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Abstract 

With increase in use of fibres for strengthening of Reinforced Concrete (RC) 

beams, Textile Reinforced Mortar (TRM) is becoming a popular choice among the 

researchers and scientists. While Carbon, glass and PBO fibers have shown 

encouraging results for structural strengthening, use of basalt fibres have not been 

much explored for strengthening other than masonry. Limited small-scale data exists 

for the use of basalt fibres in TRM strengthening but data for full scale beams is 

scarce. This paper presents an experimental study of six full scale RC beams tested 

with a varying shear span to depth (a/d) ratio 3 through 6, where three beams served 

as control beams for various a/d ratios while the remaining three beams were 

strengthened with TRM using basalt fibres.  TRM was provided at the tension face of 

the beams for strengthening in flexure along with U-shaped wraps. Results showed 

that TRM using basalt fibres is effective in improving the performance of RC beams 

in terms of serviceability, crack and deflection control, load carrying capacity, initial 

and post cracking stiffness, and ductility.  

Keywords : Reinforced concrete, Full scale beams, Strengthening, Textile 

Reinforced Mortar, Load-Deflection, Performance 

I. Introduction 

The aging of structures and loss of strength due to damages result in 

reduction of load carrying capacity of existing buildings and infrastructure 

[XXIII].Need of strength restoration or upgradation may arrive due to high traffic 

volumes in case of bridges and impact loading[XI], beside corrosion and increase in 

service loads[X].The continuous introduction of more stringent building code 

requirements also plays its role in defining the need of strengthening of structures or 

their components[XXVII]. Strengthening of structures is an important issue as far 

green economy is concerned. Specifically, restoration and/or strengthening of 

reinforced concrete (RC) structures frequently require going through various 

strengthening techniques[XIII]. In the case of shear capacity, special attention is 
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needed since shear collapse is sudden and does not give sufficient warnings for pre-

failure preventive measures. 

The role of fibre reinforced composites has been an area of attention for researchers 

in recent decades for upgradation and strengthening of structures, particularly those 

made of Reinforced Concrete (RC). Fibre Reinforced Polymers (FRPs), have been 

frequently used in this regard both for research purposes [III],[XI],[XXII],[XXXI] 

and in strength upgradation of existing structures due to various reasons like 

upgradation of design codes, deterioration in structural members due to unforeseen 

loads, under design, change of usage modes etc. Despite of successful use of FRP for 

of strength upgradation, there are a few drawbacks associated with FRP which have 

been identified by researchers, which include high initial cost, reduced fire resistance, 

potentially harmful solvents for workers involved in the installation of FRPs, poor 

applicability of FRP on moist surface and at colder temperatures[XXIX]. Researchers 

have investigated usage of cementitious binding materials which may replace the 

epoxies used with FRPs and help overcome the above-mentioned problems. The 

interaction between fibre and matrix is replacedby orthogonally placed grids of fibre, 

held together by knitting the fibre roving. The spacing between the roving can be 

varied while manufacturing and will govern the mechanical properties of the textile 

grids and the dissemination of the cementitious mortar through the openings. The 

cementitious material should possess high workability along with adequate shear 

strength to restrain early de-bonding. The combination of these fibre grids and 

cementitious matrix is commonly termed as Textile Reinforced Mortar (TRM). 

TRM has been explored with different names by various researchers, as mentioned by 

Triantafillou et. al. [XXIX] and its contribution has expressed encouraging results 

specially when used with carbon[XX],[XXVII], glass[X],[XXVII]and PBO 

[IV],[XII],XVIII],[XXIV] fibres, with both in terms of load carrying capacity and 

also in terms of deflection and crack control[X],[XVII],[XXX].However, Basalt 

fibres are mostly used for strengthening purpose for masonry construction and also 

for columns[IX],[XIX]. Effectiveness of the same is not much explored for full scale 

flexural members, although there has been an encouraging number of studies done on 

small and medium scale beams [VI], [XIII], [XVI], [XVIII], [XXI], [XXVI], 

[XXVIII],[XXXII]. The usage of Basalt fibres in Fibre-Reinforced concrete (FRC) 

has also shown better performance in terms of improvement in tensile and flexural 

properties of concrete and has shown encouraging bond behaviour between 

cementitious matrix and basalt fibres[V], [XV].  

