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Abstract

:

The relationship between transverse and longitudinal deformations (Poisson ratio) in the compressed zone of bending reinforced concrete elements is still not properly considered in designs. This factor is important as it is related to the formation of transverse cracks in the compressed zone of the elements. The main aim of the present research was an experimental investigation of the Poisson ratio in the compressed zone of real single- and two-layer reinforced concrete beams as well as a comparison with the theoretical model proposed in this study. The elastic and elastic–plastic stages were analyzed using experimental data for real beams with a span of 8 m. It was shown that the term “Poisson coefficient” had a limited validity for elastic longitudinal deformations up to 0.5‰. After reaching this limit, the suitable term was “Poisson ratio”. The obtained results allowed a more accurate prediction of transverse deformations and the corresponding cracks, defining a new limit state for bending reinforced concrete elements. Therefore, the authors recommend that the obtained results are considered in order to increase the design accuracy of reinforced concrete bending elements. The outcomes of this study and the proposed theoretical concept should be included in modern design provisions.
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1. Introduction


Poisson’s deformations are known in the literature as a material expansion or contraction in a direction perpendicular to the external loading. Typical stone materials have Poisson coefficients between 0.1 and 0.3 [1]; for example, for concrete it is 0.15 … 0.2 and for steel it is 0.27 … 0.3. It should be mentioned that these values are related to the elastic stage of the behavior of materials under pure compression or tension.



At non-elastic strains, the ratio between the transverse and axial strains becomes inconstant; therefore, it cannot be described by the Poisson coefficient. In such cases, the Poisson effect is a function of real non-linear strain and the Poisson coefficient is replaced by the Poisson function (Poisson ratio) [2]. For metals, the transfer from a Poisson coefficient to a Poisson function is less important as their non-linear behavior is due to the yielding of the material. However, for stone-type materials such as concrete, this transfer is very important as it begins at stress values that are about half of the ultimate one, which is when elastic–plastic deformation development begins [3,4].



The many ways of defining the Poisson ratio are known from the literature, but little is known regarding its accuracy [5]. The initial values of the Poisson function at the beginning of the concrete elastic–plastic stage are equal to the Poisson coefficient, but the Poisson function values at higher strains are not constant. This factor is significant and should be considered in designs.



Following the available data, the Poisson effect before shear cracking is characterized by the well-known Poisson coefficient, but after cracking it is characterized by two ratios that were studied in [6]. Experiments were performed to measure these ratios to provide a basis to develop a corresponding model for predicting shear stress vs. shear strain curves, including post-peak descending branches.



Many researchers in the fields of concrete and polymer materials have extended the definition of the Poisson function to linear viscoelasticity [7]. The Poisson function can increase, decrease or have a non-monotonic function of time. Theoretical and practical examples have been provided to highlight that any evolution of concrete viscoelastic Poisson functions is possible.



The available methods for an ultimate limit state analysis of reinforced concrete structures or structural elements use the modelling of the material characteristics such as strain, stress and the strain rate [8]. Such modelling is based on theoretical concepts, including plastic fracturing [9], monotonic and cyclic behavior under multiaxial stress conditions [10] and viscoplasticity [11].



It was observed that the Poisson ratio of concrete lies in the range of 0.15 to 0.22 when determined from strain measurements under a compressive load [12]. A similar range of the Poisson ratio was obtained under a tensile load. Although the Poisson ratio for the pure compression or tension of concrete has been investigated by many researchers, the problem has not been practically studied for bending elements. The authors performed a long-term experimental program on high-performance two-layer beams (TLB). In the frame of this program, we tested small-scale (0.7 m long) single supported TLBs [13], full-scale (3 m long) simple supported beams [14,15], continuous (4 m long) two-span TLBs (each span was 2 m) [16] and pre-stressed 3 m long TLBs [17,18].



