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Abstract

:

The axial compression strength of concrete columns has been proved to be significantly enhanced by external confinement. In this perspective, the use of Fiber-Reinforced Polymers (FRPs) has been extensively studied. In practical applications, the FRP-confinement is installed on loaded columns, which can already be significantly deformed, while theoretical models neglect this aspect. This paper concerns a new experimental investigation on the possibility that a pre-existing axial load affects the FRP-confinement of concrete. The research program also aimed at the development of a new analysis-oriented-model for the prediction of the compressive strength of FRP-jacketed concrete columns, depending on the level of the axial load, acting before the confinement. For this purpose, series of small-scale concrete cylinders were first loaded, then confined with Carbon FRP, and finally subjected to destructive pure axial compression tests. Four different levels of pre-existing loads were simulated, including the un-loaded condition.
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1. Introduction


In the last years, a large diffusion of FRP composites has been experienced in the civil engineering field. This was mainly due to the scientific studies, focused on their mechanical behavior, that were conducted in the last decades. For these reasons, the large demand of Fiber-Reinforced Polymers (FRPs) increased in the field of structural strengthening [1,2,3,4,5]. Proven advantages are mainly recognizable in tensile properties, weight/strength ratio, durability, absence of galvanic corrosion, and ease of installation. One of the most successful applications of FRPs is the external confinement of vertical elements subjected to high compressive and/or shear loads, i.e., columns, piles, poles, etc. In this role, these structural members are subjected to axial load that induces longitudinal and transversal deformation at the same time. On the contrary, FRP-confinement results in a hydrostatic pressure which acts in opposition to the lateral dilatation, improving the axial strength at the same time. In real cases, columns are already loaded when the FRP-jacket is applied. The common design formulas consist in empirical equations obtained by means of regression analysis of a test database, mostly referring to un-loaded specimens (see [6,7,8,9,10,11,12,13,14,15,16,17]). In cases of infrastructures and even large-framed buildings (see [18]), the level of stress in the columns due to the dead loads is important. In real applications, it is impossible to significantly reduce this stress state by means of active shoring. For these reasons, it appears meaningful to verify if the existing analytical models may result consistent with the real mechanical behavior and how much the design equations may be considered conservative.



According to the aforementioned purposes, the present paper shows the results of an experimental program regarding pure axial compression tests of small-scale concrete cylinders, which were confined by Carbon FRP (CFRP) jackets under different pre-loading conditions. The main goal consists in comparing the stress–strain curves of the un-loaded and confined with the pre-loaded and confined samples, in order to understand the influence of the pre-load level on the CFRP-confinement effectiveness. In this perspective, different loads (in proportional ratio to the ultimate load of the un-confined concrete) were imposed on a series of samples, and they then were confined with CFRP-jacket, by using a manual wet lay-up method. Axial stress and strain values were recorded as same as the hoop strain values. Finally, the experimental results were computed to implement a new analysis-oriented-model (AOM) able to catch how the different pre-load levels affect the confining action and the whole mechanical response of confined concrete.




2. Background


This section reports an extensive experimental database collected by the authors from the published scientific literature. The studies in [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66] report the results of compression tests on FRP-confined specimens collected and analyzed by the authors. The specimens had different sizes, cross-sections, concrete classes, confining fibers type, and confinement schemes, for a total of more than 2400 tests. Various important parameters of the FRP-confinement were analyzed in the past decades: cross-sectional type, compression strength of the unconstrained concrete, fiber type, number of FRP-layers and their thickness, presence of internal reinforcement within the concrete sample, confinement technique, presence or absence of preload on the column prior to the execution of the confinement itself, etc. All of these factors affect the results of compression tests more or less significantly, but only a few studies are related to the effect of the pre-load.