The existing research show that U-shaped wraps have been very effective in terms of 

strength [VI],[XXVI],[XXX],[XXXII. Most of the existing studies also have focused 

on one to two shear span ratios, and thus not encompassing the flexural dominant 

region from shear span to depth ratios 3 through 6. This study explores the 

effectiveness of basalt fibres in conjunction with cementitious mortar for the 

strengthening and stiffness of flexural members using flexural strips along with U-

wraps to compensate for additional shear that may arise due to increase in flexural 

capacity of due to application of TRM. Control and TRM strengthened beams were 

tested to failure under three-point bending. 



 

 

 

 

 
J. Mech. Cont.& Math. Sci., Vol.-14, No.-3, May-June (2019)  pp 65-82 

Copyright reserved © J. Mech. Cont.& Math. Sci. 

Fawwad Masood et al. 

67 

 

II. Experimental Program 

Control and Strengthened Reinforced Concrete Beams 

Six full scale beams were selected for the purpose. Three beams were taken as control 

beams, one each for various a/d ratios (3, 4 and 6), while the rest of the three were 

strengthened using Textile Reinforced Mortar (TRM) having basalt fibre mesh, one 

each for the corresponding a/d ratios of 3, 4 and 6.  

The clear span of the beams was 5485 mm (18
/
) each, with a cross section of 300 mm 

× 458 mm (12
//
 ×18

//
). Supports on each side were placed 230 mm away from the 

ends. Longitudinal reinforcement was taken as 2×ρmin as per ACI 318-08 code [II] i.e. 

ρ=0.67 %.All the beams were reinforced with four 16 mm dia. longitudinal bars at the 

bottom, and two 12 mm dia. bars at the top. Transverse shear reinforcement, 10 mm 

dia. bar, was provided at 200 mm (8
//
) centre to centrein the shear span to ensure that 

beam fails in flexure for all shear span to depth ratios (a/d) varying from 3 to 6. 

Concrete cover was 50 mm at top and bottom and 25 mm on the sides. Details of 

reinforced concrete beams used in the study are shown in Fig. 1, where “a” represents 

the varying shear spans as mentioned in Table 1. 

TRM strips were applied at the bottom of the beams for strengthening in flexure 

along with the U-shaped wraps to prevent and premature debonding of the TRM 

strips and also to ensure that failure mode of the beams remains flexure. Length of the 

TRM strips in flexure was defined on the basis of assumption that flexure capacity 

can increase 100% after the application of TRM and TRM strips were provided up to 

the point where the moment capacity in enhanced bending moment diagram reaches 

actual moment capacity of the control beams. U-wraps were applied from support to 

the point of load application (shear span) and then extended to the distance equal to 

the shear span on the other side, making the total length of the TRM U-wrap twice of 

the shear span. If the length of TRM U-wrap exceeded the length of flexural TRM 

strip, the same length of flexural strip as that of U-wrap was provided, which only 

happened in the case of shear span to depth ratio 6. The details of TRM lengths for 

flexure and shear are given in Table 1 and shown in Fig. 2. Nomenclature of control 

and TRM strengthened beams is given in Table 2. 

 

Fig. 1 Reinforcement details and dimensions of all the beams 
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Table 1. Details of distance variation according to a/d ratios 

a/d ratio Distance (a) from 

left support 

Length (2a) of 

TRM U-Wrap 

Length of TRM Flexural 

strip 

(2a+e) 

3 1218 2436 3352 

4 1625 3250 3556 

6 2435 4870 4870 

 

 

Fig. 2Details of TRM strip length and U-wraps 

Table 2. Nomenclature of Control and Strengthened Beams 

S. 

