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Abstract

:

The flexural performance of RC beams strengthened with a novel high-strength and high-toughness epoxy mortar thin layer was investigated through four-point flexural tests on two contrast beams and two strengthened beams. The effects of this strengthening method on the failure modes, crack distribution, load–deflection curves, and bearing capacity of the RC beams with two reinforcement ratios were studied. The experimental results revealed that the contrast beams exhibited the typical bending failure modes where the failure mode of the reinforced beam is the yielding of the tensile reinforcement of the original beam and then fracture damage of the new epoxy mortar-reinforced thin layer. No debonding phenomenon was observed between the reinforced thin layer and the original concrete, and no visible cracks appeared before the tensile failure occurred in the thin layer. The cracks in the reinforced beams developed slowly, increased in number, and decreased significantly in width and spacing. The stiffness of the strengthened beam increased significantly, while its deformation ductility coefficient noticeably decreased. Compared to the corresponding contrast beams, the cracking load for strengthened beams A1 and B1 increased by 14% and 23%, respectively; the yield load increased by 32% and 40%, respectively; and the peak load increased by 18% and 17%, respectively. Finally, a calculation method for the flexural bearing capacity of RC beams strengthened with the novel epoxy mortar thin layer based on the flat section assumption was proposed. The calculated values showed a good agreement with the experimental values (with errors at −11.73% and 4.14%, respectively), providing a valuable reference for further research and application related to this kind of reinforcement method.
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1. Introduction


Concrete materials are the most widely used building material, because they have the advantages of being low-cost and having a high plasticity and durability and a good fire resistance [1]. The concrete structure is affected by various environmental factors, and, in the process of being used, the performance of the material itself continues to deteriorate, resulting in a reduction in its bearing capacity and durability, affecting the safety of the structure. As a result, it is very necessary to reinforce and strengthen the concrete structure [2,3].



In the common method of reinforcing concrete structures, the reinforcement material mainly bears the tensile stress, and, as a result, a fibrous bar [4,5,6,7,8], wire mesh [9,10], fiber grid [11,12,13], and wire rope [14,15] are used. Such reinforcement materials with excellent tensile properties are widely used in concrete structure reinforcement engineering, but the reinforcement materials usually require cement-based mortar to be used as bonding materials [16,17]. However, the tensile strength and ultimate strain of ordinary cement-based mortar are low, which leads to the premature cracking of the layer reinforced with mortar, which affects the synergistic effect of the mortar and the reinforced material [18]. In addition, these cracks can also significantly reduce the durability of the reinforced material. In order to improve the crack resistance and toughness of the above mortar, some scholars improve the tensile strength and deformation ability of the mortar by adding fiber, rubber particles, and polymer modifications [19,20,21,22,23,24,25,26].



Polymer mortar has gradually become applied in reinforcement engineering because of its characteristics of rapid curing, strength in the early stages, and good bonding properties. The most commonly used polymer mortar in engineering mainly includes epoxy resin mortar and polyurethane mortar. Epoxy resin mortar has been widely used in the reinforcement project, but the toughness of the current commonly used epoxy resin mortar is insufficient, and its ultimate tensile strain is generally below 1500 με [27], which is lower than the design value of the yield strain (2000 με) and the ultimate tensile strain (10,000 με) of ordinary steel bars in a concrete structure. Before the tensile reinforcement of the original structure yields, the epoxy mortar has cracked and is withdrawn from work. For the existing epoxy resin whose toughness is insufficient, existing research mainly considers how the macro epoxy resin mortar joins iron filings, fibers, high-strength steel wire mesh, and other reinforcing materials that include physical toughening methods [28,29,30] where the epoxy mortar is essentially used as a bonding material. The epoxy mortar will still crack before the original structural tensile reinforcement yields.



Based on the epoxy resin mortar’s characteristics of having a high strength and a stable performance in the early stages, this study develops a new type of high-strength and high-toughness epoxy mortar by adding chemical toughening materials to the resin substrate to improve the brittleness of the resin substrate by forming an interpenetrating network structure on a microscopic level, in response to the problem of its lack of toughness. The material has a high tensile strength (19.4 MPa) and ultimate tensile strain (10,100 με). As a result, it will not prematurely crack and result in the stopping of the work due to the lack of toughness in the reinforced concrete structure. The reinforcement material participates in the structure of the whole process of stress to effectively improve the structural load bearing capacity and to inhibit any structural cracking.