In this paper, the available experimental data for real reinforced concrete (RC) single- and two-layer beams were analyzed in order to investigate the transverse deformations, Poisson ratio and corresponding function for elastic–plastic deformations in the compressed zone. The analysis was performed using a recently developed theoretical model of RC tensile behavior for different stress–strain conditions [19] and structural phenomena [4].




2. Research Aims, Scope and Novelty


As mentioned above, the Poisson ratio of concrete has been investigated for elements under pure compression, but the problem has not been studied for bending. The present research aimed to investigate the Poisson ratio in the compressed zone of real high-performance reinforced concrete beams. An analysis of the Poisson ratio at the elastic and elastic–plastic stages up to a failure was carried out. For this purpose, the experimental results obtained by the authors were used.



The novelty of the present study was that, for the first time, the dependence of the Poisson ratio was obtained for the compressed zone of real RC bending elements at the elastic and elastic–plastic stages. The results of this study form a basis for a more accurate design of such elements, enabling analyses to be performed without empirical coefficients.




3. Theoretical Background


3.1. Theoretical Model of the Indirect Tensile Behavior of Concrete


Research on concrete tensile strength is limited, relative to compression. Therefore, different stress–strain conditions under tension were investigated and a method considering these features in the design of RC structures was proposed [19]. The concrete tensile stresses were divided into two groups; direct and indirect tension. It has been reported that indirect concrete tensile strength is higher than direct strength up to 2.8 times. For each type of tensile stresses, the linear, non-linear and ultimate limit state (ULS) were theoretically studied (without empirical coefficients), which is very convenient and accurate for the analysis of concrete resistance in pure tension and tension with transverse deformations.



The subject of the present research was a case corresponding with concrete transverse tension. With this type of tension, tensile deformations are secondary and are a result of longitudinal compression deformations. It has been shown in a previous study [19] that the ascending and descending branches for concrete transverse tensile stress–strain behavior are linear and correspond with structural phenomena [4]; i.e., plastic deformations are two times higher compared with elastic ones.


   f  c t   t r a n s   =  µ c     f c    =   0.2    f c    =   2    f  c t   ,  



(1)




where    µ c    is the Poisson coefficient for the compressed concrete elastic stage, fc is the concrete strength at compression and fct is the concrete strength with transverse tension.



As compressed concrete deformations are elastic up to the appearance of cracks, then


   f  c t     =    ε  c t   u l      E c    =   0.1 ·   10   − 3      E c  ,  



(2)




where εct ul = 0.1‰ is the ultimate value of the concrete tensile deformations and Ec is the concrete modulus of elasticity.



It was shown in [19] that the concrete transverse tensile strength is two times higher than that in the tensile zone at bending.




3.2. The Main Idea of Structural Phenomena


The idea of structural phenomena (SP) was previously presented and demonstrated for different structural parameters at ULSs [4]. The phenomena are valid for material properties as well as for structures and their elements under static and/or dynamic loadings. Following this idea, many design structural parameters at ULSs are two times higher or lower than at the beginning of loading, which is when the structure behaves elastically. SP were demonstrated using available experimental and theoretical data for different types of structures and elements (beams, frames and joints at static or/and dynamic forces).



It was also shown that SP enable the prediction of ULSs in structures by calculating changes in their strength and deformation before a real design, thus solving durability problems and revealing changes in structural static schemes. Using SP in the present study allowed the further development of RC theory to predict transverse deformations in the compressed zone of bending elements and to obtain a proper Poisson ratio based on the available experimental data.




3.3. Influence of Transverse Deformation on the Design of RC Structures


Experimental data regarding the influence of transverse deformations on the behavior of full-scale bending elements or real structures are very limited. At the same time, recent strong earthquakes have demonstrated that these deformations may be a reason for significant damage in columns, which may finally result in the collapse of buildings. Transverse (tensile) deformations can be divided into two stages: before the appearance of transverse cracks; and after their appearance up to failure. These two stages are evident, for example, in the response of RC columns to the strong earthquake in Mexico in 2017 [20] (see Figure 3 in [21]).