In general, the database encloses concrete samples with a compression strength ranging between 6.2 and 200 MPa. The characteristic dimension (the outer diameter for solid circular or hollow cross-section, the outer side of solid square or rectangular samples, and minor axis for the elliptical cross-section) ranged from 47 to 610 mm, and the ratio between the height and the characteristic size was from 1 to 10. The fibers mainly used were carbon fibers (C), glass fibers (G), and aramid fibers (A). In addition to these, poliparafenilen-benzobis-oxazolo (PBO) fibers and other synthetic materials such as polyEthylene naphthalate, polyethylene terephthalate, and polycinyl chloride (PEN, PET, and PVC, respectively) have been used in some experiments. Most experiments were conducted using specimens that were not reinforced with internal longitudinal and/or transverse steel reinforcement. Compared to the entire population of available results, only a few studies report specimens that were tested as reinforced concrete columns, using internal steel bars and stirrups (e.g., [28,29,30,31,32,33,34,35,36,37,41,42,43]). All collected experimental outcomes have been related to the index between the elastic modulus of the fibers (Ef) on the concrete (E0) and the geometrical ratio of reinforcement ((4ntf)/D), where D is the equivalent diameter of the cross section, n is the number for FRP layers, and tf is the thickness of each FRP layer, typically referred to dry fibers. In such way, the effectiveness of the FRP-confinement, represented by the ratio between the confined and unconfined strength fcc/fc0, can be easily related to the concrete grade and number of fibers (see Figure 1). The tridimensional diagram in Figure 1, obtained from the analysis of many data, demonstrates that FRP-confinement significantly increases the compressive strength of the unconfined concrete (fc0) as soon as the elastic modulus of the fiber increases with respect to the modulus of concrete. On the other hand, the increase of the compressive strength of FRP-confined concrete (fcc) is lower for a bigger diameter of the cross-section and a higher class of concrete. In other words, the effectiveness of the FRP confinement increases as the mechanical properties of the fibers increase, the concrete grade decreases, the number of FRP layers increases, and the transverse dimensions of the cross section decrease. Although the pre-load effect has been studied recently [59,60,61,62,63,64,65,66], the conclusions were not always consistent each other. The conclusions are not always comparable since the ratio between the concrete grade and tensile properties of FRP may be very different, as starting data.