This paper carries out a four-point bending test on two comparative beams and two reinforced beams; studies the influence of the new mortar-reinforced thin layer on the failure form, crack distribution, load–deflection curve, and bearing capacity of the material, and obtains the calculation formula of the bending bearing capacity of the new mortar thin layer reinforced RC beam based on the experimental research results.




2. Experimental Program


2.1. Specimen Design and Production


In order to study the bending performance of the new epoxy mortar thin layer reinforced RC beams, four test beams were designed and fabricated. The section size of the contrast beam was 150 mm × 300 mm. The reinforced beams were reinforced with thin layers in the tensile area, and the thickness of the reinforced layer was 15 mm. The design strength grade of concrete was C40. The type of tensile rebar and erection bar was HRB400, and the stirrup was HRB300. The longitudinal reinforcement ratio was divided into 0.60% and 1.18%. The corresponding tensile rebar diameters were 10 mm and 14 mm, and the erection bar diameter was 6 mm. The stirrup in the pure bending section was Φ8@200 mm and within the shear-to-span area was Φ8@50 mm. The design parameters of each test beam are shown in Table 1. Figure 1 shows the schematic diagram of the test beam structure. The section dimensions and reinforcement drawing of the test beam are shown in Figure 2.



After 28 days of maintenance of the original beam, its tensile zone was chiseled and flushed, and a new epoxy mortar thin layer was then poured for reinforcement. The steps were as follows: (1) The bottom side of the beam was turned up, then chiseled and scoured. (2) The lateral formwork was installed on both the sides and ends of the beam and fixed with fixture to keep the edge and the upper edge of the beam equal. The top edge of the formwork was 15 mm higher than the bottom of the beam. (3) The epoxy mortar was poured, and the surface of the mortar was smoothed. The control surface thickness was 15 mm. (4) The material was cured for 14 days. A reinforced beam without initial stress can be obtained by the above steps.




2.2. Material Properties


2.2.1. Concrete


A 300 t press was used in the displacement control mode to test the axial compression mechanical parameters of the 150 mm × 150 mm × 300 mm prism specimen. The loading rate was 0.2 mm/s. The axial compression stress–strain curve is shown in Figure 3.




2.2.2. Longitudinal Steel Bar


A 30 t universal tester was used with the displacement control mode, and a unidirectional tensile experiment of the HRB400 reinforcement was conducted. The loading rate was 2 mm/min. The stress–strain curve of the two diameter steel bars is shown in Figure 4. From Figure 4a,b, the [image: Applsci 14 03999 i001]10 steel bar used in this test has no obvious yield stage and the [image: Applsci 14 03999 i001]14 steel bar has an obvious yield stage.




2.2.3. New Epoxy Mortar


The reinforcement material used in this study was the new epoxy resin mortar with a high strength and high toughness developed by our research group. It consisted of epoxy resin, an active diluent, a flexible curing agent, a toughening agent, a coupling agent, a defoamer, fly ash, and quartz sand mixed in a certain proportion. The epoxy mortar mixing ratios are shown in Table 2.



During the pouring process of the thin layer of reinforcement, three dumbbell-shaped tensile specimens were reserved according to the “Technical Regulations for Epoxy Resin Mortar” (DL/T 5193-2021) [31], and a tensile performance test was carried out after 14 days of curing. The stress–strain curve that was obtained is in Figure 5, and Figure 6 shows the average stress–strain curve diagram of the specimen.





2.3. Test Device and Instrumentation


The test used an oil pressure jack. The loading method adopted graded loading before the test beam cracked. The loading rate was 5 kN per level. After the test beam entered the yielding stage, the loading method was changed to control by the deflection deformation in the span. The loading rate was 1 mm per level.