No 

Beam ID Beam Description 

1 CT3 Control beam with shear span a = 1218 mm (a/d = 3.0) 

2 CT4 Control beam with shear span a = 1625 mm (a/d = 4.0) 

3 CT6 Control beam with shear span a = 2435 mm (a/d = 6.0) 

4 TRM3 TRM Strengthened beam with shear span a = 1218 mm (a/d = 

3.0) 

TRM Strengthened beam with shear span a = 1625 mm (a/d = 

4.0)TRM Strengthened beam with shear span a = 2435 mm 

(a/d = 6.0) 

5 TRM4 

6 TRM6 

 

Material Properties 

The concrete used for the beams had a 28 days compressive strength of 20.68 MPa (3 

ksi) while the steel used for longitudinal reinforcement was of yield strength 500 MPa 

(72 ksi) and shear reinforcement was of yield strength 413.68 MPa (60 ksi).  

Compressive strength of mortar, Tyfo C-Matrix provided by the manufacturer, to be 

used as matrix binder, was found to be 26.2 MPa (3.8 psi) for 28 days cured 

specimens. The gross tensile strength of the TRM system with embedded fibres and 

adhesion to base strength/bond strength, as provided by the manufacturer, were 7 

Mpa (1.11 ksi) for 28 days cured specimens and 1.5 Mpa (0.218 ksi) respectively. 

Table 3 shows the gross properties of TRM matrix as provided by the manufacturer. 
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Table 3. Tyfo RM System Gross Properties (EP-B with C-Matrix) 

Property Typical Test Value Design Value 

Ultimate tensile strength, 

MPa 

6.00 5.10 

Elongation at ultimate 1.62% 1.62% 

Tensile Modulus, GPa 0.37 0.31 

Layer Thickness, mm 5 5 
 

Application of TRM 

Surfaces of the beams were first prepared as per the recommendations of the 

manufacturer. Loose dust particles and sharp edges or other irregularities were 

smoothened using grinder. The beam edges were rounded to a radius of 2 cm. Before 

application of TRM, humidification of the surface was performed so that the water 

mixed within the matrix may not be lost in making the concrete surface moist. 200 ml 

of water per kg of Tyfo C-Matrix was taken which was the upper bound limit as 

recommended by the manufacturer to acquire required workability and consistency 

and was mixed at a mixing rate of 400-600 rpm for 5-10 minutes. 

A 2 mm layer was applied on the already prepared surface of concrete with the help 

of trowel. The layer of Tyfo EP-B fabric, appropriately cut to the required length, was 

then applied by hand pressure carefully laying out onto the mortar surface and 

smoothened out to make sure that the fibres are straight and well impregnated with 

the mortar. Another layer of Tyfo C-matrix was applied on the fabric to fully cover 

the fabric, resulting in a net overall thickness of 5 mm. The surface was smoothened 

using trowel. Strengthened beams were further cured for 28 days after TRM 

application. Fig. 3 shows the process of TRM application on the strengthened 

beams.It is to be noted that RC beams to be strengthened were pre-cracked before the 

application of TRM. 

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

Fig. 3 Process of TRM Application 

III. Experimental Setup 

All the control and strengthened beams were tested under three-point 

bending. The location of application of load varied according to the shear span to 

depth ratios under consideration and is already given in Table 1. The support to 

support distance for all the beams was 5485mm.LVDTs were placed under the load 

and at mirrored location from the far end to observe deformation. Surface and 

embedded strain gauges were also installed on compression face, flexural 
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reinforcement level, extreme TRM fibreand location of expected shear crack to 

monitor strains. Load was applied at a distance a(Fig.2) at the rate of 0.01 

mm/sec.Testing arrangement is shown in Fig. 4. 

 

    

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

Fig. 4 Testing arrangement of control and TRM strengthened beams 

IV. Results and Discussion 

This section presents the results in terms of load carrying capacities, crack patterns, 

first cracking loads, load-deflection curves, initial stiffness, post-cracking stiffness, 

performance factor and ductility of control and TRM strengthened beams for each a/d 

ratio in detail in the subsections to follow. 

Load Carrying Capacities 

Table 4 presents the summary of maximum loads as taken by the control and 

strengthened beams, along with the percentage gain in the failure load for 

strengthened beams and their respective failure modes. 

TRM3 showed a relatively smaller gain in load carrying capacity of around 3%. 

Beams TRM4 and TRM6 however, showed decent increment in load carrying 

capacity, i.e. 19 and 30% respectively, showing that Basalt fibre TRM is more 

effective for strengthening as shear span to depth ratio is increased in flexural critical 

region. 

