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Abstract

:

Deteriorated concrete cover, e.g., spalling or delamination, especially when it occurs at the web of a reinforced concrete (RC) beam within the shear span, can reduce the shear capacity of the beam. Patching of this deteriorated area may be the best option to recover the shear capacity of the beam affected. For this purpose, unsaturated polyester resin mortar (UPR mortar) has been formulated. This research aims to investigate the efficacy of UPR mortar in limiting the shear cracking and so restoring the shear capacity of the deteriorated RC beam. The investigation is carried out by an experimental and numerical study. Two types of beams with a size of 150 × 250 × 1000 mm were prepared. The first type of beams was assigned as a normal beam. The other was a beam with a cut off in the non-stirrup shear span, which was eventually patched with UPR mortar. Two reinforcement ratios were assigned for each type of beams. The results show that UPR mortar is effective to hamper the propagation of diagonal cracks leading to increase the shear failure load by 15–20% compared to the reference (normal) beam. The increase of shear strength with the use of UPR mortar is consistently confirmed at various reinforcement ratios.
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1. Introduction


Shear failure of reinforced concrete is characterised in a brittle manner. For safety reasons, the reinforced concrete beam is designed in such a way as to ensure that the shear capacity exceeds the flexural capacity at all points in the beam. This is reflected in the design codes by providing a more conservative reduction factor of shear strength than that of flexural strength [1,2]. It is also expected that this safety condition is maintained throughout its service life. However, an insufficient shear capacity may arise in the future when deterioration of the concrete occurs in the shear span. In such a situation, repair and strengthening are needed to recover the shear strength of the beam [3,4,5,6,7,8,9,10,11,12].



The deterioration of concrete can appear in various forms: cracking, spalling, delamination of concrete cover, etc. Various types of repair system and materials have been developed and applied to remedy the deteriorations. In the case of spalling or delamination, the most common method to repair such damages is by a patching system. This system requires a patch repair material that must be compatible with the concrete being repaired [13,14,15,16,17,18]. ACI 546R-04 [19] and EN 1504-9 [20] set out basic considerations and properties to select appropriate repair materials to ensure compliance with the parent concrete. However, it is noted that the main goal of the patch repair system is to replace the damaged concrete by new concrete or mortar, without strengthening the deficient strength of the parent concrete [21]. Patch repair only serves to restore the dimension of the damaged concrete and protect it from further deterioration. To regain or strengthen the deficient strength of the damaged concrete elements, another strengthening system is usually needed. For the case of deterioration that causes a strength reduction, it would be beneficial if the patching material is capable not only to restore the size of the damaged concrete section, but it would also be able to recover the strength of the concrete element being repaired. In this respect, the repair material must sufficiently adhere to the parent concrete so that the two materials, as a composite system, resist internal stresses induced by an external load that equals or exceeds the corresponding failure load of the original beam [22,23,24,25]. Survey of literatures shows that there are several repair materials which indicate their capability to restore the structural performance of patched RC elements. However, most of the repair materials were applied to recover the flexural performance of the damaged RC beams, even though some of the beams were repaired in their shear zone [22,23,26,27]. Among the scanty literatures on the shear strengthening of RC beams using cementitious based materials, none of them has been utilized for the patching system. Instead, these materials, reinforced with fibre, were used to strengthen the shear strength of RC beams by method of surface jacketing or wrapping [8,9,10,11,28,29,30].



The efficacy of the repair material used to restore the shear strength of a reinforced concrete beam can be traced from the influence of this material in altering the development of a diagonal shear crack. There are many mechanisms by which a diagonal shear crack can be formed, depending mainly on the ratio of the shear span to the effective depth of the beam (a/d). A beam with a/d less than 1 indicates an inclined compression crack pattern, where the crack extends directly from the load to the reaction (arch action). On the contrary, a beam with a/d more than 3 shows an inclined tension crack pattern. The crack is initiated by a vertical flexural crack and then inclined toward the load due to the diagonal tension stress induced by the combined flexure and shear stress. For a beam with a/d in the range of 1–3, the formation of a diagonal crack arises from the shear–compression failure pattern [31,32,33,34].



The shear strength of a reinforced concrete beam can be deduced from the equilibrium of forces acting on a diagonally cracked beam. In this respect, the shear strength (Vc) of a reinforced concrete beam consists of the shear provided by the uncracked portion of concrete (Vcz), the vertical component of the aggregate interlock force at the surface of the diagonal crack (Viy), and the dowel action of the longitudinal reinforcement (Vd) [34,35,36,37]. The presence of the repair material can alter the development of the diagonal crack, redistribute a portion of the shear strength components, and eventually affect the ultimate shear strength of the reinforced concrete beam.



