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Abstract 

This paper proposes a simplified design approach to predict the flexural behavior of reinforced concrete 

(RC) beams strengthened by high-performance textile reinforced mortar (TRM) under cyclic loads. Based 

on the experimental results, the effect of main factors on the beams, and the effectiveness and reliability of 

TRM strengthening layer under cyclic loads were examined as per ACI 437 method. The reinforcement 

ratio of the original RC beams, the textile reinforcement ratio of TRM layer, and the interface bond between 

the original beam and TRM layer all have a significant influence on the flexural behavior and failure modes 

of TRM-strengthened beams. The simplified models based on the fib model and Architectural Institute of 

Japan (AIJ) standard were suggested to predict the flexural capacity of the strengthened beams, which were 

used to evaluate the flexural curve of the beams together using simplified calculation models of the 

deflection capacities of the RC beams. The results verified that the simplified capacity curve model 

presented good accuracy to evaluate the TRM-strengthened RC beams. 

 

Keywords: Textile reinforced mortar; Flexural strengthening; Strengthening reliability; Flexural capacity 

curve; Cyclic flexural loads 
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1. Introduction 

Reinforced concrete (RC) is still the most commonly used and practical material for civil and infrastructure 

engineering, due to its cost-efficiency and strength as well as the easy acquiring of materials for producing 

concrete. However, existing RC structures may require strengthening or retrofitting to extend their lifespan 

or to meet their serviceability at updated external conditions. To be specific, these strengthening and 

retrofitting may be needed for : (1) the deterioration of structural performance due to concrete aging, (2) 

the changes in the use purpose of the structures usually accompanied by changes in load conditions, and 

(3) design codes were updated for safety and economic considerations. Consequently, the strengthening 

and repairing of the RC structures are inevitable in some cases. Until now, a large number of experimental 

and numerical investigations have been conducted for seeking suitable and reliable structural strengthening 

and retrofitting methods, most of which usually recommended applying advanced composite materials such 

as fiber-reinforced polymer (FRP) materials for their high strength-weight ratio[1-8].  

 

The widely-used methods of strengthening of RC structures at the early stage of previous research generally 

include strengthening with high-performance cementitious materials such as external high strength mortar 

repairing layer [9], or high strength concrete layer [10] and high performance engineered cementitious 

composites [11-16]. However, all the methods usually increase the self-weight of the original RC structure, 

affecting significantly utilizing the space of structures. Moreover, the durability issues of strengthened or 

repaired external layers also affect significantly the safety of the structures in the future. Using steel plates 

or external strengthening members [17] to strengthen RC structures may also incur the same problems on 

self-weight and durability (see Fig.1) of the structures. With the development of high strength and high 

durability materials such as FRP grids [18, 19], the durability issues of the elements using such 

strengthening materials mentioned above could be improved, however, the low formability of the 

strengthening layers may restrict the above methods to be used in complex structures (the structural 

elements with multi-shapes). A series of experimental and numerical studies have been conducted to 

understand the performance of FRP strengthened RC structures and optimize design methods [4]. However, 

some drawbacks still have been observed with the use of FRP sheets, which are mainly associated with the 

use of epoxy resins [20, 21], as well as the surface vulnerability of the FRP sheet which also could easy to 

lead a potential safety issue. 
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Fig.1 Deterioration of RC structures and main issues of existing strengthening methods 

 

Numerous researchers [22-29] developed alternative solutions for repairing and strengthening damaged old 

RC structures using some high-performance cementitious layers containing innovative reinforcements and 

materials. One representative of these methods is textile-reinforced concrete or mortar (TRC or TRM) 

which is a lightweight, high performance, and excellently durable material and can form a better interface 

bond with the original concrete surface comparing with FRP sheet materials. A TRC/TRM strengthening 

layer consists of one or multilayer textile fabrics bonded with high-performance concretes or mortars. The 

effectiveness of TRC/TRM strengthening layers on original structures under monotonic loads also has been 

researched fully [20-23], [30-34, 35-41]. The main findings of the TRM-strengthening technologies have 

been reviewed and summarized recently [42,43] and several design models [35-37, 39-41] and FEA 

approach [38] also were proposed based on the experimental and numerical studies in those studies. 

However, most of the studies focused on the structural behaviors of the beams under monotonic shear or 

flexural loads [20,21,30-35], and the design model of TRM- or TRC-strengthened RC beams is very limited. 

Therefore, the reliability of this strengthening method under cyclic loads should be examined, to understand 

the strengthening of existing RC structures under cyclic loads and develop the related design approaches.  

 

Therefore, as a preliminary study, this paper aims to preliminarily investigate the flexural performance of 

RC beams repaired by TRM layer under cyclic loads and to propose a simplified method for predicting the 

flexural behavior of TRM strengthened beams. The strengthening effectiveness and reliability of the TRM-

strengthening method are examined by analyzing the cyclic load-deflection curves, failure modes, and 

ductility performance of the beams in detail.  

 

2. Experimental program 

Self weight, Use space
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Durability, Self weight

• Increasing RC elements externally

• Bonding steel plates externally

• RC layer with steel mesh

Formability, Construction 

• RC layer with FRP Grid
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As described in the previous studies reported in the literature [44,45], a four-point flexural test was 

performed to study the flexural behavior of RC beams designed as per current Eurocode 2 [46]. The detailed 

information of the beams is depicted in Fig.2 and Table.1, including the dimensions and reinforcement 

arrangement of the beams. Beams CB1 was used as a control beam (without strengthening) and was tested 

under monotonic load. Beam CB2, without strengthening layer as well, was tested under cyclic load, while 

TB1 and TB2 were strengthened with TRM (different mortar strength) but without a pre-cracking process. 