Table 4. Summary of failure loads as taken by the beams and the failure modes. 

S No. a/d 

ratio 

Control Beam Strengthened Beam Percentage 

Increase  Load Mode Load Mode 

1 3 188 Flexure 192.5 Flexure 3% 

2 4 143 Flexure 170 Flexure 19% 

3 6 107 Flexure 139 Flexure 30% 

 

First Cracking Loads and Crack Pattern 

Table 5 shows the observed values of first cracking load during the experiment for 

control and TRM Strengthened Beams and the percentage increase after application 

of TRM. 
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Table 5. Values of Cracking loads for the beams 

a/d Flexural Cracks Shear Cracks 

 Control 

Beams 

TRM 

Beams 

% 

Increase 

Control 

Beams 

TRM 

Beams 

% 

Increase 

3 30 kN 55 kN 83 114 kN 123 kN 8 

4 26 kN 48 kN 85 - - - 

6 10 kN 20 kN 100 - - - 

 

All the control beams had the first flexural crack at the point of maximum moment, 

i.e. under the point load. As the loading continued more cracks appeared in the 

vicinity of the major flexural crack depicting the classical flexural failure. For TRM 

strengthened beams, major flexural crack appeared under the load which was 

followed by closely spaced and well distributed hairline cracks. Each TRM 

strengthened beam showed classical flexural failure with better distribution of cracks. 

It can be observed that TRM wraps applied for flexure strengthening contributed 

significantly in increasing the cracking load for strengthened beams. Impact of 

strengthening on first flexural cracking load of beams for a/d ratios 3 to 6 varies from 

83-100%, reflecting the effectiveness of TRM in flexural crack control for flexural 

critical regions. Since the beams were strengthened primarily in flexure, no shear 

cracks were observed in control and strengthened beams for a/d ratios of 4 and 6. Few 

shear cracks, however, were observed for a/d ratio of 3. It can be seen that application 

of TRM was also effective in delaying shear cracking. 

Crack patterns and spacing for all control and TRM strengthened beams at failure are 

shown in Fig. 5 and discussed in following sections. 

 
 

Fig. 2 Crack patterns and crack spacing of control and strengthened beams at failure 
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a/d ratio 3 

For beam CT3, first flexural crack appeared at the point of maximum moment, 

followed by hairline flexural cracks widely spaced. As the load was increased, a 

hairline shear crack appeared which was arrested by the reinforcement present and 

thus the beam kept taking load until it reached flexural failure. The flexural cracks 

grew wider as the loads progressed. The beam reached failure in flexural mode with 

yielding of reinforcement followed by the crushing of concrete at the top. The width 

of the governing flexural crack was observed to 2 mm at the failure. A wider flexural 

crack was observed next to the governing crack. The other flexural cracks are widely 

spaced and thus have consider widths. 

For beam TRM3, the governing flexural crack is 1.5 mm at the time of crushing of 

concrete, which is considerably narrower as it progresses towards the compression 

zone, in comparison with the corresponding control beam. The other cracks in the 

flexural zone are visibly narrow in width and are closely and uniformly spaced. 

a/d ratio 4 

In case of beam CT4 the governing flexural crack at the time of crushing of concrete 

was observed to be 2 mm in thickness. The nearby cracks in the flexural zone have 

considerable width. The flexural cracks are widely spaced. The major flexural crack 

had significant width while moving towards the compression face. 

Beam TRM4 failed with crushing of concrete at the top, with the width of major 

flexural crack being 1.5 mm. The rest of the flexural cracks are closely spaced and 

have almost hairline appearance, well distributed over the flexural zone. 

a/d ratio 6 

BeamCT6 failed in flexure with visible crushing at the compression concrete face. 

The major flexural crack had a width of 2 mm at the time of failure. The surrounding 

flexural cracks were widely spaced and had considerable widths ranging around 1 to 

1.5 mm. 

BeamTRM6, which failed in flexure, had the width of major flexural crack 1.5 mm. 

The crack grew narrower as it moved towards the neutral axis and then compression 

zone. The other cracks in flexural zone are closely spaced and almost showed hairline 

appearance. 