This paper investigates the efficacy of unsaturated polyester resin (UPR) mortar as a patch repair material to recover the shear strength of reinforced concrete beams. A series of investigations have been carried out by authors which showed that UPR mortar has good characteristics in term of mechanical and dimensional related performance [3,38,39,40,41,42,43], and so this material is promising to be used for shear recovery of damaged RC beam. Previous investigation confirmed the capability of this material to regain the shear deficient of the damaged RC beam [3]. However, the study was limited to one longitudinal reinforcement ratio and without any attempt to reveal the mechanism of shear recovery of the patched RC beam. The current study is an extension of the previous study to cover other reinforcement ratios. The investigation is confined to a shear span without stirrups. Both experimental and numerical simulations are presented to reveal the mechanism by which UPR mortar can regain the shear strength of the reinforced concrete beam. The simulation is expanded to investigate the influence of UPR mortar on the shear strength of a beam with various longitudinal reinforcement ratios.




2. Materials and Methods


2.1. Materials


The concrete used for this investigation was a conventional (normal) concrete. Its mixture was proportioned following the Indonesian Standard [44] to achieve an average strength of 25 MPa. The obtained mix composition per m3 of concrete was as follows: 388 kg of cement, 771 kg of sand, 941 kg of coarse aggregate, and 225 kg of water. The actual strength of the concrete was determined by the testing of cylinder specimens of 150 × 300 mm. The compressive strength obtained at 28 days was 23.80 MPa and 25.29 MPa for batch 1 and 2, respectively. Meanwhile, the repair material used for patching the reinforced concrete beam was a UPR mortar. It was made from the following constituents per m3: 950 kg of sand, 808 kg of cement, 143 kg of fly ash, 475 kg of UPR, and 24 kg of hardener. The compressive strength of the UPR mortar was determined following the ASTM C 579-01 [45]. The average compressive strength obtained at 1 day was 73.67 MPa.




2.2. Beam Specimens


Two types of reinforced concrete beam were made, i.e., repair beam (BR) and normal beam (BN). BR was formed with a cut-off at one face of the web. The cut-off was located in the shear span where the diagonal shear crack could be expected to cross over it. After 90 days of ageing, the cut-off was eventually patched with UPR mortar. Figure 1 shows the two types of beams with their reinforcement layout. Two longitudinal reinforcements (i.e., either 2D19 or 2D22) were inserted in the tensile zone along the beam span. In addition, two other longitudinal reinforcements (2D8) were embedded along the compression zone. Vertical stirrups (D6-150) were introduced along one of the shear spans, while the other shear span was assigned with no stirrup. The one with no stirrup was designed to ensure that the beam would fail in shear at this particular span. Table 1 summarizes the beam specimens prepared for the investigation.




2.3. Testing Beam Specimens


The beams were tested under a concentrated load which was applied at the mid-span (Figure 2). The load was incrementally imposed at 2kN for each step of loading. This rate of loading was maintained until the beams failed. The shear failure mode of the beams was observed from the initiation, propagation, and final development of the crack patterns. Particular attention was paid to the formation of diagonal cracks, since this type of crack is exclusive to the shear failure mode. The span to depth ratio (a/d) of the tested beams was 2.38, and so the investigation was limited to observe only one type of shear failure. According to [36], the a/d of 2.38 is thought to be a transitional value between very short and slender shear spans. The shear transfer mechanism in this type of beam comprises the arch action and beam action, which can be investigated through experimental work and numerical analysis.




2.4. Numerical Modelling


Numerical modelling was performed using 3D ATENA Engineering software. Both concrete and UPR-mortar were modelled as 3D nonlinear cementitious material 2, where the complete equivalent stress-strain diagram of this model can be seen in Figure 3. Constitutive model for steel follows an elastic-perfectly plastic behavior and the software provided this definition through the option of reinforcement bilinear model. Steel plate was used as a medium to transfer the load at either the loading point or the supports. In this way, the concentration of loads that might affect the fracture of concrete was eliminated. The steel plate was modelled as 3D elastic isotropic, where the steel behaves as an elastic material with unlimited strength.