Many previous studies [47-50] applied a pre-cracking process to simulate the damages of original RC 

structures before strengthening in their experimental work. Therefore, another two strengthened beams 

(PTB1, PTB2) were pre-cracked in 40% of reference flexural load (Pre) of the beams before strengthening 

the beams by TRM layer. The two beams (PTB1,2) used the same concrete as the original RC beam and 

the same TRM layer as the beam TB1 or TB2, but they used different layers of textile fiber mech in TRM 

layer. The reference load was applied corresponded to the maximum allowed deflection of the beams for 

serviceability limit states according to the Eurocode 2 [46], i.e., when the midspan deflection of RC beam 

reached 1/250 of beam span. Before performing the strengthening process of TRM layer in the test beams, 

several pretreatments of concrete substrate were conducted, mainly including surface roughening, removing 

dust and moistening the surface appropriately. 

Table.1 Specimen details 

Specimens 

# 

Beam 

sectional 

width x 

depth (mm) 

Pre-load 

ratio (% of 

Pre) 

Longitudinal 

reinforcement  

Steel 

stirrups  

Compressive 

strength of concrete 

/mortar (MPa)  

Applied 

Loading 

type 

The number of 

layers of fiber 

mesh in TRM 

CB1 

150x250 

0 

3D12+2D10 

Steel 

R8, 

spacing 

170 mm 

39.40/- Monotonic 0 

CB2 0 39.40/- Cyclic 0 

TB1 0 35.96/73 Cyclic 1 

TB2 0 35.96/80 Cyclic 1 

PTB1 40 41.09/59 Cyclic 1 

PTB2 40 41.09/56 Cyclic 2 
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Fig.2 Testing method, dimensions and reinforcement arrangement of specimens 

 

2.1 Properties of materials 

C40 concrete was used for all the tested beams in the current study. The related mechanical tests of the used 

materials were performed referring to the standard tests of three standard cylinder specimens (diameter 

150mm, height 300mm) cured in a standard curing room (relative humidity of 95%, the temperature of 18 

oC-22oC). The mean modulus of elasticity of the concrete was 34.26GPa.  S500 standard steel rebars were 

used as longitudinal (tensile and compressive sides) and transverse reinforcements in the beams, with a 

yield strength of 570MPa (deviation of 13MPa). A high-performance mortar was applied for producing 

TRM strengthening layers, which used fly ash, micro silica, and fine-grained sand (0.2mm-0.6mm). The 

tested compressive strengths of the mortars used in each beam are listed in Table 1.  The used textile fiber 

mesh was provided by FORMAX company and was made of carbon fiber, using 50 thousand (50k) of 

filaments per roving, a density of 260g per square meter, and bi-directional textile (0/90 degree). Fig.3 

depicts the details of the textile fabric mesh including dimensions and main mechanical properties, which 

were provided by the supplier with a certificate guarantee. For strengthening the beams, the repair surface 

of the concrete at the tensile zone of the beams was firstly wetted, and then the first layer of mortar was 

sprayed. Subsequently, the fabric mesh was laid to contact with the mortar, and then the rest of the mortar 

was cast to cover the fabric mesh. The total thickness of the strengthening TRM layer was 25mm, as shown 

in Fig.2.  
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Fig.3 Details of textile fabric mesh used in TRM layers 

 

2.2 Loading procedure and measurement 

All beam specimens were tested cyclic flexural load except for the control beam was tested under static 

monotonic for comparative study. The loading rate of all beams was set as 5kN/min. The loading method 

of the cyclic tests was referred to ACI 437.1R [51] and FEMA 461[52] codes, and previous studies [53-58]. 

According to ACI 437.1R [51], a closed-loop test was commonly used to confirm the behavior of concrete 

beams under cyclic loads. This cyclic load was based on concentrated loads in a quasi-static method by 

producing at least six loading/unloading cycles. The detailed processes of loading-unloading cycles are 

shown in Fig.4, in which the first two cycles (Cycles A and B) were applied as 10kN (1st Pref) while the 

cycles C and D were applied for 20 kN (2nd Pref) in the current study. The increment rate of the reference 

load Pref was 10kN in the rest procedures of the load. The tests were stopped when the failure state of the 

test beams was confirmed. The deflections of the beams were measured by several Linear Variable 

Differential Transformers (LVDTs) placed at the mid-span, and the right and left sides with 150 mm away 

from the two supports. Two LVDTs were placed at the ends of the beams to check the potential movement 

of the beams in the horizontal direction. Two wire-type strain gauges were placed on the middle longitudinal 

steel reinforcement and five wire-type strain gauges for concrete were placed on the interface zone between 

the old concrete surface of the original beams and TRM layer, in the strengthened beams. These gauges to 

check the location of the neutral axis of the beams during the loading.  For the pre-cracked RC beams (PTB1 

and PTB2), a pre-loading procedure was conducted and stopped when the mid-span deflection of the beams 

reached 6.0mm, i.e., 50% of 1/250 of maximum allowed deflection of the beam at serviceability limit states 

Main properties of textile fiber mesh

Filament diameter mm 7.0

Number of filaments k 50

Fabric weight g/m2 150

Mesh spacing (x & y) mm 50

Mesh clear spacing x (y) mm 42(45)

Tensile strength (ff) MPa 4000

Modulus (Ef) GPa 235

x

y
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as per Eurocode [46]. According to the test, the maximum load applied in the pre-cracking tests was 33.2kN 

for both beams PTB1 and PTB2. During the pre-cracking test of PTB1 beam, the first crack load was 15kN, 

and the crack was continuously extended up to 33kN, 40% of the reference load described before. For 

Specimen PTB2, the first crack was observed when the load reached 20kN, and then developed until 40% 

of the reference load (33kN). 

