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Abstract: In order to examine the biaxial compression-compression properties of rubber fibre reinforced concrete (RFRC), an experimental study on RFRC under different lateral compressive stresses was carried out by considering different rubber replacement rates and polypropylene fibre contents. The failure modes and mechanical property parameters of different RFRC working conditions were obtained from the experiment to explore the effects of rubber replacement rate and polypropylene fibre content on the biaxial compression-compression properties of RFRC. The following conclusions were drawn. Under the influence of lateral compressive stress, the biaxial compression-compression failure mode gradually developed from a columnar pattern to a flaky pattern, suggesting that the incorporation of rubber and polypropylene fibres into the concrete resulted in a significant change in the development of cracks. For different rubber replacement rates and polypropylene fibre contents, the vertical compressive stress exhibited the same developing trend under the influence of lateral compressive stress. Specifically, the lateral compressive stress imposed the minimum effect on the vertical compressive stress when the rubber replacement rate and polypropylene fibre content were 20% and 0.4%, respectively, and imposed the maximum effect when the rubber replacement rate and polypropylene fibre content were 20% and 0%, respectively. With the increase of rubber replacement rate, the vertical peak stress was significantly reduced, which implies that an appropriate amount of polypropylene fibres can increase the vertical peak stress to a certain extent. Then, the biaxial compression-compression mechanism of RFRC was analysed from the microscopic level by using scanning electron microscope (SEM). Meanwhile, based on Kupfer’s biaxial compression-compression failure criterion and the octahedral stress space, a biaxial compression-compression failure criterion for RFRC was proposed, which was proven to have good applicability. The research results of this study provide important theoretical basis for the engineering application and development of RFRC.

Keywords: Rubber fibre reinforced concrete (RFRC); biaxial compression-compression; mechanical properties; mechanism analysis; failure criterion





1  Introduction

Owing to a high deformation capacity and strong energy dissipation ability, rubber particles play a role of solid air-entraining agent in concrete to improve its frost resistance. Meanwhile, the bridging effect of polypropylene fibre in concrete can effectively inhibit the development and expansion of concrete cracks. By organically combining the advantages of rubber concrete and polypropylene fibre concrete, a novel type of concrete called rubber fibre reinforced concrete (RFRC) is formed, whose properties including impact resistance, toughness and frost resistance are significantly improved [1,2]. Moreover, since the rubber used in rubber concrete is usually derived from waste rubber tires, RFRC plays a positive role in promoting environmental protection by recycling waste resources. Therefore, comprehensive research on RFRC has an important scientific value and a great engineering application prospect [3].

To date, the research on the mechanical properties of rubber concrete and polypropylene fibre concrete is mostly carried out by focusing on the rubber or fibre physical properties, the concrete mix ratio, the loading method, and so on so forth. For example, Eldin et al. [4] carried out an experimental study on the compressive and tensile mechanical properties of concrete by considering different rubber replacement rates and rubber particle sizes. Their results suggested that the tensile and compressive properties of rubber concrete were significantly weakened while the deformation capacity was gradually improved with the increase of rubber replacement rate and the increase of rubber particle size. Topcu et al. [5] examined the deformation characteristics of rubber concrete and reported that the plastic deformation capacity and ductility of concrete were effectively improved by incorporating an appropriate amount of rubber into the concrete mixture. Through experimental analysis, Song et al. [6] found that an appropriate amount of polypropylene fibres could improve the compressive strength, tensile strength and impact resistance of concrete, and had a certain inhibitory effect on the initiation and development of early shrinkage cracks. Yao et al. [7] carried out experimental research on the compressive, splitting and flexural mechanical properties of low-mix fibre-reinforced concrete, and proposed the equations to calculate the maximum strength and flexural toughness of concrete under the action of different fibre mixtures. Li et al. [8] examined the dynamic mechanical properties of rubber concrete by considering different rubber replacement rates and proposed a model equation for describing the compressive peak stress dynamic increase factor under the coupling action of rubber replacement rate and strain rate. Ai et al. [9] carried out an experimental study on the dynamic mechanical properties of RFRC by considering the effects of rubber replacement rate and polypropylene fibre content and then proposed the action mechanisms of rubber and polypropylene fibres on the dynamic mechanical properties of concrete under compression.