A similar problem is relevant for fiber-reinforced concrete elements. As mentioned in [22], although steel fibers are accepted in modern design provisions, equations for estimating the elasticity modulus and Poisson ratio of fiber-reinforced concrete are not provided in building codes. Empirical equations have been developed to estimate the modulus of elasticity and Poisson ratio of concrete-reinforced different fibers.



Thus, a need for an experimental investigation into transverse deformations in real fiber-reinforced concrete structures has been raised. This experimental study is required to propose a theoretical dependence for the development of such deformations, from the initial loading stages to the ultimate limit state of a structure. Carrying out the present experimental research on real bending elements is especially important to develop proper design procedures for two-layer high-performance beams (steel fiber-reinforced concrete in addition to ordinary reinforcement) as well as a validation of these procedures.





4. Description of the Experiments


4.1. Concrete Properties and Production of Specimens


The present research focused on the analysis of experimental results obtained by testing real 8 m long RC beams. One single-layer beam (SLB) and one TLB were tested. The TLB consisted of normal strength concrete (NSC) in the tensile zone and steel fiber high-strength concrete (SFHSC) in the compressed one. The tests were carried out according to the German Concrete Association requirements [23], which are similar to those of RILEM [24] and other publications [25]. According to [23], the beams were loaded orthogonal to the casting direction. The steel fibers had an ultimate tensile strength of 1100 MPa, a length of 50 mm and a diameter of 1 mm. The number of fibers per 1 kg was about 3150.



The concrete component properties are presented in Table 1. Dried aggregates were used for all mixtures. The concrete mixture proportioning per 1 m3 of concrete was as follows:



	Cement
	400 kg



	Water
	152 L



	Fly ash
	100 kg



	Super-plasticizer
	15.4 L



	Sand fraction 0/2
	675.43 kg



	Gravel fraction 2/8
	429.71 kg



	Gravel fraction 8/16
	618.78 kg



	Steel fiber ratio
	40 kg








Steel bars with an ultimate strain of 25‰ and a modulus of elasticity, yield strength and ultimate strength of 200 GPa, 500 MPa and 525 MPa, respectively, were used for the reinforcement [26]. The reinforcement schemes of the tested beams are shown in Figure 1. The initial pre-stress was 900 MPa for both specimens.



To obtain the compressive and splitting tensile strengths of SFHSC, 6 15 × 15 × 15 cm cubes were tested. With this aim, a testing machine with a 5000 kN load capacity and a 100 cm maximum stroke was used. Three specimens were tested to obtain the compressive strength and three others were tested for the splitting tensile strength. The results of these tests are presented in Table 2.



Concrete class C 40/50 was used for the SLB and for the NSC layer of the TLB. Concrete class C 90/100 was selected for the SFHSC layer of the TLB. The cross-section of both beams was 25 × 60 cm2. The depths of the TLB NSC and SFHSC layers were 45 cm and 15 cm, respectively.



The pre-stress was transferred to both the SLB and TLB one day after casting in real industrial conditions. After that, the beams hardened in natural conditions. After casting the SFHSC layer of the TLB at the university laboratory (Figure 2), both specimens were kept in natural conditions and tested after 28 days.




4.2. Testing Procedure


A scheme of the measurement device placement is shown in Figure 3. Two strain gages (SG1 and SG2) were placed in the mid-span of the tested specimens in the upper part of the beams to study the longitudinal deformations in the compressed zone of the bending elements. The transverse deformations were measured at the same place by LVDTs 10 and 11. Strain gage SG2 was located on the opposite side of the beam; therefore, it is not shown in the figure. The load was applied in steps by a hydraulic actuator with a capacity of 400 kN and stroke of 200 mm.



CATMAN software [27] was used for the data logging. At each load step, the mid-span deflections (LVDT 1) and longitudinal (SG1, SG2) and transverse (LVDT 10, LVDT 11) deformations in the compressed zone were measured (see Figure 3).