2.1. Available Studies on Pre-Load Effect


Eight CFRP jacketed circular RC column specimens, prior loaded up to failure without external CFRP confinement, were tested under monotonic compression stresses in 1999 (see [56]). The effects of various parameters, such as the concrete strength, longitudinal steel reinforcement, steel stirrups, steel corrosion, and concrete damage, were investigated. It was conveyed that the original strength was totally re-established in the case of damaged columns. Further experimental results are provided in [57]. After the pre-damaging process, the specimens, with low compressive strength, were tested. The CFRP-strengthened specimens behaved similarly as the strengthened undamaged specimens, in terms of peak strength, stiffness, and deformability. The results illustrated in [58] highlight the effect of the pre-damage level and winding angle (45°, 60°, and 90°) of the FRP-wrapping on the uniaxial compressive behavior of concrete specimens. It was shown that the confining pressure provided by FRP strongly helped to limit the cracks opening and enhance the confined compression strength of the pre-damaged specimens. The final strength was almost equal to that of the un-damaged concrete cylinders. A numerical investigation is presented in [59], where the effectiveness of FRP-confinement was demonstrated to increase when the compressive strength of the un-confined concrete decreases. However, a small reduction of the compressive strength appeared to be related to the rise of the pre-load level. In [60], the concrete specimens were loaded until a level equal to 77% of the unconfined strength prior to FRP-strengthening. Due to this load, the specimens were cracked, but, after the compression tests, the comparison with control specimens revealed that the pre-loading condition was not significantly influencing on the mechanical response in terms of peak strength. The damage prior to the FRP-retrofitting (due to induced axial stress equal to the 77% of the un-confined concrete) of small specimens was tested by the authors of [60]; the observed effects did not result so meaningful. The results reported in [61] appear controversial, where an approximately 40% sustained load level was applied before the application of FRP. CFRP-wrapped cylindrical concrete specimens exhibited strength increase when subjected to sustained pre-load. The increase was higher for very low strength concrete. The strength increase was attributed to the fact that, under sustained loading, CFRP becomes active earlier. Pre-damaged concrete specimens with square cross section are confined with CFRP sheets in [62], and a reduction in the axial stiffness is measured. This is reasonable as micro cracking is produced during the pre-loading phase, inside the concrete matrix. At the same time, the confinement effectiveness of the pre-loaded specimens was remarkably less than the control specimens with no pre-load. It is important to remark that in this study pre-damaged specimens were equipped with three layers of CFRP while un-damaged specimens with just one layer. An experimental program involving concrete cylinder specimens was carried out to investigate the type of FRP pattern and the presence of concrete damage prior to FRP-retrofitting in [63]. It was found that crack location and crack length affect differently the compressive strength of concrete. In particular, loss in compressive strength was more evident in specimens with crack located in the center than in specimens with crack at the edge. In 2014, a set of 36 concrete samples with square cross-section was tested in compression at different loading rates [64]. It was convened that sustained loading caused a loss in axial capacity when low-strength concrete was adopted, and the pre-load effect was less significant for concrete samples poured with an ordinary strength mix. An experimental and theoretical study on the FRP-confinement of concrete with pre-loading is reported in [65]. Test results and numerical simulations were implemented for the analysis-oriented-model assessment. A parametric analysis clearly showed that the pre-load produces a small reduction of the axial strength. An increased number of layers appeared to mitigate the small detrimental effects of pre-loading. By assuming the same FRP-confinement, the decrease of compressive strength due to pre-loading was found to be less for medium-strength concrete (28.8 MPa of compressive strength) compared to the low-strength one (21.1 MPa of compressive strength). Twenty-four HSC (high strength concrete) cylinders, with compressive strength of 50 MPa, were loaded in compression until a certain damaged level and then repaired by using steel wraps, as described in [66]. The experimental investigation resulted in an increased compressive strength for damaged concrete (pre-loading levels about 50% and 100% of the compressive strength of the unconfined concrete), while a dramatic strength reduction was recorded for specimens that were preloaded reaching an axial strain level higher than the peak strain of the unconfined concrete (i.e., ~0.4%).




2.2. Research Significance


Critical reviews in the existing scientific literature, related to the mechanical behavior of FRP-confined concrete, indicate that there are several aspects on which more investigation is required. These variables include, among others, the pre-load effect on the effectiveness of the FRP-confinement. For this reason, a specific experimental program was planned and is presented in the next paragraphs. It was targeted on the study of the mechanical behavior of FRP-confined concrete, strengthened with and without pre-load. According to Figure 1, if the cross-section and FRP-jacket dimension remain unchanged, as well as the mechanical properties of the fiber, the effectiveness of the FRP-confinement is expected to be influenced by the pre-load level because of its capacity to affect the compressive strength of the un-confined concrete, prior to strengthening. Two opposing trends are expected in this scenario: the first, which is immediately clear, regards the strength reduction of pre-cracked concrete and the second regards the effectiveness of the FRP-confinement on a concrete weakened because of the pre-loading condition. The first effect would lead to a reduction of the final compressive strength with respect to the un-loaded condition, as soon as the pre-load level would increase. On the other hand, the confinement is expected to be more effective since the E0 of the pre-cracked concrete is reduced. The first effect is expected to prevail, according to the existing literature results. The results presented herein aim to provide an active contribution to this ongoing engineering problem.





3. Experimental Program and Results


The experimental campaign was planned to test small-scale unreinforced concrete cylinders confined by unidirectional CFRP. The composite system was made up of an epoxy matrix and carbon fibers unidirectional sheets with fibers placed at 90° with respect to the axis of the columns. The confinement was applied after imposing three different levels of pre-load; a series of unloaded cylinders was also strengthened with the same scheme and tested as a control series. Thus, 25 cylindrical specimens having a diameter of 100 mm and height of 200 mm were tested. In particular, five samples were left unconfined (“U”); five were CFRP-confined with null pre-load level (“P0”); and three sets of five specimens, named “P20”, “P50”, and “P80”, were confined after imposing a pre-load level equal to 20%, 50%, and 80% of the unconfined concrete compression strength, respectively.