 

 

Fig.4 Applied cyclic loading in the study as per ACI 437.1R (ACI 2007) 

 

3 Test results and discussion 

3.1. General observations 

Fig.5 presents the damage of several representative tested beams. In the tests, the following observations 

were summarized as (1) CB1 beams experienced a typical evolution of flexural cracks and damage and 

finally presented a flexural failure mode; (2) the de-bonding damage of TRM layer still was observed in 

the strengthened beams, the other two main damages were the crushing of concrete in compression zone 

and fracture of TRM layer in the beams; (3) the cracking of the layer was sufficiently propagated before 

the fracture of TRM layer; (4) the pre-cracking of RC beams does not significantly affect the final failure 

mode and damages of the beams, however, the de-bonding was postponed in pre-cracked specimens PTB1 

and PTB2, which made the concrete cracks were fully developed.  
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Fig.5 Main damage and failure of tested beams 

 

3.2. Load-deflection behaviors of the beams 

As shown in Fig.6 (a), although the cyclic load usually affects disadvantageously the stiffness of RC beams, 

the load-deflection curve of the beam (CB2) under cyclic load presents a higher initial stiffness than that of 

Beam CB1. At the early stage, the high initial stiffness provides a higher elastic restoring for the beam at 

the early stage of unloading, which means the entire flexural deformation and damage accumulation of the 

beam can be reduced slightly. However, at the later stage of the cyclic loading, the damage and cracking 

development of the beam caused by cyclic loads increased until the final failure state of the beam was 

reached, which is partly due to the large damage and deformation of the beam. However, the ultimate 

deformation and peak load of the beam under monotonic load were larger than those of the beam under 

cyclic load, i.e., the maximum load and deflection of Beams CB1 and CB2 were 84kN and 80kN, and 38 

mm and 35 mm, respectively. This also implied that the early-age accumulated damage accelerated the final 

failure of the TRM strengthened beam. Besides, the final unloading path of the beam CB2 was similar to 

CB2 (Ultimate)
(b) Concrete crushing

(a) De-bonding damage(c)Fracture of TRC layer

PTB1(Ultimate)

(c)

(a) (a)

(c)

(b)

PTB1(Pre-cracking) PTB2(Pre-cracking)

PTB(Ultimate)

TB1 (Ultimate)
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that of the beam CB1 in terms of peak load and the slope of the unloading path. A similar phenomenon was 

reported in FRP strengthened RC beams [59].  Fig.6 (b) shows the effects of the TRM strengthening layer 

on the beams without the pre-cracking process, in terms of initial stiffness, peak load, and the maximum 

deformation of the beams. The peak loads and the midspan deflections corresponding to the peak loads of 

the two strengthened beams were similar, as well as their deformation abilities both were higher than those 

of the beams CB1 and CB2. However, the difference between the ultimate deflection of the two beams TB1 

and TB2 was quite large. The results of the pre-cracked strengthened beams with TRM layer are plotted in 

Fig.6 (c), demonstrating that similar behavior was observed. However, comparing with the results in the 

beams TB1 and TB2 plotted in Fig. 6 (b), the TRM strengthening effectiveness and ultimate deformation 

of the beams with the pre-cracking process were higher. The difference between the specimens PTB1 and 

PTB2 can be explained by the fact that PTB2 specimen used two layers of textile fabric meshes in the TRM 

layer. As shown in Fig.6 (d), regardless of the pre-cracking of the beams, the strengthening effectiveness 

of TRM layer was verified in terms of peak load and deformation ability. When using the pre-cracking 

process, a better interface bond could be provided between the original concrete surface and TRM layer, 

which contributes to the strengthening effectiveness of TRM layer. Also, as shown in Fig.6 (d), the TRM 

with two layers of textile meshes provides the best strengthening to original beams, although the 

compressive strength of the mortar in the TRM layer applied in the beam PTB2 was slightly smaller than 

others. This implies that the TRM layer with more layers of fabric meshes can provide a higher flexural 

resistance and deformation ability. According to this, it may be concluded that the use amount of textile 

fabric mesh in TRM layer is a key parameter for the design of the flexural capacity of TRM strengthened 

RC beams. Table.2 lists the main feature points of the load-deflection curves of the beams. 
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Fig.6 Load-midspan deflection behavior of tested beams 

 

Table.2 Summary on results of tested specimens 

 
Fc is the compressive strength of concrete, in MPa; Mmax is the peak moment of the beams, in kN.m; Dy, Dm, 

and Du are the midspan deflections of the beams corresponding to their yield load (Py), peak load (Pm) and 

ultimate load (taken as 0.85Pm), in mm. m and u are the peak and ultimate ductility of the beams 

corresponding to peak load and ultimate load, respectively. 

 

3.3. Deformation of the tested beams 

The deformation capacity of RC beams is one of the important factors affecting the safety of RC structures. 

Table 2 summarizes the measured midspan deflection of the beams and calculative displacement ductility 
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#

Fabric

mesh

layer

Fc   (MPa)
Yield load

Py (kN)

Peak load

Pm (kN)

Moment

Mmax kNm

Yield

midspan

deflection

Dy (mm)

Peak

midspan

deflection

Dm (mm)

Ultimate

midspan

deflection

Du (mm)