5. Experimental Results and Discussion


5.1. Basic Analysis of the Measured Deflections and Deformations


The tested SLBs and TLBs were loaded, including the elastic–plastic stage. The cracks propagated almost up to the compressed zone border. Figure 4 presents the relationship between the force and mid-span deflection in both tested beams. As evident from the figure, the maximum load measured in the SLB was about 320 kN; for the TLB, it was more than 440 kN (i.e., 37.5% higher). The TLB mid-span deflections under the same loads for the elastic–plastic deformation range were about 37% lower compared with the SLB. This was due to the positive effect of using SFHSC in the TLB compressed zone relative to the SLB, which had no steel fibers in the compressed zone.



The typical relationships between the load and longitudinal compression deformations in concrete measured in the middle of the investigated SLBs and TLBs are shown in Figure 5. The maximum compression deformations in the SLB were about 1.5‰; in the TLB, they were about 2.4‰ at the maximum measured loads. In other words, the deformability of SFHSC in the compressed zone of the TLB was 60% higher compared with the ordinary concrete without fibers in the SLB.



The typical relationships between the load and transverse tensile deformations measured in the middle of the investigated SLBs and TLBs are shown in Figure 6. The maximum values of the tensile deformations in the SLB were about 0.55‰; in the TLB, they were about 0.75‰ at the maximum measured loads. In other words, the transverse deformability of SFHSC in the TLB was 36% higher compared with the SLB.




5.2. Development of Transverse Deformation Theory Based on the Obtained Experimental Results


The relationships between the transverse and longitudinal deformations in the SLB and TLB are presented in Figure 7. The dependence between these deformations was a concave curve; i.e., as the longitudinal deformations became higher, the transverse ones grew in a non-linear form. According to the classical interpretation of Poisson deformations, there is linear relationship between the transverse and longitudinal deformations up to the elasticity limit. This concept corresponded with line 1 in the figure. Line 2 corresponded with the non-linear parts of the graphs and began from the longitudinal deformations of 0.58‰ for the SLB and 0.85‰ for the TLB. The difference between these values was 46.6%, which, consequently, increased the transverse crack resistance of the TLBs. Concrete mechanics theory does not consider transverse cracks; the transverse deformations are limited to 20% of the longitudinal ones [21,28]. Line 3 presents a conditional extension of the linear elastic transverse deformations.



The theoretical interpretation of SFHSC (dependence between εtrans/εc vs. εc) at a material level was previously discussed and verified for cylindrical specimens [21]. It was shown that the main feature in SFHSC behavior is that for longitudinal deformations εc ≤ 1‰, the ratio εtrans/εc is constant; it indicates that the SFHSC behaves linearly.



The concept was further investigated in the present research for real RC beams to confirm this idea at a structural level. From a theoretical viewpoint, there are two main stages in the behavior of concrete bending elements:




	-

	
The elastic stage, when the ratio between the transverse deformations to the longitudinal ones (µ = εtrans/εc) vs. the longitudinal deformations (εc) is constant; i.e., for longitudinal deformations within 0 and 0.5‰, the ratio µ = 0.2 (Figure 8);




	-

	
The elastic–plastic stage, when the ratio between the transverse deformations to the longitudinal ones (µ = εtrans/εc) vs. the longitudinal deformations (εc) is linear (line AB in Figure 8) and increases from µ = 0.2 to µ = 0.4 at εc = 0.5‰ and εc = 2‰, respectively.









The increase in the value of µ in the second stage was up to two times, which was as expected and corresponded with structural phenomena [4]. Consequently, and following this theoretical model, the known term “Poisson coefficient” was valid, but only for 0 ≤ εc ≤ 0.5‰. When 0.5‰ < εc ≤ 2‰, this term was not correct and a suitable term was “Poisson ratio”. Obviously, this concept and the proposed theoretical model (Figure 8) had to be verified. With this aim, the experimental data from testing the real SLB and TLB were analyzed.