Meshes of solid 3D finite element generated for both normal and repair beam are shown in Figure 4. A linear brick element type was used for generating these meshes. In the real experiment, the beam was laid on top of pin supports. These supports provided a vertical restraint for the downward movement, but no restraint for the upward movement. The horizontal movement was partially restrained. For these reasons, the supports were modelled as nonlinear spring with a massive stiffness to resist the downward movement and a light stiffness to slightly restrain the upward movement. In addition, a linear elastic spring was defined to partially restrain the horizontal movement. Table 2 summarizes properties of materials and their corresponding constitutive models used in this investigation. Numerical simulation was performed by testing the beam models with a force at specified joint, i.e., at the top centre of the beam. The load was incrementally applied at 200 N until failure. The rate of loading was definitely lower, i.e., about one-tenth of the experimental loading. The smaller rate of loading in this simulation was intended to capture more details of the development of the cracks. The numerical simulation was expanded on similar beams but with various reinforcement ratios.





3. Results and Discussion


3.1. Load-Deflection Behaviour


Figure 5 shows the observed load-deflection behaviour of the beams. Generally, all beams exhibit linear behaviour up to at least 50% of their corresponding peak load; after which they show a slight increase in deformation under an increment loading. The beams show a sudden collapse when the loads reach their respective peak value. The influence of patching can be identified as follows: UPR mortar can recover the stiffness of the damaged beams as demonstrated by the similar stiffness of the repair beams to those of undamaged (normal) beams. UPR mortar also restores the shear strength of the damaged beams; even their strengths are greater than the corresponding strengths of the undamaged beams. An increase of strength by 15–20% can be expected when the UPR mortar is used to patch repair the damaged beams. This level of increase is comparable to the shear strengthening of undamaged RC beams using ultra-high performance fibre reinforced concrete (UHPC) jacketing, which gives an increase of 25–28% at ratio a/d of 2.0 [30], and 16% at a ratio of a/d 2.5 [28]. The increase is greater compared to shear strengthening using ferrocement jacketing which provides an increase of only 1.5–5.8% when the strengthening was applied after beam cracking [29]. Other cement-based fibre composite material indicates that the increase in shear capacity can be achieved only if an adequate strengthening configuration is adopted. When discontinuous U-wrapped strips are applied, they will not be effective to increase the shear strength [11]. All of these comparisons suggest that patching using UPR mortar is a good alternative to repair shear deficient beam.



Figure 6 shows comparisons of the experiment versus numerical simulation of load-deflection behaviours. The similarity between the numerical curves with the experimental load-deflection behaviours indicates the capability of the numerical simulation to capture the behaviour of the investigated beams.




3.2. Shear Cracking Failure


The failure mode of the reinforced concrete beams can be observed from the initiation, propagation, and final formation of cracks leading to the failure of the beams. Typical shear failure modes of reinforced concrete beams are presented in Figure 7. The first crack to appear is a vertical crack, i.e., a typical flexural crack occurs at the mid-span of the beam corresponding to the existence of the maximum bending moment. When the load is increased, more flexural cracks are observed adjacent to the middle span of the normal beams. After a certain load level, some of the vertical cracks propagate in length, directed toward the loading point to form diagonal cracks. The final formation of cracks at the peak load indicates that one of the diagonal cracks (i.e., the one within the shear span without stirrup) has widened significantly, dictating the failure mode of the beam. In all cases of beams, diagonal crack causing beam failure traverses along the point of loading and support.



The influence of the UPR mortar on the shear failure mode can be studied from the comparison of the crack development in the normal and repair beams (Figure 7). In both beams, flexural cracks begin at a similar load (about 30 kN). With regard to the diagonal crack formation, the presence of UPR mortar disrupts the continuity of diagonal crack. Even in the BR-22 specimen, diagonal crack does not cross over the UPR-mortar. The lower modulus of elasticity of the UPR mortar compared to the parent concrete could cause the stresses are more concentrated in the concrete section; and so that although the UPR mortar remains solid, on the contrary, the parent concrete section may suffer intense cracks. The observation of crack patterns on the opposite side of the beams confirmed this. The final formation of shear crack that dictates the failure mode of the repair beams occur at higher loads compared to the corresponding failure loads of the normal beams. The UPR mortar can increase the shear strength of reinforced concrete beams around 15–20%.




3.3. Stress Distribution in Concrete Beam


Stresses in the beam induced by an external load can cause cracks in the concrete if the stresses attain the tensile capacity of the concrete. Once the beam is cracked, the stresses are redistributed in such a way that the beam reaches a new equilibrium state of forces. Further increase of the load will intensify the stresses, resulting in the formation of new cracks and expanding the preceding cracks in both length and width. Hence, the initiation, propagation, and formation of cracks are related to the distribution and redistribution of stresses in the beam. Of course, the properties of the materials involved will considerably influence that behaviour. In this section, examples of stresses distribution in the normal and repair beams at various stages of loading are presented (Figure 8 and Figure 9) in order to highlight the cause of cracks formation in the two beams.