Peak

Ductility

m

Ultimate

Ductility

u

CB1 0.00 39.40 75.69 83.69 37.66 18.50 37.90 38.30 2.05 2.07

CB2 0.00 39.40 75.90 81.23 36.55 17.50 34.80 34.30 1.99 1.96

TB1 1.00 35.96 79.30 93.49 42.07 17.10 19.20 97.02 1.12 5.67

TB2 1.00 35.96 78.60 96.21 43.30 19.87 26.00 50.82 1.31 2.56

PTB1 1.00 41.09 81.10 97.47 43.86 18.10 22.50 77.65 1.24 4.29

PTB2 2.00 41.09 84.20 103.53 46.59 18.50 23.76 96.67 1.28 5.23
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corresponding to the peak load and ultimate load of the beams. Test results verified that the mid-span 

deflections and ductility of the RC beams at the ultimate state increased with the number of layers of fabric 

mesh in TRM layer, which attributes to that the more fabric meshes provide more effective tensile resistance 

to the strengthened layer at large deformation stage. However, the effect of the number of mesh layers on 

the yield deflection of the strengthened beams was slight, which can be explained that only small damages 

and deformation occur in the TRM layer before the yielding of the beams. Therefore, the yielding deflection 

still was dependent on the longitudinal steel reinforcements of the original beams, which led to the yield 

deflections of the beams are almost the same for the same longitudinal reinforcement ratio was used in the 

beams.  

 

3.4. Evolution of secant stiffness of the test beams  

Fig.7 presents the evolution of the secant stiffness of the beams with their applied flexural loads. It is found 

that the initial secant stiffness of the beams was affected by the pre-cracking process of the original beam, 

regardless of how many layers of fabric mesh were used in TRM layer. The TRM–strengthened beams 

PTB1 and PTB2 presented a similar stiffness, about 20000 kN/m, while the initial stiffnesses of the beam 

CB2, and those of the beams TB1 and TB2 without the pre-cracking process were approximately 35000 

kN/m. Up to the applied load of 30kN, the secant stiffness of all beams decreased significantly to a similar 

level, which only about 5000kN/m. Besides, the secant stiffness of the beam PTB2 with pre-cracking was 

just slightly larger than th0se of other beams, after the loading of 30kN. This indicates that even if the pre-

cracking process reduced the stiffness of the strengthened beams, however, the beams can achieve a slightly 

higher stiffness at a large deformation stage when more layers of textile meshes are used in strengthening 

TRM layer.  

 

Fig.7 Evolution of secant stiffness of the beams 
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4 Discussion of effectiveness and reliability of TRM strengthening method 

4.1 Strengthening effectiveness of TRM layer on RC beams 

In this section, the strengthening effectiveness of TRM layer on the beams under cyclic flexural loads and 

the position of the neutral axis of beams are discussed. Fig.8 (a) demonstrates that a stable increase could 

be available in the flexural capacity of the TRM-strengthened beams by increasing the number of layers of 

textile fabric meshes in the TRM layer, which proved the effectiveness of the TRM layer in the beams. 

Comparing with the control beam, the applied load capacity of the strengthened beam all were higher than 

those of the control beam by about 30%. However, this increase in load-carrying capacity was affected by 

the addition of the pre-cracking process of the original beams. Among all strengthened beams, the yield 

and peak loads of the beams with pre-cracking both higher than those of the beams without the process, 

regardless of the usage amount of fabric textile mesh. For the beams with the pre-cracking process, the peak 

load of the beam with 2 layers of textile fabric mesh was higher than those of the beam specimens using 

one mesh layer by 10%. However, this increase of the beams without the pre-cracking process could be due 

to the increase of the compressive strength of the mortar in the TRM layer, as listed in Table 2. Considering 

this, Fig.8 (b) demonstrates the ratio of applied peak load to the compressive strength of mortar in TRM 

layers, in which the beneficial effect of the number of layers of textile fabric mesh on the beams was proved. 

The yield loads of the beams presented a similar trend with the number of layers of fabric mesh in the TRM 

layer when taking off the effect of the compressive strength of concrete in the original beams.  

 

 

Fig.8 Flexural capacity of TRM strengthened RC beams with different conditions 
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Fig.9 Development of the distance of neutral axis to the edge of the compression zone of the beams  

In addition, the development of the distance from the neutral axis of the beams to the compression edge of 

the beams is presented in Fig.9. Results show that the localization of the neutral axis of the beams decreased 

as the applied load of the beams. Comparing with the beam CB2, other beams presented a higher distance 

of the neutral axis, meaning the TRM strengthening layer can effectively resist the cracking proliferation 

of the beams. However, the decrease trends of the distance of all beams with applied loading were similar, 

implying that TRM layer could work together well with the original beams to resist the flexural loads. 

Besides, the distances of the neutral axis of the beams PTB1 and PTB2 both were decreased with a similar 

slope at the large deformation stage, from 100mm to about 60mm, despite that the different layers of textile 

fabric meshes were used. This may be caused by the debonding failure of the beams at the stage. The results 

of the beams CB2, PTB1 and TB2 were also similar, however, the distances of the beams largely degraded 

starting from 30 kN. Between 30kN and 70kN, the degradation slope of the neutral axis distance of all 

beams was similar, which was because the main damage and cracking development of the beams occurred 

in the loading zone such as debonding failure and the large deformation of TRM layer.  After the flexural 

load was increased at a certain level during cyclic loads, the effective height of the compression zone of the 

beams was reduced stable until the beams reached the failure status. The effective area of the compression 

zone of the beam PTB2 was the smallest, meaning that the strengthening effectiveness of the TRM layer 

with two-layers meshes was the largest, which was validated by the experimental damage and deformation 

observations described before.   