Figure 9 compares the above-described theoretical graph (see Figure 8) with the experimental data that were obtained in the frame of the present study for real SLB and TLB specimens (shown in Figure 1) and described in Section 4. The solid lines in Figure 9 corresponded with the experimental data and the hidden ones corresponded with the theoretical model following Figure 8. It was evident that the model accurately predicted the experimental data. Following Figure 9, for the SLB the experimental values were 0.24 ≤ µ ≤ 0.46. For the TLB (Figure 9), the corresponding limits were 0.16 ≤ µ ≤ 0.28. It was clear that a decrease in the limits of µ in the TLB was due to the use of SFHSC in its compressed zone.





6. Conclusions


The present research focused on an experimental investigation of the Poisson ratio in the compressed zone of real single- and two-layer reinforced concrete beams. The experimental data were compared with a theoretical model and a good correspondence was obtained.



It was shown that, in the elastic stage, the Poisson ratio was constant and, therefore, the term “Poisson coefficient” was valid, but only within elastic longitudinal deformation limits up to 0.5‰. At the elastic–plastic stage, the relationship between the transverse to longitudinal deformations vs. the longitudinal ones had an evident linear shape. Therefore, for this stage, instead of the term “Poisson coefficient”, a more appropriate term of “Poisson ratio” was used.



The results obtained in the frame of this study allow for a more accurate prediction of transverse deformations and corresponding cracks and define a new limit state for bending reinforced concrete elements.



The Poisson ratio limits depend on the concrete class; it varied from 0.2 ≤ µ ≤ 0.4 for NSC and 0.15 ≤ µ ≤ 0.3 for SFHSC. For both cases, the upper limits were two times higher than the lower ones, which corresponded with structural phenomena.



The authors recommend that the obtained data are considered for the more accurate design of reinforced concrete bending elements and that the proposed theoretical concept is included in modern design provisions. When the value of transverse deformations reached 0.5‰, the corresponding longitudinal deformations were about 2.5‰, indicating that the compressed concrete was in its ultimate limit state. Therefore, design provisions should include additional recommendations that deal with the limit state of bending reinforced concrete element sections related to the formation of cracks due to transverse deformations.
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Figure 1. Reinforcement scheme of the tested beams: (a) pre-stressed single-layer beam; (b) pre-stressed two-layer beam. 
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Figure 2. The SLB and TLB specimens in the university laboratory. 
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Figure 3. Location of measurement equipment on the tested specimens. 
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Figure 4. Load–mid-span deflection (LVDT 2) diagram. 
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Figure 5. Typical load–longitudinal deformation diagram. 
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Figure 6. Typical load–transverse deformation diagram. 
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Figure 7. Dependence between transverse and longitudinal deformations. Line 1: linear relationship; line 2: non-linear relationship; line 3: conditionally shown extension of linear elastic transverse deformations. 
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Figure 8. Theoretical relationship between µ = εtrans/εc and longitudinal deformation εc. A: compressed concrete elasticity limit; B: ultimate deformation of compressed concrete. 
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Figure 9. Deformation ratio (εtrans/εlong) vs. load. 
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Table 1. Concrete component properties.






Table 1. Concrete component properties.





	Component
	Units
	Quantity





	Cement density
	kg/m3
	3100



	Fly ash density
	kg/m3
	2300



	Poly-carboxylic ether-based super-plasticizer
	kg/m3
	1070



	Long-term retarder
	kg/m3
	1170



	Natural sand fraction size
	mm
	0 to 2



	Sand density
	kg/m3
	2660



	Gravel fraction
	mm
	2 to 8

8 to 16



	Gravel density
	kg/m3
	2640
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Table 2. Experimental values of SFHSC strength.
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Specimen

	
Strength, MPa




	
Compression

	
Splitting Tensile






	
1

	
98.04

	
6.01




	
2

	
94.35

	
6.39




	
3

	
95.29

	
5.78
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