The comparison of cracking behaviour of control beams with the corresponding TRM 

strengthened beams show an overall improvement in terms of cracking behaviour. In 

case of strengthened beams, the crack widths of the governing cracks were noticeably 

reduced, while the cracks in the nearby flexural zone were equally spaced and well 

spread with lesser thickness as compared to their respective control beam. 

Load-Deflection Curves 

The following section discusses the load-deflection curves for control and 

strengthened beams for all shear span to depth ratios. 
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a/d ratio 3 

Load-deflection curves of beams CT3 and TRM3 are presented in Fig. 6. Both the 

beams,CT3 and TRM3,showed hairline shear crack which was arrested by the shear 

reinforcement and also TRM layer in case of TRM3 beam. The TRM beam showed 

more post cracking stiffness as compared to the control beam. The control beam 

yielded at a load of 177kN and a deflection of 25.03 mm While the TRM3 beam 

yielded at a load of 178kN and a deflection of 20.41 mm. The ultimate load taken by 

the control beam was 188kN and a deflection of 35.48 mm while for TRM beam it 

was 192kN with a deflection of 27.45 mm.  

 

Fig. 3 Load-Deflection curvesof control and strengthened beams for a/d ratio 3  

a/d ratio 4 

Fig. 7 represents the load-deflection curves of beams CT4 and TRM4.Beams CT4 

and TRM4 showed shear crack which was arrested by the shear reinforcement (and 

TRM layer in case of TRM4 beam). The TRM strengthened beam again showed more 

post cracking stiffness as compared to the control beam. The control beam yielded at 

a load of 138kN and a deflection of 28.34 mm While the TRM4 beam yielded at a 

load of 158kN and a deflection of 27.29 mm. The ultimate load taken by the control 

beam was 143kN and a deflection of 45.56 mm while for TRM4 beam it was 169 kN 

with a deflection of 51.48 mm.  

a/d ratio 6 

Load-deflection curves of beams CT6 and TRM6 are shown in Fig. 8. Both the beams 

CT6 and TRM6 showed flexural cracking in maximum moment region which 

widened as the load application progressed. The control beam yielded at a load of 

102kN and with a deflection of 27.38mm.  While the TRM6 beam yielded at a load of 

126kN and a deflection of 29.31 mm. The ultimate load taken by the control beam 

was 107 kN and a deflection for three-point bending of 54.91 mm while for TRM 

beam it was 139 kN with a deflection of 50.59 mm. Fig. 8 represents the load-

deflection curves of beams CT6 and TRM6. 
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Fig. 4 Load-Deflection curve for a/d ratio 4 for control and strengthened beams 

 

Fig. 5 Load-Deflection curve for a/d ratio 6 for control and strengthened beams 

It can be noted from the preceding discussion and Figs. 6 – 8 that application of TRM 

influenced the post-cracking behavior of the strengthened beams resulting in the 

increased stiffness and better performance as discussed in following sections.  

Initial and Post-cracking Stiffness  

The initial or pre-cracking stiffness is compared to observe if there is any influence of 

TRM strengthening on the pre-cracking stiffness, which may be observed in some 

other methods of strengthening like FRP wraps and/or strips.For all the beams (Fig. 6 

to 8), the stiffness does not differ much in either control or strengthened beams, since 

TRM is not playing its role before the appearance of the cracks. Study of post 

cracking stiffness shows that TRM has played a visible part in increasing the beam 

stiffness of strengthened beam in post cracking region, thus playing a significant role 

in terms of serviceability.  

Beam TRM3 shows visible difference (Fig. 6) in stiffness right from the point of 

cracking and the same behaviour goes throughout until failure load is achieved. 

TRM4 also shows improvement in stiffness in a manner similar to that shown by the 

specimens tested for a/d ratio 3. TRM6 beam when compared to CT6 shows a 

significant increment in stiffness as the loading increases.  
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Table 6presents the values of slope of load versus deformation curve in pre and post 

cracking regions and the drop of post cracking stiffness for all control and 

strengthened beams. 

Table 6. Slope of Load-deflection curve in post cracking region. 