3.1. Materials and Methods


The mechanical characterization of concrete was done by uniaxial compression tests on the five unconfined cylindrical specimens according to [67]. The specimens were instrumented by using two radial strain-gauges (3 mm long), located at the mid-high of the specimen and circumferentially oriented. The specimens were tested by a vertical hydraulic press (nominal compression rate of 3000 kN) with a load control of 0.05 MPa/s. The test set-up also included the use of a 50-ton load-cell; two Linear Variable Displacement Transducers (LVDT) with a total stroke of 50 mm were used to measure the axial shortening, necessary to compute the axial deformation of the specimens. All transducers were connected to a data logger and a computer for the data processing and acquisition. Figure 2 shows the average axial stress–deformations curves computed from the data of the five unconfined specimens. It was found that the concrete compressive strength was 23.76 MPa, the axial and radial ultimate deformation values were 7.2‰ and 1.5‰, respectively; the longitudinal elastic modulus (tangent modulus) was about 14 GPa; and the Poisson ratio was equal to 0.30. A low concrete grade was chosen in this study to reproduce the largest part of the real strengthening scenarios.



The mechanical properties of the Carbon Fiber Reinforced Polymer (CFRP) were obtained by conducting tensile tests under displacement control with a rate of 0.02 mm/min, according to [68]. A two-component epoxy resin was used as adhesive and matrix. A fiber strip 100 mm long, 0.164 mm thick, and 25 mm wide was cured and cut. Table 1 summarizes the tensile properties of the CFRP coupons, including the ultimate strength ff, the deformation at rupture εf, and the elastic modulus Ef; mean values (µ), standard deviation (σ), and Coefficient of Variation (CoV) are listed below.




3.2. Test Lay-Out and Specimen Preparation


The preparation of the “P0” cylinders series included the following steps:




	
The specimen was treated with a compressed-air jet to remove the dust from the substrate and favor the adhesion of the resin; the surface was dry and regular.



	
The lateral surface of the specimen was coated with the epoxy primer and then with the resin in order to provide the fiber adhesion to the substrate.



	
A single layer of unidirectional fiber sheet 180 mm high and 450 mm long was applied to the surface.



	
The fiber sheet was pressed by using a steel roll and covered with a further epoxy resin layer, allowing the sample to be closed with an overlap of about 25% of the perimeter of its cross-section.



	
After 24 h, two axially-oriented (axl-1 and axl-2) and two circumferentially-oriented (rad-1 and rad-2) strain-gauges were applied (see Figure 3). The strain gauges were used to measure the axial and radial deformations of the sample, at the middle height, during the test.








The preparation of the P20, P50, and P80 specimens was similar to that described for the P0 except for the preliminary phase in which an axial load was applied, before strengthening. A hydraulic jack controlled by a manual pump was used to apply the load, which was measured through an electric load-cell (see Figure 4). The specimens were taken under loading for 120 h, by checking the complete cure of the epoxy matrix, prior to testing.




3.3. Test Lay-Out and Specimen Preparation


Table 2 shows the results of the axial compression tests in terms of average values representing the ultimate axial stress fccu and strain εccu and lateral deformation εlu. Figure 5 shows experimental curves in forms of ideal bilinear trends. This is useful to distinguish the different behaviors before and after the full activation of FRP-confinement. Figure 6 reports the failure modes observed for all the tested FRP-confined specimens. In all cases, the final stage was accompanied by the tensile rupture of the carbon fibers in one or more regions along the height of the cylinders. The sample named P0_3 showed extreme damage of the concrete core with the hourglass-like shape breaking plan. It was formed due to the frictional forces that develop between the surfaces of the specimen and the press plates, which prevent their deformation.