4.2 Reliability of the TRM strengthening method  

According to the assessment method proposed by ACI committee 437 [51], the reliability of concrete beams 

under cyclic loading can be examined by discussing (1) the repeatability of the deflection of beams, (2) the 
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deviation from linearity, and (3) the permanency of the beams. The repeatability of the element deflection 

was defined as Eq.(1), which was the difference ratio of maximum deflection to residual deflection 

measured during the first two loading cycles, which should be greater than 95%. The deviation from 

linearity was defined as the parameter for measuring the non-linear behavior of the elements under cyclic 

loads, which should be less than 25%. The three factors are given as follows: 𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = Δ𝑚𝑎𝑥𝐵 −Δ𝑟𝐵Δ𝑚𝑎𝑥𝐴 −Δ𝑟𝐴 × 100%                                                                                                         (1) 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐿𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦𝑖 = 100%− tan(𝑎𝑖)𝑡𝑎𝑛(𝑎𝑟𝑒𝑓)× 100%                                                                   (2) 𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑐𝑦 = Δ𝑟ΒΔ𝑚𝑎𝑥Β × 100%                                                                                                                  (3) 

In the equations, Δ𝑚𝑎𝑥𝐴  and Δ𝑚𝑎𝑥𝐵  are the maximum deflection in Cycles A and B under the applied load of 

Pmax, Δ𝑟𝐴 and Δ𝑟𝐵is the residual deflection at Cycles A and B under the applied load of Pmin. The ACI 437 [51] 

suggested the same procedure can be used to measure this ratio for Cycles C and D. The 𝑡𝑎𝑛(𝑎𝑟𝑒𝑓) 
and 𝑡𝑎𝑛(𝑎𝑖) are the slope of a reference secant line and the slope of the secant line at Point i in the load-

deflection envelope curves. The permanency of elements is the amount of permanent change displayed by 

any structural response parameter during the second cycle of the two cyclic loads, which should be not 

greater than 10%. By comparing with the factors of the TRM-strengthened beams studied in the current 

study, the strengthening effectiveness of the TRM strengthening method under cyclic loads was evaluated. 

 

 

Fig.10 Reliability of TRM strengthening method under cyclic loads as per ACI 437 [51] 
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Fig.10 shows the experimental results of the repeatability, the deviation from linearity and the permanency 

of the strengthened RC beams. Results show that the repeatability of all beams was higher than 95%, 

meaning the beams could satisfy strengthening requirements for cyclic loads as per the ACI 437 [51]. On 

the other hand, for the beams without the pre-cracking process, the values of the deviation of linearity of 

the beams TB1 and TB2 were higher than 25%, the critical level proposed by ACI 437 [51] at the sixth 

cycle. Based on this, it was understood that the pre-cracking affected the non-linear behavior of the TRM-

strengthened beams under cyclic loads at the large deflection stage for the different interface bond behavior. 

Besides, the results of the permanency of the beams also supported the descriptions about the beams without 

the pre-cracking process. The permanency of pre-cracked beams PTB1 and PTB2 was less than 10% 

suggested by ACI 437 for a better interface bond was provided between the original beam and TRM layer, 

while the levels of the other beams all were greater than 16% in loading cycles A and B.  

 

4.3 Damages and failure modes of TRM strengthened beams 

The main characteristics of the load-deflection curves of the tested beams are shown in Fig.11. Based on 

the analyses described before by Cai et al.[44], similar to the RC beams strengthened by FRP sheet, the key 

factors affecting the load-deflection curves of the beams include the ratio of longitudinal reinforcement of 

original beams, the mechanical properties of TRM layer, and the concrete-TRM interface bond. It was well 

understood that the reinforcement of original beam with limited damage and corrosion is a very important 

factor for the structural behavior of RC beams [60]. In the current study, before TRM strengthening layer 

was applied, the beams were not subjected to any external damage and corrosion, and there is little influence 

from the pre-cracking process. Therefore, all beams experienced a flexural failure mode (e.g, Case f or e). 

The reinforcements in the beams developed their deformation continuously and many typical flexural 

cracks were observed. When using a high-performance TRM layer providing a perfect interface bond with 

the beams, the load-carrying capacity and stiffness of the beams can be improved significantly up to the 

large deflection stage, and present a deflection-hardening behavior, as Case a shown in Fig.11. However, 

in this case, if the interface bond is slightly small, during the deformation hardening stage, the load-carrying 

capacity usually decreases from its peak load which may be attributed to the de-bonding failure at the large 

deformation stage (Cases b or c). The declining slope of the flexural capacity curve is up to the properties 

of the interface bond and TRM layer. The failure mode of the specimen PTB2 with two layers of textile 

meshes belonged to this mode. However, if the TRM layer and its interface bond with the surface of the 

beam are both slightly smaller, the peak load of the beam usually occurs earlier and the load capacity of the 

beam also may decrease more sharply compared with the cases mentioned above. Comparing with all 
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aforementioned cases, when a moderated bond and TRM layer are applied, the load-deflection curve of 

TRM-strengthened beams usually presents a stable and gentle development (Case c). The literature[61] has 

also reported similar observations and analyses. Fig.11 describes some typical damages and deformations 

of TRM-strengthened RC beams under cyclic flexural loads based on the study. 

 

Fig.11 Main characteristics and failure modes of TRM-strengthened RC beams 

5 Flexural design of TRM-strengthened RC beams 

In the past twenty years, many studies have been conducted to analyze the design capacity of RC beams 

strengthened by TRM or Textile reinforced concrete (TRC) layer under monotonic loading such as 

monotonic shear load [20, 35] and flexural load [21]. Several calculation models also were proposed based 

on the experimental and numerical studies in those studies, including shear models [35-37], and flexural 

models [39,40] and analysis method [42] FEA approach[38].  However, as described before, the design 

model of TRM- or TRC-strengthened RC beams is very limited, as far as the authors know. 

 

(1) The theoretical flexural capacity of TRM-strengthened RC beams 

Based on the test results described before and referring to Section 4.4.1 in fib Bulletin 52 [62], the following 

assumptions were used for calculating the theoretical flexural capacity of TRM-strengthened RC beams,  

(i) Sections plane in the unloaded state remain plane during loading; 

(ii) Bonded reinforcement undergoes the same strain increments as the adjacent concrete; 

(iii) The maximum strain of the concrete is equal to the value at the ultimate limit state, εcu; 

(iv) The tensile stress in concrete is neglected. 
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According to the literature [62], the modeling of the internal forces resisting flexure behavior was used. 