In order to measure the concrete strain, the surface strain of the test beam was measured by placing a resistance strain gauge uniformly along the height direction in the middle section of the test beam span. The strain of the longitudinally stretched steel bars was measured by the embedded resistance strain gauge in the middle of the test beam span. The strain gauge was arranged at the bottom of the middle section of the reinforced beam span to measure the strain of the reinforced layer. Displacement sensors were installed at the mid-span, the loading point, and the fulcrum position to measure the deformation of the test beams. Figure 7 is a typical photo of the test loading process, and Figure 8 shows the layout of the bending test loading device and measuring point.





3. Test Results and Analysis


3.1. Test Phenomenon and Failure Modes


The failure pattern of each test beam is shown in Figure 9, and the crack distribution is shown in Figure 10. The parameter Pm was introduced to represent the peak load of the specimen, and the specific damage process of each test beam is as follows.



3.1.1. Contrast Beam A0


The contrast beam A0 was in the elastic stage during the initial loading. When the load increased to 26.06 kN (18% Pm), the first vertical crack appeared in the tensile area near the middle. With the increase in the load, the number of vertical cracks gradually increased, and the width of the cracks constantly increased and extended upward. The load was loaded to 89.96 kN (63% Pm). An oblique crack began to appear in the curved shear section. When loaded to 119.39 kN (83% Pm), the longitudinal tensile steel bar yielded. When the loading continued, the crack width and specimen deflection increased rapidly. When loaded to 143.29 kN, the peak load was reached and the concrete in the pressure area was crushed. The load dropped sharply to 99.76 kN (70% Pm), and the test was stopped. The distribution of the cracks is shown in Figure 10a.




3.1.2. Contrast Beam B0


The contrast beam B0 was in the elastic stage during the initial loading. When the load increased to 19.70 kN (23% Pm), the first vertical crack appeared in the tensile area near the middle. When loaded to 64.22 kN (74% Pm), the longitudinal tensile steel bar yielded. When the loading continued, the crack width and specimen deflection increased rapidly. When loaded to 86.77 kN, the peak load was reached and the concrete in the pressure area was crushed. The load dropped sharply to 74.25 kN (85% Pm), and the test was stopped. The crack distribution is shown in Figure 10b. The longitudinal reinforcement ratio of specimen B0 is smaller, and its crack spacing and crack width are larger than that of specimen A0.




3.1.3. Strengthened Beam A1


The reinforced beam A1 was in the elastic stage during the initial loading. When the load was increased to 29.72 kN (18% Pm), the first vertical crack appeared in the concrete layer in the tensile area of the pure curved section. As the load increased, the number of concrete cracks gradually increased, and the crack distribution was fine and dense. When loaded to 120.00 kN (71% Pm), concrete cracks in the tensile area appeared at the bottom. When loaded to 139.09 kN (82% Pm), the longitudinal tendons reached the yield load. When the loading continued, the specimen deflection increased rapidly to 160.00 kN (95% Pm) and the concrete in the tensile area in the protection layer of the longitudinal horizontal cracked. When loaded to 168.72 kN, the peak load was reached and the reinforced thin layer of epoxy mortar broke near the left loading point. The load dropped sharply to 129.67 kN (77% Pm). As the load increased slowly, the deflection increased rapidly. The load continued to increase to 138.10 kN (82% Pm) when the concrete in the pressure area was crushed. The load dropped sharply to 92.41 kN (55% Pm), and the test was stopped. The distribution of the cracks is shown in Figure 10c.




3.1.4. Strengthened Beam B1


The reinforced beam B1 was in the elastic stage during the initial loading. When the load was increased to 24.26 kN (24% Pm), the first vertical crack appeared in the concrete layer in the tensile area of the pure bend section. With the increase in the load, the number of the B1 beam concrete cracks gradually increased and the crack distribution was fine and dense. When loaded to 90.28 kN (89% Pm), the longitudinal reinforcement reached the yield load, the concrete cracks in the tensile area bifurcated at the bottom, and longitudinal cracks appeared on the concrete side within the scope of the protective layer. When the loading continued, the deflection increased rapidly. When the loading reached 101.61 kN, the peak load was reached. The thin layer of epoxy mortar reinforcement broke near the middle of the span, and the load dropped to 82.44 kN (81% Pm). As the load first slowly increased and then gradually decreased, the deflection continued to increase rapidly. The load dropped to 80.51 kN (79% Pm), and the concrete in the pressure area was crushed. The load dropped sharply to 69.29 kN (68% Pm), and the test was stopped. The distribution of the cracks is shown in Figure 10d.