The comparison between the average experimental curves allows observing that the constitutive law of the unconfined specimens is superimposed on that of the confined specimens for relatively small stress values, and then it deviates completely for higher axial stress, as expected. The unconfined concrete samples had a pseudo-linear growing trend until extensive cracking occurred, prior to reaching the ultimate strength. The confined concrete samples manifested a pseudo-bilinear behavior in which two phases are recognizable: the first follows the behavior of the unconfined concrete, having an initial elastic modulus comparable to the latter, and the second is affected by the FRP-concrete interaction, in the cracked stage of the expanding concrete core.



Another substantial difference can be deducted from the comparison between the experimental curves of the confined specimens subjected to different levels of preload. Specifically, the experimental curves point out that, as the pre-load increases, there is a modest decrease (less than 10%) of the slope of the second branch in the theoretical bilinear stress vs. strain diagram (see Figure 5). In terms of compressive strength, a reduction is evident with increasing pre-loading levels. The differences observed in terms of strength and ultimate strain are related to the fact that, the higher is the pre-load, the greater is the micro-cracking extended within the concrete core, which reduces the capacity to withstand the stresses transmitted during the compression test (see also [69]). Moreover, the pre-load caused micro-damage in the unconfined concrete (see Figure 7), which resulted in a decay of the compressive strength even for very low load level. Moreover, from the average curves in Figure 5, the initial stiffness of P80 specimens appeared to be less than that of unconfined concrete. This can be considered as an effect of the high pre-load applied. As regards the readings of the electrical strain gauges in the hoop direction, unfortunately, the data were highly scattered. The maximum values of the tensile strain were much lower than those of the ultimate tensile strain of the fibers. This was due to the location of the tensile rupture that was different in the failed specimens. Thus, the recorded maximum strains in the central section, where the strain gauges were placed, were not in good accordance with each other.




3.4. Prediction by Means of Available Design-Oriented Models


A preliminary theoretical versus experimental comparison was assessed by implementing existing analytical models of FRP-confinement, as reported in Table 3, and by considering P0 specimens. In this comparison, only the effectiveness of confinement was considered, in absence of pre-load before strengthening. In particular, three design codes (i.e., [70,71,72]) and two further models from scientific literature, reported in [8,73], were applied. All models were found accurate, with the most accurate prediction by ACI 440.2; the other proposals returned an average scatter up to 13%.





4. Proposed Model


In this section, we propose a model for the prediction of the pre-load effect on the mechanical response of CFRP-confined concrete under compression loads. The procedure is based on the experimental data illustrated in Figure 5. For this purpose, a modified version of an analysis-oriented model (see [74]), available in the scientific literature, is implemented. The existing model is able to assess the FRP-confined concrete constitutive law based on the theoretical approach reported in [75], in which an increasing value of the external lateral pressure is considered to take into account the FRP-action in the iterative procedure. Thus, the step-lateral deformation εl is computed according to Equation (1), once the axial deformation εc and the confining pressure fl, are evaluated.


   ε l     ε c  ,  f l    =    E c   ε c    –     f ′  c     ε c  ,  f l      2 β   f ′  c     ε c  ,  f l       



(1)




where εl and f′c depend on the axial strain εc and the confining pressure fl. A β-coefficient is also introduced for controlling the initial shape of the stress–strain curve up to the peak point, as reported in Equation (2). This is considered a common approach used in concrete-confinement problems [74].


  β =    E c        f ′   c 0         –    1     ε  c 0        



(2)




where εc0 is the ultimate strain; f′c0 is the axial strength; and Ec is the Young’s modulus of the unconfined concrete. The Popovics law [76] and the Mander equation [77] are taken as reference for the iterative procedure, as listed in Equations (3)–(6).


    f ′  c  =     f ′   c c   · x · r   r   −   1 +  x r     



(3)




with


  x =    ε c     ε  c c      



(4)






  r =    E c     E c    −    E  s e c      



(5)