At the early stage of loading, negative and positive normal stresses (σxx) due to flexural moment can be identified above and below the neutral axis, respectively. Similarly, negative and positive shear stresses (τxx) due to the shear force can be observed at the left and right shear span, respectively. At this early stage of loading, no crack is found. Therefore, the normal stresses are distributed proportionately in the compression and tension zones. In the same way, a fairly equal distribution of shear stresses can be seen in the left and right shear span.



The first flexural crack appears at about the mid-span of the beam. The load corresponding to the first appearance of flexural cracks is about 30 kN. These cracks cause some redistribution of stresses. The most noticeable influence of these cracks is to alter the neutral axis above the cracks. As a consequence, the depth of the compression zone at this site is decreased. Hence, this zone tends to take higher compressive stresses. An increase of load after the first flexural cracks generates more flexural cracks around the mid-span and intensifies the stresses in the compression zone (Figure 8d). Meanwhile, the formation of flexural cracks seems not to influence the proportionate distribution of shear stresses. However, the stress distribution is significantly altered after the formation of the first diagonal crack. At this load level (about 100 kN and 130 kN for BN and BR, respectively), the depth of the compression zone at around the mid-span is further decreased. On the other hand, at about a half of the shear spans, the depth of the compression zone is increased. The depth of compression zone is greater where a diagonal crack is present in the particular shear span. At the final stage of loading, inclined compression zones develop in directions from the loading point toward the supports. A high concentration of compression and shear stresses can be observed near the loading point at this final stage before failure.



The influence of the UPR mortar in the distribution of stresses can be identified as follows: at early stage of loading up to the first formation of flexural cracks, there is a little influence of UPR mortar. The stresses distributions in the BN and BR are fairly similar. After the formation of the first diagonal cracks in BN, i.e., at a load of 100 kN, the UPR mortar seems to produce a discontinuity of the normal stress distribution (Figure 8e). In addition, the UPR mortar increases the load that initiates the first appearance of diagonal cracks from 100 kN to 130 kN (Figure 8f). At this load level, the repair beam undergoes less intense stresses compared to the normal beam; an incident that can be related to the diagonal crack intensity. A similar case is also observed with respect to the shear stress (Figure 9f). The behaviour may be explained by the fact that the UPR mortar has high tensile strength. Therefore, it can take a higher stress before cracking. Its presence in the shear span provides a means to hinder the development of diagonal shear cracks. Hence, the cracks in this shear span of the BR are less intense and narrower than those of the BN. All of these factors affect the redistribution of stresses. The repair beam with a smaller crack intensity undergoes little stress concentration at the inclined compression zones. At final stage of loading, both beams undergo considerable normal (σxx) and shear (τxz) stress at the inclined compression zone, leading to the development of diagonal cracks that cause beams failure.




3.4. Reinforcement Strain


The evolution of longitudinal reinforcement strain (ϵxx) is presented in Figure 10. At the early stages of loading, the tensile strain along the longitudinal reinforcement follows the bending moment, where the maximum value occurs at the mid-span (strain#6). After flexural cracks occur at a load of 30 kN, the tensile strain of the longitudinal reinforcement at the mid-span (strain #6) start to deviate from the original straight line. Further increase of load up to about 50 kN will cause the strains at around the mid-span (strain #3–6) start to increase sharply. At a loading stage corresponding to the first diagonal cracks (i.e., 100 kN for BN and 130 kN for BR), an increase of tensile reinforcement strain can be observed in a wider zone (strain #1–6). This wider zone of tensile reinforcement strain is related to widespread cracking zone at this load level (see Figure 8 and Figure 9). It can be noted that the presence of UPR mortar tends to conserve the development of strains in the tensile reinforcement to the left of UPR mortar. Even the reinforcement strain #1 of BR is hardly increased. On the other hand, reinforcement strains to the right of UPR mortar (strain #4–6) exhibit higher values; it is interesting to note that strains #4–6 develop similar magnitude. This behaviour indicates that more stresses are distributed to the right of the UPR mortar. At the final stage of loading, high tensile strain extends almost along the whole of the longitudinal reinforcement, with the exception of strain #1 in BR. Examining Figure 8, Figure 9 and Figure 10 and especially the evolution of stress and strain distribution from the first diagonal cracks formation to the final stage of loading, one can see that there is a transition of the shear resistance mechanism from beam action into arch action.