3.1.5. Analysis of the Destruction Morphology


The contrast beams exhibited the typical modes of bending failure. The failure modes of the reinforced beams A1 and B1 were both characterized by the fracture of the thin layer of epoxy mortar after the yielding of the longitudinal reinforcement.



The concrete in the tensile area of the reinforced beam was stripped along the longitudinal reinforcement, and no debonding phenomenon was seen at the interface between the thin layer and the original beam (Figure 11). No visible cracks were found in the epoxy mortar of the reinforcement layer before the pull failure. Compared to the unreinforced comparison beams, the cracks in the reinforced beams developed more slowly, the number of cracks increased, and the spacing and width of the cracks decreased. The reason is that the epoxy mortar-reinforced thin layer was effectively involved in the structural forces before pulling off, restraining the development of concrete cracks in the original beam.





3.2. Load–Deflection Curve


Figure 12 shows the load–deflection curves of the mid-span section of the test beams, and the symbol on the curve indicates the yield point. from which it can be seen that the loading process of all the test beams can be divided into the elastic stage, the crack development stage, and the failure stage.



Before the crack of the test beam, the load–deflection curve is straight. With the increase in the load, the concrete in the tension area cracked, the load–deflection curve takes the first turn, and the test beam entered the crack development stage. With the continuous occurrence and development of cracks, the stiffness of the test beam gradually decreased.



For the unreinforced contrast beam under continued loading, the reinforcement entered the yield stage and the load across the middle deflection curve appears at the second turn; then, as the load changed slowly, the deflection increased rapidly, the concrete in the pressure area was crushed, and the specimen was finally destroyed.



For the reinforcement beam A1, the load could still grow rapidly after entering the yield stage, until the epoxy mortar was pulled off and the load dropped to 77% of the peak load. After the pull failure of the reinforced layer, the specimen showed a similar damage process to that of the unreinforced beam A0. The load increased slowly, the deflection increased rapidly, the concrete in the pressure area was crushed, the load dropped to 55% of the peak load, and the specimen was finally destroyed.



For the reinforcement beam B1, after the reinforcement entered the yield stage, the load increased slowly, the epoxy mortar was pulled off, and the load dropped sharply to 81% of the peak load. After the pull failure of the reinforced layer, the specimen showed a similar damage process to that of the unreinforced beam B0. The load changed slowly, the deflection increased rapidly, the concrete in the pressure area was crushed, the load dropped to 68% of the peak load, and the specimen was finally destroyed.



Compared with the unreinforced beams A0 and B0, the yield load, peak load, and structural stiffness of the reinforced beams A1 and B1 were significantly increased because the thin layer reinforced by the epoxy mortar effectively participates in the structural force before the tensile break.



The test values of the cracking load Pcr, longitudinal rib yield load Py, peak load Pm, ultimate load Pu, and corresponding mid-span deflection fcr, fy, fm, and fu of each specimen are summarized in Table 3. The limit point is the point at which the load drops to 85% Pm; Pm,0 represents the peak load of the unreinforced contrast beams A0 and B0; and μ is the displacement ductility coefficient. Failure form A represents the typical bending failure modes, and failure form B represents the tensile failure of the reinforcement layer.




3.3. Bearing Capacity Analysis


Compared with the unreinforced beams A0 and B0, the cracking load of the reinforced beams A1 and B1 was increased by 14% and 23%, respectively. The main reasons are as follows: (1) the section height of the reinforced beam increases by 5%; (2) the thin layer of epoxy mortar participates in the cooperative force of the original beam; (3) the thin layer of epoxy mortar effectively limits the concrete cracking in the tensile area.