Assuming the longitudinal steel reinforcements in the original beam yielded and the textile fabric mesh 

layer reach k times its yield strength in the TRM strengthening layer, therefore, the equilibrium condition 

in the longitudinal direction is given as: 𝑓𝑐𝑑1 ∙ 𝑏 ∙ 𝑥 = 𝐴𝑠1𝑓𝑦𝑑1 + 𝐴𝑠,𝑇𝑘𝑓𝑦,𝑇,𝑒                     (4) 𝑥 = 𝐴𝑠1𝑓𝑦𝑑1+𝐴𝑠,𝑇𝑘𝑓𝑦,𝑇,𝑒𝑓𝑐𝑑1∙𝑏 ≤ 0.5d                              (5) 𝑓𝑐𝑑1 = 0.85 [1 − 𝑓𝑐𝑘250] 𝑓𝑐𝑑                                     (6) 𝜀𝑐𝑢 = 0.004 − 0.002 𝑓𝑐𝑘100                                      (7) 

where k is the assumed reduction ratio of the maximum strain to the yield strain of textile mesh layers. fck 

is the characteristic value of concrete strength, i.e., the 5% fractile value of the compressive strength of 

standard concrete cylinder specimen (diameter/height=150mm/300mm), which could be calculated as fcm-

Df as per the fib Bulletin 51 [63]. fcm is the mean measured compressive strength of concrete and Df was 

assumed as a constant value of 8MPa according to the MC2010 [64] in the current paper. 𝑓𝑐𝑑 is the design 

compressive strength of concrete taken as fck/1.5 considering a safety factor of 1.5 in fib Bulletin 52[62]. 𝑓𝑐𝑑1 is the average design strength of concrete in the uncracked compression zone. According to Section 

4.4.1 in fib Bulletin 52[62], a constant εcu of 0.0035 could be used in Eq. (7) without creating any major 

problems.  

 

Besides, the cross-sectional area of the textile fabric meshes in the beams, As,T, was suggested to consider 

the effect of filament bundles at the different direction on longitudinal textile fiber bundles in TRM layer. 

Therefore, in the study, As,T was calculated by: A𝑠,𝑇 = 𝛾 ∙ 𝑛 ∙ 𝐴𝑓𝑙𝑖                                                                                              (8) 

where, 𝐴𝑓𝑙𝑖 is the area of each filament bundle in fabric mesh; 𝑛 is the number of filament bundles at the 

longitudinal direction in strengthening cross-section; 𝛾 is an enhancement factor considering the effect of 

the filament bundles at the different directions, ranging from 1.0 to 1.5 depending on the mesh size of the 

textile fabric layer, which was taken as 1.3 in the study. 
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Fig.12 Sectional analysis of TRM-strengthened RC beams under flexural loads 

 

As shown in Fig.12, taking the moments at the center of the compression zone as the design resistance 

moment MRD, therefore, the flexural capacity of the TRM-strengthened RC beams can be given as: M𝑅𝑑 = 𝐴𝑠1𝑓𝑦𝑑1(𝑑 − 𝑥 2⁄ ) + 𝐴𝑠,𝑇𝑘𝑓𝑦,𝑇,𝑒𝑑′′                                                 (9) 

Replacing x and AS,T with Eq. (7), and Eq. (8) respectively, the MRD can be written as: M𝑅𝑑 = 𝐴𝑠1𝑓𝑦𝑑1(𝑑 − 𝐴𝑠1𝑓𝑦𝑑1+𝐴𝑠,𝑇𝑘𝑓𝑦,𝑇,𝑒2𝑓𝑐𝑑1∙𝑏 ) + 𝛾 ∙ 𝑛 ∙ 𝐴𝑓𝑙𝑖 ∙ 𝑘𝑓𝑦,𝑇,𝑒𝑑′′                          (10) 

 

Based on the previous studies of FRP sheet strengthened RC beams, the maximum strain of FRP materials 

was usually considered as 70%-90% of their ultimate strain, such as the one in ACI equation [65], when 

the failure of the beams is not due to the rupture of FRP sheet. In this study, the failures of all beams were 

due to the rupture of the textile fabric mesh layer, however, the rupture of the layer did not correspond to 

the maximum strength of the beams. The main reasons for the failure of the beams were considered as the 

debonding of the TRM layer and consequent large bending deformation of the strengthening layer. The 

latter could be caused by complicated flexural-shear-tension behavior in strengthened RC beam. 

Elsanadedy et al. [33] also reported that 70% of rupture strain was conservatively the maximum assumed 

strain of the TRM debonding strain as long as the TRM layers with a good anchorage at the end and a shear 

failure was precluded in the strengthened beams. Therefore, the ratio of the calculative strain of textile 

fabric mesh layer corresponding to maximum flexural strength in the TRM-strengthened RC beams was 

assumed as about 60% to 70% of the yield strain of textile mesh materials, as the level for calculating of 

the load-carrying capacity of the beams. 

Fig.13 compares the experimental results and the prediction results based on equation (10) with different 

assumed maximum strain ratio of textile mesh materials in the TRM layers and the enhancement ratio of 

the area of textile mesh considering the effect of textile reinforcement at different directions. Results show 

that the model presents a good agreement with the experimental results when the enhancement ratio and 
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maximum strain ratio are taken as 1.3 and 0.6, respectively, which both can be proved by the analyses 

described above in the study. 