Beam Slope inpre-

cracking region 

Slope in post-

cracking region 

Loss of Stiffness 

after cracking (%) 

CT3 11.7 7.24 38 

TRM3 11.45 8.31 27 

CT4 7.02 4.92 30 

TRM4 7.03 5.88 16 

CT6 5.21 3.22 38 

TRM6 5.10 4.25 16 

 

The vales of gradient of load-deflection curve in pre-cracking region are consistent 

for control and TRM beams for a given a/d ratio. However, the gradient in post-

cracking region shows a drop for all a/d ratios. The drop in post-cracking gradient of 

load-deflection curves for control beams is higher as compared to TRM strengthened 

beams, which shows the effectiveness of TRM in serviceability. By comparing the 

three a/d ratios used, the effectiveness of TRM in terms of loss of stiffness in post-

cracking region and thus in serviceability is significantly higher in case of a/d ratios 4 

and 6 as compared to a/d ratio of 3, which means a/d is more effective in increasing 

the stiffness of flexure controlled beams. 

Relative Ductility 

The relative ductility is calculated by taking the difference of deformations at 

ultimate and yield loads. It is important to note that the value of deformation at 

ultimate was taken at the farthest point with 1% variation from the highest load 

achieved for a given set of specimens. Table 7 represents the values of deformations 

at yield and ultimate and the difference of values of deformation between yield and 

ultimate. 

The values of deformation at yield for each control and the corresponding TRM 

strengthened beam are almost comparable. However, significant increase in 

deformation at ultimate is observed, except for a/d ratio 6, which resulted in sufficient 

warning before failure. The effectiveness of improvement in ductility enhancement 

does not appear to be significant in the case of TRM6 because the control beam CT 6 

has already shown significant increase in deformation at ultimate.  
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Table 7. Relative Ductility for control and strengthened beams  

Beam Deformation at 

yield (mm) 

Deformation at 

Ultimate (mm) 

Difference of 

Deformation (mm) 

CT3 22.09 35.7 13.61 

TRM3 20.5 52.1 31.6 

CT4 26.35 45.76 19.41 

TRM4 25.25 53.4 28.15 

CT6 30.38 59.16 28.77 

TRM6 29.31 58.59 29.28 

 

Performance Factor Based on Load and Deformation 

To measurethe performance of TRM strengthening system, a reliable methodology 

may be considering strength and deformability simultaneously. A viable 

strengthening solution should have an optimized combination of both while being 

designed[XXV]. For comparison purposes, the load and deformation may be 

calculated by taking the corresponding values at limit and ultimate states respectively 

for control and corresponding strengthened beam. It has been reported in literature to 

consider a compressive strain of 0.001 in concrete as the starting point of nonlinear 

structural performance[VII]. 

Deformability factor (DF) and Strength factor (SF) can then be defined as follows 

(Spadea et. al. [XXV]):  

 𝐷𝐹 =
𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑡𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒𝑙𝑖𝑚𝑖𝑡𝑠𝑡𝑎𝑡𝑒

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑡 𝜀𝑐=0.001 
      (1) 

 𝑆𝐹 =
𝐿𝑜𝑎𝑑𝑎𝑡𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒𝑙𝑖𝑚𝑖𝑡𝑠𝑡𝑎𝑡𝑒

𝐿𝑜𝑎𝑑𝑎𝑡 𝜀𝑐=0.001 
        (2) 

The overall structural performance of the strengthened composite beam can thus 

beevaluated by a global factordefined as Performance factor (PF), integrating strength 

and deformability, both weighted equally (Spadea et. al. [XXV]). This Performance 

Factor is defined as: 

 

 𝑃𝐹 = 𝐷𝐹 × 𝑆𝐹          (3) 

Table 8summarizesthe resulting deformability, strength and corresponding 

performance factors for the control and TRM strengthened beams.The values of DF 

for beams with a/d ratios 3 through 4 show notable improvement, while for a/d ratio 6 

there is no significant effect on deformation factor in beam TRM6 in comparison with 

CT6. While for load factor SF, all the beams from a/d ratio 3 to 6 showed 

improvement, except for beam CT3 for which the factor remained almost the same. 

