrapped Beams 

1. A significant increase in torsional strength is observed with ferrocement “U” wrapped 

normal strength concrete beams over their plain concrete beams. 

2. Ultimate torque is dependent upon the core concrete, mortar strength and  mesh layers. 

3. The “U” wrap can increase the torsional capacity of a plain beam. This proves the 

effectiveness of “U” wrapped beams.  
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Fig.2 variation of Ultimate Torque of longitudinally reinforced beams with number of mesh layers 
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4. The increase in torsional strength over the number of layers for any state of torsion is very 

less.  

5. Single type of reinforcement either longitudinal or transverse reinforcement is ineffective 

in enhancing the torsional strength.  
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