 

 

Fig.13 Comparison between modified fib model and experimental results 

 

(2) A simple modified model based on current AIJ code 

AIJ standard [66] also suggested a simplified calculation model for predicting the flexural moment of RC 

beams, which considered that the capacity could be calculated as a permissible moment capacity of RC 

beams when the tensile reinforcement ratio of the beams is less than a balanced rebar ratio. Referring to the 

definition of the related parameters plotted in Fig.14, the equation is given by: 𝑀 = 𝑎𝑡𝑓𝑡𝑗                                                   (11) 

where,𝑗 = (7 8⁄ )𝑑. 
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Fig.14 Sectional details in AIJ code and proposal for the modifications of TRM-strengthened RC beams 

 

In this study, considering the strengthening effectiveness of TRM layer, the moment capacity of the RC 

beams is modified as: 𝑀 = 𝑎𝑡𝑓𝑡𝑗 + 𝐴𝑠,𝑇𝑘𝑓𝑦,𝑇(𝐷 + 0.5𝑑𝑡𝑟𝑚)                                               (12) 

where k is a key reduction factor of tensile stress of textile mesh to its yield stress at the ultimate state. 

 

In this equation, several proposals were suggested for the factors j and k for a simplified modifying of the 

original AIJ model. Referring to AIJ code, the factor j could be taken simply as 7d/8 or 6d/8, while k could 

be assumed as 0.5 or 0.6 referring to previous research [67], respectively. Fig.15 compares the prediction 

results based on the modified model with the experimental results in the study. Results show that taking j 

as 6d/8 is more reasonable for TRM-strengthened beams than other options, and there were not many 

differences between the cases when k was taken as 0.5 or 0.6. This value is also near to the distance of the 

neutral axis to the compression edge of the beams reported before in the study. Considering this, the study 

suggests taking the factor j as 6d/8 to predict the moment capacity of TRM-strengthened RC beams. 

 

Fig.15 Comparisons between experimental results and modified AIJ equations with different factors 
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Fig.16 Verification of the models 

Fig.16 verifies the reliability and accuracy of the proposed model by comparing with the test resutls from 

the previous studies conducted by Ombres [24], Elsanadedy et al. [33], D’ Ambrisi and Focacci [61], Loreto 

et al. [69], and Babaeidarabad et al. [70]. Comparing with other models, the proposed model presents the 

best accuracy of calculated load-experimental load ratio with a small standard deviation value. It should be 

noticed that the actual area of the fiber rovings in textile fabric mesh was used for all the calculations of the 

capacity in the study. 

 

(3) A simplified proposal for predicting capacity curves of TRM-strengthened RC beams  

Given the section stiffnesses (Si) of RC beams strengthened TRC or TRM layer, as shown in Fig. 17, the 

midspan displacement of the beams under four-point flexural at the different stages (I~IV) can be calculated. 

The calculation model is expressed as, 𝑢𝑖 = 𝑀(3𝐿2 − 4𝑎2)24𝑆𝑖 = 𝑃𝑎(3𝐿2 − 4𝑎2)48𝑆𝑖  (13) 
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Fig.17 Diagram of the proposal for evaluating of load-deformation of TRM-strengthened RC beams 

 

Referring to FRP-strengthened RC beams [68], the section stiffness at the yield point and peak point of RC 

beams strengthened by TRC/TRM layers are written as 𝑆𝑦𝑖𝑒𝑙𝑑 = 𝐸𝑠𝐴𝑠𝑑′2𝜑𝑠𝑛𝑇𝑅𝐶 + 0.013 + 10.5𝛼𝐸,𝑠𝜌𝑠 (14) 

𝑆𝑃𝑒𝑎𝑘 = 𝐸𝑇𝑅𝐶𝐴𝑇𝑅𝐶𝑑′′2𝜑𝑇𝑅𝐶𝑎2𝑛𝑇𝑅𝐶 + 0.0081 + 9.42𝛼𝐸,𝑓𝜌𝑇𝑅𝐶 
(15) 

 

For the ratio of the modulus of steel and TRC/TRM materials to the elastic modulus of concrete, they are 

expressed as, 𝛼𝐸,𝑠 = 𝐸𝑠𝐸𝑐 ;  𝛼𝐸,𝑇𝑅𝐶 = 𝐸𝑇𝑅𝐶𝐸𝑐  （16） 

where, 𝜌𝑠 = 𝐴𝑠𝑏𝑑′  ,  𝜌𝑠 = 𝐴𝑇𝑅𝐶𝑏𝑑′ . 

 

Besides, the factors of the ratio of total moment of the beams to the contribution of steel bars (𝑎1) and to 

that of TRC materials (𝑎2) are presented as, 𝑎1 = 𝑀𝑠 +𝑀𝑇𝑅𝐶𝑀𝑠 = 1 + 1.15𝐸𝑇𝑅𝐶𝐴𝑇𝑅𝐶𝐸𝑠𝐴𝑠 (𝑑′′𝑑′ )2 (17) 

𝑎2 = 𝑀𝑠 +𝑀𝑇𝑅𝐶𝑀𝑇𝑅𝐶 = 1 + 𝑓𝑦𝐴𝑠𝜂𝑠𝑑′𝜎𝑇𝑅𝐶𝐴𝑇𝑅𝐶𝜂𝑇𝑅𝐶𝑑′′   (18) 
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Considering the coefficients of stress unevenness of steel rebars and FRP fabric mesh materials in 

TRC/TRM layers, the factors 𝜑𝑠 and 𝜑𝑇𝑅𝐶 are considered as identical. Therefore, referring to the 

literature [10, 68], the two factors in the study can be calculated as, 

𝜑𝑠 = 𝜑𝑇𝑅𝐶 = 1 − 0.65𝑓𝑡𝑎1𝜌𝑠,𝑡𝑒𝜎𝑠   (19) 