The results indicate that use of TRM has overall improved the performance of the RC 

beams both in terms of deformation and loads. 
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Table 8. Performance factors for control and TRM strengthened beams 

Beam DF SF PF PerformanceEnhancement 

(%) 

CT3 13.90 6.25 86.88  

TRM3 23.47 6.28 147.58 70 

CT4 12.37 5.50 68.10  

TRM4 15.55 6.45 93.87 39 

CT6 28.33 9.75 276.36  

TRM6 28.02 12.47 349.60 26.5 

 

V. Analytical Study 

The subsections below discuss various approaches used for the calculation as 

given in the codes for FRP and TRM when used for strengthening purposes. The 

purpose of using the models below is to predict the ultimate shear resistance of the 

beams subjected to testing and compare the results with those obtained through the 

codes. For the codes and modules originally meant for FRP, the formulation is 

adapted according to the characteristics for TRM. 

Fib-Bulletin 14 model 

The Fib-Bulletin [XIV] suggests eq (4) for the contribution of FRP fibres, which 

almost follows the same approach as followed by the other codes under discussion 

except for minor changes. The contribution of steel is taken in the same way, by 

taking the product of area of steel As and yield strength of steel fyd. For the centroid of 

equivalent stress is calculated, however in a slightly different manner, where the 

factor 𝛿G is taken as 0.4. The contribution of fibres is calculated by taking the area of 

fibresapplied and the stress is obtained by taking the product of modulus of the fibre 

reinforcement Ef applied (which is taken as 0.67 GPa) and the strain ℇ f(1.62%)in the 

fibres. The value of neutral axis x is obtained by using compression versus tensile 

force equilibrium. 

 𝑀𝑅𝑑 = 𝐴𝑠1𝑓𝑦𝑑  𝑑 − 𝛿𝐺𝑥 + 𝐴𝑓𝐸𝑓ℇ𝑓 ℎ − 𝛿𝐺𝑥       (4) 

Using the fib-bulletin 14 equation the moment capacity obtained for the control beam 

was found to be 130 kN-m, while for TRM strengthened beam the moment capacity 

of 132 kN-m, showing merely 1.73% increase of moment capacity of strengthened 

beam. 

ISIS Module 

The ISIS module [VIII] uses the same basic approach to calculate the flexural 

capacity of RC beams with slight changes in capacity reduction factors and 

calculation of neutral axis. The ISIS module uses equivalent stress block for 

calculation of moment arm as used in ACI 318R-14 [II]. The force contribution by 

steel and fibres however, follow the same approach as used in fib-bulletin 14. The 

value of ℇ frpis calculated through strain compatibility and is found to be 0.89%, 
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which is less than the failure strain of TRM fibre which means that while the steel 

reinforcement yields while the TRM does not reach its failure strain. The ISIS 

module uses a different approach if the failure strain of fibres is reached. The 

equation given in ISIS module is as follows. 

 𝑀𝑟 = 𝜑𝑠𝑓𝑦𝐴𝑠 𝑑 − 𝑎
2  + 𝜑𝑓𝑟𝑝𝐴𝑓𝑟𝑝𝐸𝑓𝑟𝑝 ℇ𝑓𝑟𝑝  ℎ − 𝑎

2      (5) 

The capacity reduction factors φs and φfrp were not considered to give a fair estimate 

of the actual moment capacity. The ISIS module estimated the moment capacity of 

control beam as 144 kN-m while for strengthened beam it gave a moment capacity of 

149 kN-m, with a capacity increase of 3.55% making ISIS module less conservative 

in comparison with fib-bulletin 14 both in terms of capacity prediction and 

effectiveness of TRM. 

ACI 549.4R-13 Model 

The approach followed by ACI 549.4R-13 [I] and ISIS module is almost the same. 

The depth of neutral axis and the moment arm follows the same procedure. However, 

the constants used to calculate the value of a from the neutral axis differs slightly, 

although the values obtained through either method are almost the same. The value of 

ℇ frpis taken as 1.62% as provided by the vendor for comparison with actual results, 

ignoring the limit of 0.004 as mentioned by ACI 549.4R-13. The values of φs and φfrp 

are not considered to compare with the actual results. 