The yield load of the reinforcement beams A1 and B1 was increased by 32% and 40%, respectively. Under the same thickness of the thin layer of epoxy mortar, the increase in the yield load was related to the reinforcement rate of the original beam. The smaller the longitudinal reinforcement rate of the original beam, the greater the effect of the thin layer and the greater the increase in the yield load.



The peak load of the reinforcement beams A1 and B1 increased by 18% and 17% respectively. The increase in the peak load was not obviously affected by the ratio of the longitudinal reinforcement of the original beam. The main reason is that the tensile steel of the A-series test beam has a yield step, and the increase in the tensile steel load of the A1 test beam mainly depends on strengthening the thin layer. While the reinforced bars of the B-series test beam have no yield step, the reinforcement of the B1 test beam after yielding is still caused by the joint action of the reinforced bars and the reinforced thin layer. The contribution degree of the reinforced thin layer to the peak load therefore decreases.




3.4. Deformation Analysis


The displacement ductility coefficient μ is defined as the ratio of the corresponding displacement to the limit point of the beam body. It is generally used to measure the deformation ability of the component. The greater the displacement ductility coefficient, the stronger the deformation ability of the component. The unreinforced contrast beams A0 and B0 had a good plastic deformation ability, and the displacement ductility coefficient was 3.81 and 7.29, respectively. The peak deflection and ductility coefficient of the reinforcement beams A1 and B1 were greatly reduced, and the corresponding ductility coefficient was 1.84 and 3.90, respectively. The ductility coefficient of the test beam was significantly reduced after strengthening the thin layer of epoxy mortar, mainly due to the sudden fracture of the reinforced thin layer after reaching the peak load.



Therefore, in order to strengthen the beam in a subsequent study, we can consider adding fiber fabric or high-strength wire mesh to the reinforced thin layer.





4. Calculation of the Bending Bearing Capacity


4.1. Fundamental Assumption


(1) Before and after deformation, the strain of the concrete, the reinforcement, and the reinforcement material is distributed linearly along the section height, that is, it meets the flat section assumption; (2) the concrete in the tensile area is not considered; (3) there is no relative slip between the concrete, the reinforcement, and the reinforcement materials.



Taking the reinforced beam B1 as an example, the distribution of the cross section strain along the beam height is shown in Figure 13.




4.2. Material Constitutive Model


4.2.1. Concrete


The compressive stress–strain constitutive relationship of the concrete is selected according to the Code for Design of Concrete Structures (GB 50010-2010) [27], and it consists of a parabolic rising segment and a horizontal segment, as shown in Figure 14.



The expression is as follows:


   σ c  =        f  cd     1 −     1 −    ε c     ε   c 0         n        0 <  ε c  ≤  ε   c 0           f  cd        ε   c 0    <  ε c  ≤  ε  cu          



(1)




where σc is the compressive stress of the concrete; εc is the compressive strain of the concrete; fcd is the compressive strength of the concrete; εc0 is the peak compressive strain of the concrete; εcu is the ultimate compressive strain of the concrete, and n is the coefficient.



According to the material performance test results in Section 2.2, the values of concrete material parameters in this study are shown in Table 4.




4.2.2. Longitudinal Steel Bar


According to the measured curve of the steel stress and strain (Figure 4), the [image: Applsci 14 03999 i001]14 used in this study should adopt a double line model (Figure 15a) and the [image: Applsci 14 03999 i001]10 a double line reinforcement model (Figure 15b). The expression is as follows:


   σ   s 1    =        E 1   ε s      0 <  ε s  ≤  ε y         f y       ε y  <  ε s  ≤  ε  su          



(2)






   σ   s 2    =        E 1   ε s      0 <  ε s  ≤  ε y         f y  +  E 2     ε s  −  ε y         ε y  <  ε s  ≤  ε  su          



(3)




where E1 is the elastic modulus of the reinforcement; εy is the yield strain of the reinforcement; εsu is the peak strain of the reinforcement, where the peak strain of the steel bar takes 0.01 when its value is greater than 0.01; fy is the yield strength of the reinforcement; and E2 is the slope of the reinforcement section.



By comparing Formulae (2) and (3), it can be seen that Formula (2) is a special case when E2 is 0 in Formula (3). The subsequent theoretical derivation of the steel bar material expression is mainly based on Formula (3).