   E  s e c   =     f ′   c c      ε  c c      



(6)




where f′c is the concrete stress at a given axial strain, εc, and f′cc is the peak stress of the FRP-confined concrete (Equation (7)). Moreover, the expression of the maximum axial strain εcc is based on the Richart model [78] stated in Equation (8). Finally, Equation (9) predicts the FRP-confining lateral pressure.


      f ′   c c       f ′   c 0     = 2.254     1 + 7.94    f l      f ′   c 0         −   2    f l      f ′   c 0       −   1.254  



(7)






   ε  c c   =  ε  c 0     1 + 5       f ′   c c       f ′   c 0       −   1      



(8)






   f l  =   α ·  E f  · t ·  ε l    2 R    



(9)




where α is the confining pressure effectiveness coefficient; Ef is the Young modulus of the FRP; t is the thickness of the fiber; εl is the lateral strain in the FRP; and R is the radius of the circular cross-section of the columns. A schematic representation of the iterative procedure is reported in Figure 8. The starting value of fl is initialized with a try-value, which does not influence the results accuracy at the end of the analytical computation. The iterative procedure runs until the convergence of the lateral confining pressure fl is reached with respect to the results of the previous step according to Equation (9). The updated value of the lateral strain εl is then computed according to this fl-convergence using Equation (1).



According to the experimental evidence, the pre-load affects both the mechanical proprieties of the unconfined concrete and the FRP-confinement effectiveness. Thus, the proposed model takes into account those aspects, evaluating fc0, Ec0 and α, as function of σp, by a linear regression analysis (see Figure 9). In particular, α-value corresponding to σp = 0 was assumed equal to 0.7 according to [74].



4.1. Prediction by Means of Available Design-Oriented


A parametric analysis was first performed, as reported in Figure 10. It demonstrates that the proposed model works properly in catching the pre-load effect, since the slope of the curves well reflects the loss of stiffness, which is expected to be caused by the imposed pre-load. An increasing level of the imposed axial pre-stress (from P20 to P80) appears to be detrimental of the mechanical response, as expected in the field and as experienced in the laboratory. The results in terms of stress vs. strain curves are coherently appreciable, as are the results of the axial stress vs. lateral strain curves. In this case, the effect is less evident in terms of stiffness, as also observed in the experimental tests.




4.2. Experimental versus Theoretical Comparison


In Figure 11, the comparisons of the experimental vs. theoretical diagrams are reported. The actual stress–strain curves refer to the experimental results described in Figure 5. The global behavior appears to be properly caught by the theoretical prediction, as evident from the overlapping of the theoretical (red and continuous) and experimental (black and dotted) lines. Moreover, a further comparison is presented by considering the predictive model that underlies the CNR design code for FRP strengthening [71]. In applying the CNR model, the pre-load conditions are taken into account only by modifying the starting mechanical properties of unconfined concrete. The new properties of unconfined concrete in presence of pre-load (P20, P50, and P80) were computed by considering the correlation illustrated in Figure 9a. Table 4 reports the results and the comparison between theoretical and experimental outcomes. It seems that the modified properties of unconfined concrete follow the accuracy trend of the model. Obviously, the CNR model was applied by neglecting the design reduction factors.





5. Conclusions


In this paper, the results of an experimental program on CFRP-confined concrete cylinders are discussed with the objective of investigating the pre-load effect. Twenty-five concrete cylinders were prepared and tested under uniaxial compression. Unconfined specimens were tested as reference. The remaining specimens were externally wrapped with unidirectional CFRP sheets under different pre-load levels: 0%, 20%, 50%, and 80% of the average ultimate load obtained for unconfined concrete. The experimental results reveal that the presence of a pre-existing load, before jacketing, may influence the final mechanical response of CFRP-confined concrete. By comparing the results of the un-loaded series with the pre-loaded series, important final remarks are reported herein. For low levels of pre-load (20% of the ultimate), the reduction in terms of strength was limited to within 10%, while, when higher levels of pre-load were applied, the strength reduction is more significant, ranging between 26% and 36%. In terms of ultimate axial strain, the differences were almost negligible until the pre-load level was limited within 50% of the ultimate. In the case of P80 specimens, the reduction was 40%. In this last case, the initial axial stiffness appeared to be reduced with respect to plain concrete.