 𝑀𝑟 = 𝜑𝑠𝑓𝑦𝐴𝑠 𝑑 − 𝑎
2  + 𝜑𝑓𝑟𝑝𝐴𝑓𝑟𝑝𝐸𝑓𝑟𝑝 ℇ𝑓𝑟𝑝  ℎ − 𝑎

2                      (6) 

The ACI 549.4R-13 estimated the moment capacity of control beam as 148 kN-m 

while for strengthened beam it gave a moment capacity of 152 kN-m, with an 

increase of 2.48% moment capacity. The ACI 549.4R-13 gives the least conservative 

values for moment capacity while lesser increment in terms of capacity increase for 

strengthened beam. The difference in the values from ISIS modules and ACI 549.4R-

13 is due to different values of strains, otherwise both equations would give almost 

the same values if the values of capacity reduction factors are not considered.Table 9 

shows the experimental moment capacities as observed for each a/d ratio. 

Table 9. Comparison of experimental ultimate moment capacities for control and 

TRM strengthened beams with various codes 

a/d 

ratio 

Experimental ISIS Module ACI 549.4R-13 Fib-Bulletin 14 

 Control TRM Control TRM Control TRM Control TRM 

 (kN-m) (kN-m) (kN-m) (kN-m) (kN-m) (kN-m) (kN-m) (kN-m) 

3 178 183       

4 164 194 144 149 148 152 130 132 

6 144 188       

 

For control beams, an average moment capacity of 162kN-m was observed with not 

much significant variation across the given a/d ratios, which is more than calculated 
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by any of the three design codes discussed above. For strengthened beams, the 

average moment capacity was found to be 188kN-m, showing a consistent impact of 

TRM strengthening on moment capacity of around 16% which is significant. 

It may be noted that all the three codes discussed above predict very conservative 

effect of strengthening with a capacity gain ranging from 2 to 3.5%, while 

experimental results show a gain of around 16% as mentioned above. 

VI. Conclusions 

The following inferences can be made from the above presented study: 

 Application of TRM delayed the initial cracking, thereby increasing the 

initial cracking loads for both shear and flexure cracks. The percentage 

increase in flexural cracking loads increases significantly for a/d ratio 3,4 and 

6 i.e. 83%, 85% and 100 % respectively. For shear cracking, the percentage 

increase in load was 8% for shear span to depth ratio 3, while no shear cracks 

appeared for a/d ratios 4 and 6 for both control and strengthened specimens. 

 Application of TRM increased the ultimate loads with better results for a/d 

ratios 4 and 6 as compared a/d ratio 3, making it more effective for flexure 

critical beams as the shear span to depth ratio is increased. 

 No significant change was observed in initial stiffness of control and 

strengthened beam specimens. Sizeable improvement in post-cracking 

stiffness in TRM strengthened beamswas noted showing the effectiveness of 

basalt fibre TRM for flexural members. 

 An improved relative ductilityof the flexural members was observed for 

TRM strengthened beams, with higher deformations at ultimate loads. 

However, its influence differs with respect to shear span to depth ratios. The 

influence of TRM using Basalt fibres was found very effective for a/d ratio 3 

and 4. But for a/d ratio 6 the beam TRM6 showed slight improvement in 

terms of relative ductility. This may be because the beams with a/d ratio 6 

depictinherently significant ductile behaviour. 

 Enhanced performance of TRM strengthened beams as compared to the 

control beams was predicted by performance factor as proposed by Sapdea et. 

al. [XXV] which takes into account deformation and strength together at 

ultimate and service loads. 

 The theoretical flexural capacities as given by ISIS module, fib-bulletin 14 

and ACI 594.5R-13 were found to be conservative for control and TRM 

strengthened beams. The prediction is more conservative in case of 

strengthened beams, with ISIS module and ACI 594.5R-13 predicting loads 

nearer to those observed in experiments. If the capacity reduction factors as 

suggested by each code are applied, then ACI 594.5R-13 tends to give the 

least conservative values.  

 Overall, use of basalt fibre based Textile Reinforced Mortar played an 

effective role in improving the performance of the TRM strengthened beams. 
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