According to the material test results in Section 2.2, the values of steel bar material parameters in this study are shown in Table 5.




4.2.3. New Epoxy Mortar


The measured average stress–strain curve of the new epoxy mortar in Section 2.2 was fitted with the three-fold line model, and the tensile constitutive model of the new epoxy mortar was obtained, as shown in Figure 16.



According to the test results, the material parameter values of epoxy mortar in this study are shown in Table 6.





4.3. Calculation Formula of Bearing Capacity


In the bending reinforcement of the reinforced concrete beam, in order to make the structure have sufficient ductility, it is necessary to ensure that the stressed reinforcement of the original beam reaches the yield state before failure. The above test results show that the failure state of the RC beam reinforced by the thin layer of epoxy mortar is the yield of the original beam until the thin layer reinforced by the new epoxy mortar is broken. The concrete in the compression area is not crushed. Figure 17 shows the strain distribution and the calculation of the bearing capacity.



When the concrete in the compression zone is not crushed, it can be divided into two cases: 0 < εc < εc0 and εc0 < εc < εcu, corresponding to the following two calculation formulae:



(1) When 0 < εc < εc0, the resultant force of the concrete compressive stress is as follows:


   F c  =    ∫ 0   x c      f c  [ 1 −   ( 1 −    ε c     ε  c 0     ⋅  y   x c    )  2     ] b d y =  f c  b  x c     ε c     ε  c 0     ( 1 −    ε c    3  ε  c 0     )  



(4)







Let    β c  =    ε c     ε  c 0      , then


   F c  =  f c  b  x c   β c  ( 1 −    β c   3  )  



(5)




where βc is the proportional coefficient of the compressive strain of the concrete in the compression zone; εc is the compressive strain value of the concrete compression zone; and εc0 is the compressive strain value corresponding to the peak stress of the concrete.



The distance yc between the application point of the compressive stress force Fc and the edge of the compressive zone of concrete is as follows:


   y c  =  x c  ⋅   1 − 0.25  β c    3 −  β c     



(6)







The deformation coordination condition is as follows:


     ε c     ε  E M  u    =    x c    h +  t  E M   −  x c     



(7)






   ε c  =    x c    h +  t  E M   −  x c    ⋅  ε  E M  u   



(8)






   β c  =    ε c     ε  c 0     =    ε c   ε  E M  u     ε  E M  u   ε  c 0     =    x c    h +  t  E M   −  x c    ⋅    ε  E M  u     ε  c 0      



(9)






     ε s     ε  E M  u    =    h 0  −  x c    h +  t  E M   −  x c     



(10)






   ε s  =    h 0  −  x c    h +  t  E M   −  x c    ⋅  ε  E M  u   



(11)







The equilibrium equation in the direction of the horizontal force is as follows:


   f c  b  x c   β c  ( 1 −    β c   3  ) =    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  +  E  E M    ε  E M  u   A  E M    



(12)




where xc is found by Formulae (7), (10), and (12), and then we solve for Fc, yc. The moment at the center of the reinforcement layer is as follows:


     M  d u     =  f c  b  x c   β c  ( 1 −    β c   3  ) ( h +    t  E M    2  −  y c  )      −    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  (  a s  +    t  E M    2  )    



(13)







The distance of the concrete force in the compression zone is as follows:


     M  d u     =    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  (  h 0  −  y c  )      +  E  E M    ε  E M  u   A  E M   ( h +    t  E M    2  −  y c  )    



(14)







(2) When εc0 < εc < εcu, the resultant force of the concrete compressive stress is as follows:


     F c  =    ∫ 0   y 0      f c  [ 1 −   ( 1 −    ε c     ε  c 0     ⋅  y x  )  2     ] b d y     +    ∫   y 0     x c      f c     b d y =  f c  b  x c  ( 1 −    ε  c 0     3  ε c    )    



(15)







Let    β c  =    ε c     ε  c 0      , then


   F c  =  f c  b  x c  ( 1 −  1  3  β c    )  



(16)