3.5. Shear Strength


It has been shown that the use of UPR mortar as a patch repair material can alter the initiation, propagation, and final formation of primary diagonal cracks, leading to shear failure of the reinforced concrete beam. The alteration of diagonal cracks development results in an increase of shear strength. The experimental investigation confirms that the shear strength of repair beam is increased by 15–20% compared to the normal beam. In this section, numerical simulation is carried out to show the influence of UPR mortar on shear strength at expanded reinforcement ratio. The results are presented in Figure 11. The increase of shear strength with respect to the use of UPR mortar as a patch repair material can be observed consistently at an extended reinforcement ratio. The level of increase is slightly greater at a higher reinforcement ratio.





4. Conclusions


The influence of UPR mortar as a patch repair material on the shear failure of a reinforced concrete beam without stirrup can be identified as follows:




	
It causes the first diagonal crack appearing at a higher load compared to that of normal beam.



	
The high tensile strength of UPR is beneficial to hamper the propagation of the diagonal cracks.



	
It alters the stress distribution in such a way to cause the stresses in the span between support and UPR mortar decrease. On the other hand, the stresses in the span between UPR mortar and loading point increase.



	
UPR mortar can increase the shear strength of the reinforced concrete beam about 15–20% at a variety of reinforcement ratios.








Based on the above findings and considering an easy of its application, UPR mortar can be a good alternative to repair shear deficient of the damaged RC beams. The level of shear recovery can be expected comparable to other method of shear strengthening, i.e., jacketing or wrapping using various cementitious based repair materials.
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Figure 1. Two types of beam with their reinforcement layout. 
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Figure 2. Setting up the beam testing. 
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Figure 3. Equivalent uniaxial stress-strain of concrete. 
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Figure 4. Finite element model of normal beam (left) and repair beam (right). 
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Figure 5. Load-deflection behaviour. 
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Figure 6. Experimental vs. numerical load-deflection. 
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Figure 7. Shear cracking observed from experimental investigation. 
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Figure 8. Normal stress (σxx) distribution and cracks formation at various stages of loading. 
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Figure 9. Shear stress (τxx) distribution and cracks formation at various stages of loading. 
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Figure 10. Reinforcement strain (ϵxx) in BN (left) and BR (right) at various stages of loading. 
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Figure 11. Influence of UPR mortar on shear strength of RC beam at various reinforcement ratios (numerical simulation). 
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Table 1. Description of beam specimens.
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	Beam ID
	Type of Beam
	Tensile Reinforcement
	Compressive Reinforcement
	Stirrup at Half Shear Span
	Concrete Compressive Strength 1
	UPR Mortar Compressive Strength 1





	BN-19
	Normal
	2D19
	2D8
	D6-150
	23.80 MPa
	-



	BR-19
	Repair
	2D19
	2D8
	D6-150
	23.80 MPa
	73.67 MPa



	BN-22
	Normal
	2D22
	2D8
	D6-150
	25.29 MPa
	-



	BR-22
	Repair
	2D22
	2D8
	D6-150
	25.29 MPa
	73.67 MPa







1 Average value.
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Table 2. Properties of materials and their corresponding constitutive model.
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Material

	
Average Compressive Strength (Cylinder) (MPa)

	
Characteristic Compressive Strength (Cylinder) (MPa)

	
Characteristic Compressive Strength (Cube)

(MPa)

	
Tensile Strength (MPa)

	
Yield Stress (MPa)

	
Elastic Modulus (MPa)

	
Material Model






	
Concrete

(BN-19 & BR-19)

	
23.80

	
15.80

	
18.59

	
1.66

	

	
24,350

	
3D nonlinear cementitious material 2




	
Concrete

(BN-22 & BR-22)

	
25.29

	
17.29

	
20.34

	
1.78

	

	
25,640

	
3D nonlinear cementitious material 2




	
UPR-mortar

	

	

	
73.6

	
21.5

	

	
12,500

	
3D nonlinear cementitious material 2




	
Reinforcement D22

	

	

	

	

	
452

	
200,000

	
Reinforcement-bilinear




	
Reinforcement D19

	

	

	

	

	
475

	
200,000

	
Reinforcement-bilinear




	
Reinforcement D8

	

	

	

	

	
462

	
200,000

	
Reinforcement-bilinear




	
Reinforcement D6

	

	

	

	

	
395

	
200,000

	
Reinforcement-bilinear




	
Steel plate

	

	

	

	

	

	
200,000

	
3D elastic isotropic




	
Horizontal support

	

	

	

	

	

	
10,000

	
Linear spring




	
Vertical support

	
Relative displacement −1, Stress 500,000 MPa

Relative displacement +1, Stress 330–350 MPa

	
Nonlinear spring
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