In the equations, 𝜌𝑠,𝑡𝑒 is the ratio of the area of longitudinal steel rebars to the effective tensile area of 

concrete, simply being taken as 50% of the cross-section area of the beams. Therefore, 𝜌𝑠,𝑡𝑒 was expressed 

as 

𝜌𝑠,𝑡𝑒 = 𝐴𝑠0.5𝑏𝑑′   (20) 

For the stress of steel rebars in RC beams, according to the literature, the internal arm coefficient of steel 

rebars (𝜂𝑠) and TRC/TRM materials (𝜂𝑇𝑅𝐶) both could be taken as 0.87 before yielding of and as 0.95 after 

the yielding of the beams. Therefore, the values of the stress of the steel rebars and TRC/TRM materials 

are calculated as, 

𝜎𝑠 = 𝑀𝑎1𝜂𝑠𝑑′𝐴𝑠 (21) 

𝜎𝑇𝑅𝐶 = 𝑀 − 𝑓𝑦𝐴𝑠𝜂𝑠𝑑′𝜂𝑇𝑅𝐶𝑑′′𝐴𝑇𝑅𝐶   (22) 

 

Applying the models proposed above, the midspan deflection of TRM-strengthened RC beams can be 

calculated. Fig.18 presents the comparison between the calculations based on proposed models and the 

experimental results of yield and peak midspan deflection. Results show that the proposal evaluates the 

experimental yield and peak midspan deflections of the beams with great accuracy both presenting a 

calculation error of less than about 10%. 
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Fig.18 Comparison between calculated and experimental deflections at yield and peak states 

 

 

Fig.19 Load-deflection curves of test beams under monotonic flexural load [33] 

 

About the softening stage of the TRM strengthened beams, previous research proved that the stage of RC 

beams under monotonic load was quite short shown in Fig.19, although the control beams in Ref. [33] had 

a typical flexural failure mode and their peak deformation were improved significantly after using TRM 

layer. In the study, however, the beams were subjected to cyclic loads and presented different softening 

behavior, in which the deformation corresponding to the 85% of peak load was about 3.0-5.0 times that at 

peak load. Therefore, referring to the beams in the literature and the data of the current research, the 

softening behavior of TRC/TRM retrofitted RC beams (S) can be expressed as a simplified function 

considering main factors including the number of layers of textile mesh (N), the mechanical properties of 

mortar/concrete in TRC/TRM (M) and flexural load type (L). 
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𝑆 = 𝑓(𝑁,𝑀, 𝐿)                                                                  (23) 

In this study, to simplify the calculation, the midspan deflections of TRM-strengthened RC beams at 85% 

of peak load were taken as 3.0 times the deflections of the beams corresponding to their peak load. Therefore, 

using the proposed model, Eq. (12) (𝑗:6d/8 and k:0.5), to predict the peak moment and assuming 90% of 

the peaking moment as the yielding moment of the TRM-strengthened beams, using the proposed models 

(Eqs.13-22) for the various deflections, the simplified model capacity curves of the beams can be 

established. The prediction results are plotted in Fig.20. Results show that the simplified capacity model 

can evaluate the experimental curves with a good agreement. However, it should be noticed that the capacity 

model still needs to be examined by more experimental investigations in the future. 

 

Fig.20 Comparison between model and experimental capacity curves 

 

6 Concluding remarks 

This paper experimentally investigated the cyclic flexural behavior of RC beams strengthened by a high-

performance textile reinforced mortar layer. Based on the analyses and observations in the study, several 

simplified modifications were proposed for the calculation model of flexural capacity in fib methods and 

existing AIJ code. Based on the models, a simplified complete model was proposed to simulate the capacity 

curve of the TRM-strengthened RC beams. However, it should be noticed that the test matrixes adopted 

were limited in this study, more test studies are expected in the future to verify or modify the models. The 
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main findings of the preliminary study of TRM-strengthened RC beams under cyclic loads are summarized 

as: 

(1). The strengthening effectiveness of the proposed high-performance TRM layer for RC beams under 

cyclic flexural loads was proved. The failure mode of the beams was affected by (a) the 

reinforcement ratio of original beams, (b) the interface bond between the strengthening layer and 

original beam, and (c) the number of the layers of textile meshes in the TRM layer. The debonding 

failure of TRM layer still could not be avoided at large deformation stage, however, the deflection 

of the beams corresponding to the debonding was significantly improved. Besides, the typical 

flexural cracks were developed fully in the TRM layer of the strengthened beams which may mean 

the TRM strengthening layer could co-work together with the original RC beams well based on 

the present preliminary study.  

(2). The reinforcement ratio of original RC beams still was considered as a key factor affecting the 

flexural capacity and deformability of the TRM-strengthened RC beams. Based on the preliminary 

research with limited samples, the strengthening effectiveness of TRM layer for RC beams under 

cyclic loads may mainly depend upon the number of layers of textile fabric meshes compared with 

the mechanical properties of the mortar in TRM layer. However, more studies are required to 

validate this conclusion for the used mortars in the specimens all were compressive strength. 

(3).  Although the pre-cracking process did not significantly affect the load-carrying capacity of and 

deformation ability of TRM-strengthened RC beams, using this process presented a superiority in 

the reliability of TRM strengthening layer for RC beams under cyclic loads.  

(4). With a proposed effective enhancement factor of the area of textile mesh and simply assuming the 

effective maximum strain of textile fabric mesh, this paper proposed several simplified 

modifications to predict the flexural capacity of TRM-strengthened RC beams based on fib model 

and AIJ code, which could evaluate the experimental results with good agreement. Using the above 

models and simplified proposals for the key various deflection of the beams, a simplified complete 

curve model was developed to evaluate the flexural capacity curves of TRM-strengthened RC 

beams which was proved with good accuracy.  
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