In general, all the studies mentioned above applied the uniaxial loading method while examining the mechanical properties of rubber concrete or polypropylene fibre concrete. However, in practical engineering, concrete structures are usually subjected to a multiaxial stress state, so analysis of the mechanical properties of concrete merely based on uniaxial loading has deficiencies in understanding the actual structural safety and rational use of concrete. In view of this, comprehensive research on the multiaxial mechanical properties of concrete is of great scientific significance [10–12]. With respect to multiaxial mechanical properties of ordinary concrete, researchers usually focused on the influencing factors including multiaxial loading mode, lateral stress effect and loading history, for the purpose of developing the corresponding failure criterion and constitutive model [13]. For the multiaxial mechanical properties of RFRC, Xu et al. [14] examined its biaxial compression-compression properties by using specimens of the same strength grade but with different rubber replacement rates. By analysing the effect of rubber replacement rate on the biaxial compression-compression properties of RFRC, the authors established the corresponding failure criterion. Yu et al. [15] carried out an experimental study on the compression-shear multiaxial mechanical properties of RFRC by considering different rubber replacement rates and further analysed the influence of the coupling effect of axial compression ratio and rubber replacement rate on the shear mechanical properties. Zhang et al. [16] studied the compression-shear multiaxial mechanical properties of RFRC by considering 4 different mix ratios. Based on the analysis of the action mechanisms of rubber and polypropylene fibres in shear mechanical properties, the authors proposed the corresponding failure criterion. So far, the existing literature on the multiaxial mechanical properties of RFRC has only addressed the compression-shear loading mode, while reports on the mechanical properties of RFRC under other multiaxial loading modes are very rare. In order to dig deep into the multiaxial mechanical properties of RFRC and provide the experimental basis for establishing the corresponding mechanical model, more comprehensive research on the multiaxial mechanical properties of RFRC is needed.

This paper mainly aimed to examine the biaxial compression-compression properties of RFRC with different rubber replacement rates and polypropylene fibre contents. The failure modes and mechanical property parameters of RFRC under different working conditions were obtained from the experiment, which were used to analyse the influence of rubber, polypropylene fibres and lateral compressive stress on the vertical compressive stress and deformation parameters of RFRC and to reveal the corresponding stress mechanism. Meanwhile, based on Kupfer’s biaxial compression-compression failure criterion and the octahedral stress space, a biaxial compression-compression failure criterion for RFRC was proposed. The research results of this study provide important theoretical basis for the engineering application and development of RFRC.

2  Experiment Program

2.1 Preparation of Specimens

In this paper, an experimental study was carried out on the biaxial compression properties of RFRC by considering the influencing factors of rubber replacement rate and polypropylene fibre content. The raw materials of RFRC mainly include cement, water, fine aggregates, coarse aggregates, rubber, and polypropylene fibres. Their specifications are as follows: cement (ordinary Portland cement P.O 42.5); fine aggregates (apparent density 2650 kg/m3); coarse aggregates (apparent density 2580 kg/m3, particle size 4–16 mm); rubber (particle size 2–5 mm, apparent density 1270 kg/m3, bulk density 820 kg/m3, tensile strength > 15 MPa, elongation at break > 500%); polypropylene fibres (length 19 mm, diameter 0.1 mm, tensile strength 322 MPa, elastic modulus 4.9 GPa). According to the conclusions reported in the related earlier studies [8,16] on the mechanical properties of rubber concrete and RFRC, the following working conditions were considered in this paper: 0% polypropylene fibre content and 0% rubber replacement rate (C-0%–0%); 0% polypropylene fibre content and 10% rubber replacement rate (C-0%-10%); 0% polypropylene fibre content and 20% rubber replacement rate (C-0%−20%); 0.2% polypropylene fibre content and 10% rubber replacement rate (C-0.2%−10%); and 0.4% polypropylene fibre content and 20% rubber replacement rate (C-0.4%−20%). The content of rubber was determined by replacing fine aggregates with equal volume of rubber particles, while the content of polypropylene fibres was determined by mixing fibres into the concrete mixture based on the mass ratio to the original mass of concrete mixture. In this paper, the C-0%−0% specimen (i.e., ordinary concrete) had a designed compressive strength of 30 MPa. The mix ratios of various RFRC specimens were then determined according to the “Specification for mix proportion design of ordinary concrete (JGJ55–2011)” and the predetermined admixture ratios mentioned above (see Table 1). Part of the raw materials used for preparing RFRC is shown in Fig. 1.
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Figure 1: Part of the raw materials used for preparing RFRC