The distance yc between the application point of the compressive stress force Fc and the edge of the compressive zone of the concrete is as follows:


   y c  =  x c  ⋅   1 −   1.5  β c 2  − 0.25   3  β c 2  −  β c       



(17)







The equilibrium equation in the direction of the horizontal force is as follows:


   f c  b  x c  ( 1 −  1  3  β c    ) =    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  +  E  E M    ε  E M  u   A  E M    



(18)




where xc is found by Formulae (7), (10), and (18), and then we solve for Fc, yc. The center of the reinforcement layer is as follows:


     M  d u     =  f c  b  x c  ( 1 −  1  3  β c    ) ( h +    t  E M    2  −  y c  )      −    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  (  a s  +    t  E M    2  )    



(19)







Or the distance of the concrete force in the compression zone is as follows:


     M  d u     =    f y  +  E 2  (  ε s  −  ε y  )   ⋅  A s  (  h 0  −  y c  )      +  E  E M    ε  E M  u   A  E M   ( h +    t  E M    2  −  y c  )    



(20)







When the above formula is applied, it can be calculated as 0 < εc < εc0 first. If the obtained βc < 1 in the middle calculation, it is assumed that the calculation continues; otherwise, it is calculated as εc0 < εc < εcu.




4.4. Formula Verification


Using the above formula, the bearing capacities of the reinforcement beams A1 and B1 are calculated and verified, and the calculation results are shown in Table 7 below. From the table, it can be seen that the errors between the theoretical calculation results and the test results are −11.73% and 4.14%, respectively, and the calculated values are in good agreement with the test values, which indicates that the theoretical formulae derived in this paper can be used for predicting the ultimate load carrying capacity of the new type of high-strength and high-toughness epoxy resin mortar-reinforced RC beams and provide theoretical references for the practical reinforcing applications.





5. Conclusions


In this paper, the bending performance of reinforced RC beams with a new type of high-strength and high-toughness epoxy mortar thin layer was studied with the bending test, and the feasibility and effect of the reinforced material were verified. Based on the flat section assumption, the bending capacity of the reinforced RC beams was calculated. The main conclusions are as follows:




	(1)

	
The contrast beams exhibited the typical bending failure modes. The failure mode of the reinforced beam was the yielding of the tensile reinforcement of the original beam and then fracture damage of the new epoxy mortar-reinforced thin layer.




	(2)

	
No debonding phenomenon was observed between the reinforced thin layer and the original concrete, and no visible cracks appeared before the tensile failure occurred in the thin layer.




	(3)

	
Compared with the corresponding contrast beams, the cracking load of the reinforcement beams A1 and B1 increased by 14% and 23% respectively, the yield load by 32% and 40%, respectively, and the peak load by 18% and 17%, respectively; the number of cracks developed slowly, but the crack width and spacing decreased significantly.




	(4)

	
The stiffness of the reinforced beam, especially after cracking, was significantly higher than that of the unreinforced contrast beams, but the deformation ductility coefficient was significantly reduced.




	(5)

	
For the calculation method of the epoxy mortar thin layer reinforcement RC beam proposed in this study, the calculated values showed a good agreement with the experimental values, with errors at −11.73% and 4.14%, respectively, which can provide support for related research on such reinforcement methods.




	(6)