Finally, an analytical procedure is proposed to consider and apply the existing theories, by introducing the effect of the pre-loading, before strengthening. This means that an initial axial and radial stiffness should be taken into account when the applied load is high. The analytical predictions show that the mechanical action of the FRP jacket is effective, but the presence of extensive damage avoids exploiting the confinement the same as it would be possible for unloaded columns. The comparison between the analytical predictions and experimental results appeared to be consistent, even if further investigations are considered necessary in order to better validate the proposed theory.



Further investigations are needed to validate the results of this study. Moreover, numerical simulations may be a future direction.
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Figure 1. Color map of the effectiveness of the FRP-confinement of concrete. 
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Figure 2. U-series stress–strain behavior (curve was averaged from five specimens). 
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Figure 3. Strain gauges equipment layout. 
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Figure 4. Pre-loaded series specimen preparation: matrix application (left); and CFRP-confinement (right). 
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Figure 5. Pre-load effect bilinearization (each curve is the average of five specimens). 
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Figure 6. Failure modes of the specimens after testing: P0, P20, P50, and P80 from top to bottom. 
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Figure 7. Details of the micro-damage due to pre-loading. 
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Figure 8. Flow chart of the iterative procedure. 
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Figure 9. Analytical interpretation of the pre-load effect: fc0 (a); Ec (b); and α (c). 
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Figure 10. Theoretical pre-load effect. 
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Figure 11. Experimental vs. theoretical comparison (red, theoretical; black, experimental). 
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Table 1. CFRP tensile test results.
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	Label
	ff (MPa)
	ɛf (-)
	Ef (GPa)





	µ
	2542.80
	0.012
	212.15



	σ
	560.07
	0.001
	53.49



	CoV
	22%
	10%
	16%










[image: Table] 





Table 2. Average values of the tests result and CoV in brackets.
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	Series
	fccu (MPa)
	ɛccu (-)
	ɛlu (-)
	Δ fccu %
	Δ ɛccu %
	Δ ɛlu %





	U
	23.76 (3%)
	0.0071 (4%)
	−0.0015 (6%)
	-
	-
	-



	P0
	41.09 (5%)
	0.0128 (3%)
	−0.0026 (2%)
	72.9%
	80.3%
	73.3%



	P20
	38.57 (4%)
	0.0124 (4%)
	−0.0025 (7%)
	62.3%
	74.6%
	66.7%



	P50
	34.77 (8%)
	0.0120 (6%)
	−0.0024 (8%)
	46.3%
	69.0%
	60.0%



	P80
	32.37 (10%)
	0.0099 (7%)
	−0.0020 (8%)
	36.2%
	39.4%
	33.3%







Δ fcu % = |fcu − fcu (Unconfined)|/fcu (Unconfined); Δ ɛcu % = |ɛcu − ɛcu (Unconfined)|/ɛcu (Unconfined); Δ ɛlu % = |ɛlu − ɛlu (Unconfined)|/ɛlu (Unconfined).
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Table 3. Experimental versus theoretical comparison for P0 compressive strength.
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	Label
	fccu (MPa)
	Δ fccu %





	Experimental (P0)
	41.09
	-



	ACI [70]
	40.87
	1%



	CNR [71]
	38.55
	7%



	Fib [72]
	47.01
	13%



	Cascardi et al. [8]
	37.14
	10%



	Wu and Wang [73]
	36.26
	12%
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Table 4. Prediction of the CNR model with modified fc0 values.
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	Label
	fc0 (MPa)

Theoretical Figure 9a
	fccu (MPa)

Experimental
	fccu (MPa)

Theoretical CNR
	Δ fccu %





	P20
	23.05
	38.57
	37.69
	2%



	P50
	21.98
	34.77
	34.77
	4%



	P80
	20.91
	32.77
	32.77
	7%
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