2.2 Loading Plan and Equipment

In this paper, the biaxial compression-compression properties of RFRC were examined by considering the influencing factors of rubber replacement rate, polypropylene fibre content and lateral compressive stress. Specifically, the lateral compressive stress was set to 0, (1/15) × fc, (2/15) × fc, (3/15) × fc, (4/15) × fc, (5/15) × fc, (6/15) × fc, (7/15) × fc and (8/15) × fc, where fc refers to the uniaxial compressive strength of RFRC under different mix ratios. The biaxial compression-compression loading was implemented by applying the lateral compressive stress with the load-controlled method first, at the loading rate of 0.8 MPa/min. After reaching the specified lateral compressive stress value, vertical load began to apply with the displacement-controlled method until specimen failure, at the quasi-static loading strain rate of 10–4/s. Upon completion of lateral compressive stress loading, the collection of load and displacement data was initiated for various working conditions. During the loading process, the combination of PTFE plastic films (3 layers) and mechanical butter was used to reduce the friction on the confining compression surface of the concrete specimen, in order to control the impact caused by friction on the experimental results [10]. In view of the randomness characteristics of concrete, 3 specimens were prepared for each loading condition in order to obtain the average value for analysis.

For the test equipment, a true tri-axial instrument equipped with independent hydraulic loading devices, load sensors and displacement sensors in each of the three directions was used to achieve biaxial compression-compression loading. The maximum load of the hydraulic loading device in each direction can reach 100 tons and the maximum displacement can reach 140 mm. The precision of the load sensors and displacement sensors can meet the measurement requirements of this paper. Fig. 2 illustrates the loading equipment and loading method.
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Figure 2: Loading equipment and loading method

3  Analysis of Experimental Results

3.1 Failure Mode

According to the biaxial loading plan described in the earlier section, the failure modes of RFRC under different lateral compressive stresses were obtained, which were used to analyse the effects of rubber, polypropylene fibres and lateral compressive stress on the failure mode of RFRC. In view of space limit, the working conditions corresponding to 0, (3/15) × fc, (6/15) × fc and (8/15) × fc were selected for comprehensive analysis, as shown in Fig. 3.
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Figure 3: The biaxial compression-compression failure modes of RFRC

Fig. 3 shows the biaxial compression-compression failure modes of RFRC. When the rubber replacement rate and polypropylene fibre content remained constant, the failure mode gradually developed from a columnar pattern to a flaky pattern with the increase of lateral compressive stress, and the brittleness of the specimen reflected in the failure mode was gradually weakened. Under uniaxial vertical compressive stress, tensile strain was formed on the lateral surface. When the tensile strain reached the ultimate tensile strain, the specimen would fail with a columnar pattern as shown in Fig. 3. When the lateral compressive stress was small, the failure mode looked similar to that under the uniaxial loading condition. When the lateral compressive stress was large, compressive strain would be formed on the lateral surface in the lateral compressive stress direction, and tensile strain would be formed only on the lateral surface in the non-loading direction. Consequently, a flaky pattern failure mode was developed. The rubber replacement rate and polypropylene fibre content had little effect on the changing trend of the biaxial compression-compression failure mode under the influence of lateral compressive stress.