	
In this study, only two-point flexural tests were carried out on beams without initial stress, and the influence of load holding or immediate damage on the reinforcement effect was not considered. The follow-up plan is to carry out the relevant experimental research to provide a basis for the practical engineering application of the new epoxy mortar thin layer reinforced RC beam.
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Figure 1. Schematic diagram of beam construction (dimensions in mm). 
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Figure 2. Dimensions and section of beams (dimensions in mm). 
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Figure 3. Axial compression test and stress–strain curve. 
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Figure 4. Tensile stress–strain curve of the reinforcement: (a) [image: Applsci 14 03999 i001]10; and (b) [image: Applsci 14 03999 i001]14. 
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Figure 5. Tensile stress-strain curve of epoxy mortar. 
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Figure 6. Mean stress-strain curve. 
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Figure 7. Test beam loading photo. 
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Figure 8. Loading device and measuring point layout. 
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Figure 9. Failure mode of beams: (a) contrast beam A0; (b) strengthened beam A1; (c) contrast beam B0; and (d) strengthened beam B1. 
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Figure 10. Test beam crack diagram: (a) contrast beam A0; (b) strengthened beam A1; (c) contrast beam B0; and (d) strengthened beam B1. 
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Figure 11. The concrete protective layer is detached from the longitudinal steel bar interface. 
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Figure 12. Load–mid-span deflection curve of beams. 
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Figure 13. Strain distribution of strengthened beam B1 section. 
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Figure 14. Concrete constitutive model curve. 
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Figure 15. Reinforcement constitutive model curve: (a) containing yield phase; (b) no yield phase. 
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Figure 16. Epoxy mortar constitutive model curve. 
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Figure 17. Strain distribution and bearing capacity calculation diagram of the strengthened beam section: h, tEM, and h0—the section height of the original beam, the thickness of the reinforcement layer, and the distance from the top of the beam to the center of the tension bar; As and AEM—the section area of the tensile steel bar and the section area of the reinforcement layer; xc—the height of the concrete compression zone; and Fs and FEM—the resultant force of the tensile longitudinal bar and reinforcing layer. 
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Table 1. Basic parameters of test beam.






Table 1. Basic parameters of test beam.





	Beam ID
	Longitudinal Steel Bar
	Longitudinal Reinforcement Ratio
	Reinforcement Thickness/mm





	A0
	3[image: Applsci 14 03999 i001]14
	0.6%
	0



	A1
	3[image: Applsci 14 03999 i001]14
	0.6%
	15



	B0
	3[image: Applsci 14 03999 i001]10
	1.18%
	0



	B1
	3[image: Applsci 14 03999 i001]10
	1.18%
	15










 





Table 2. Mass ratio of each component of the novel epoxy resin mortar (Unit: g).
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	Epoxy Resin
	Diluent
	Flexibilizer
	Defoamer
	Curing Agent
	Silane Coupling Agent
	Fly Ash
	Quartz Sand





	100
	10
	10
	1.5
	33
	3
	246
	369










 





Table 3. Results of experiments and analyses.
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Beam ID

	
Cracking Point

	
Yield Point

	
Peak Point

	
Limiting Point

	
      P m     P  m  , 0        

	
μ

	
Destruction Mode




	
Pcr/kN

	
fcr/mm

	
Py/kN

	
fy/mm

	
Pm/kN

	
fm/mm

	
Pu/kN

	
fu/mm






	
A0

	
26.06

	
0.58

	
119.39

	
7.98

	
143.29

	
28.03

	
121.80

	
30.38

	
—

	
3.81

	
A




	
A1

	
29.72

	
0.60

	
158.22

	
9.53

	
168.72

	
16.45

	
143.41

	
17.55

	
1.18

	
1.84

	
B




	
B0

	
19.70

	
0.38

	
64.22

	
6.86

	
86.77

	
49.84

	
73.75

	
50.01

	
—

	
7.29

	
A




	
B1

	
24.26

	
0.59

	
90.27

	
7.17

	
101.61

	
26.30

	
86.37

	
27.97

	
1.17

	
3.90

	
B











 





Table 4. Values of concrete material parameters.
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	Material Parameter
	fcd/MPa
	εc0/10−6
	εcu/10−6
	n





	value
	34.6
	1600
	2504
	2










 





Table 5. Values of steel bar parameters.
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	Materials
	E1/MPa
	E2/MPa
	εy/10−6
	fy/MPa
	εcu/10−6





	[image: Applsci 14 03999 i001]10
	200,000
	4915
	2500
	500
	10,000



	[image: Applsci 14 03999 i001]14
	200,000
	0
	2258
	452
	10,000










 





Table 6. Values of epoxy mortar material parameters.
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	Material Parameter
	σmax/MPa
	ε1/10−6
	ε2/10−6
	ε3/10−6





	value
	19.40
	1650
	4600
	10,100










 





Table 7. Comparison of experimental and theoretical values of flexural capacity.
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	Beam ID
	Experimental Value/kN
	Calculat