For specimens not containing rubber, there were a small number of cracks formed upon biaxial compression-compression failure with a relatively large crack size, exhibiting a developing trend penetrating the specimen towards the oblique direction. With the increase of rubber replacement rate, the integrity of the specimen after failure was improved, the crack size was gradually reduced, and the number of cracks was significantly increased. When rubber and polypropylene fibres were mixed into the concrete, the plastic characteristics of the specimen were obviously strengthened. In general, the developing trend and physical characteristics of the cracks of RFRC were similar to those of ordinary concrete, while differences mainly existed in the working conditions with non-zero lateral compressive stress: the compressive failure mode of specimens containing polypropylene fibres presented two main cracks in the oblique direction, which were accompanied by lots of small cracks and the pulling-out of some polypropylene fibres.

3.2 Stress-Strain Curve

According to the biaxial loading plan in this paper, the load and deformation data of RFRC under different working conditions was obtained by the load sensors and displacement sensors, which were used to derive the biaxial compression-compression stress-strain curves, as shown in Figs. 4 and 5.
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Figure 4: Vertical compressive stress-strain curves of RFRC under biaxial compression-compression
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Figure 5: Lateral compressive stress-strain curves of RFRC under biaxial compression-compression

Fig. 4 shows the vertical compressive stress-strain curves of RFRC under biaxial compression-compression. For different rubber replacement rates, polypropylene fibre contents and lateral compressive stresses, the developing trends of the compressive stress-strain curves were basically the same, all showing good continuity and smoothness. The vertical compressive stress-strain curve of RFRC can be divided into the elastic stage, the elastic-plastic stage and the declining stage. It can be seen from the declining stage that, with the increase of rubber replacement rate and polypropylene fibre content, the plastic deformation capacity of RFRC was gradually increased, and the ductility characteristics were significantly improved. From the overall trend analysis, with the increase of rubber replacement rate, the vertical compressive stress was gradually decreased, while the vertical peak strain was significantly increased. The vertical compressive stresses of rubber-fibre concrete were obviously affected by lateral compressive stresses, which were higher than those under uniaxial compression.

Fig. 5 shows the lateral compressive stress-strain curves of RFRC under biaxial compression-compression. As the lateral displacement sensors might be subjected to a certain degree of deviation caused by the damage of the specimen during the measurement process, the developing trend of the stress-strain curve appeared to be unstable. When the lateral compressive stress was small, tensile strain was formed in the lateral compressive stress direction, while when the lateral compressive stress was large, compressive strain was formed in the lateral compressive stress direction. This changing trend is consistent with that of the failure mode of RFRC under the influence of lateral compressive stress.

3.3 Peak Stress

The peak stress data was extracted from the vertical compressive stress-strain curve of RFRC as shown in Fig. 4, which was used to analyse the effects of rubber, polypropylene fibres and lateral compressive stress on the vertical peak stress under biaxial compression-compression, as shown in Figs. 6 and 7.

[image: images]

Figure 6: Lateral compressive stress and vertical peak stress of RFRC
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Figure 7: Vertical peak stress of rubber, fibre and RFRC

Fig. 6 shows the lateral compressive stress and vertical peak stress of RFRC. For the specimen C-0%−0%, the uniaxial compressive peak stress was 25.94 MPa, while the vertical peak stress was increased to the interval of 29.44−32.27 MPa (increased by 12.48%−24.42%) under the influence of lateral compressive stress. For the specimens C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20%, the uniaxial compressive peak stress was 19.69, 16.45, 18.80, and 17.34 MPa, respectively, while the vertical peak stress was increased to the interval of 22.88−25.56 MPa (maximum increase of 29.83%), 19.50–22.01 MPa (maximum increase of 33.81%), 22.90–25.03 MPa (maximum increase of 33.14%) and 19.43–21.30 MPa (maximum increase of 22.85%), respectively, under the influence of lateral compressive stress. When the lateral compressive stress ratio was lower than 0.2, the vertical peak stress of RFRC showed a gradually increasing trend with the increase of lateral compressive stress ratio. When the lateral compressive stress ratio was higher than 0.2, the vertical peak stress tended to show a stable developing trend with the increase of lateral compressive stress ratio. This trend was observed in all specimens with different rubber substitution rates and polypropylene fibre contents. The action mechanism can be explained as follows. The action of lateral compressive stress effectively improves the interaction between coarse aggregates, and at the same time, suppresses the development of initial damage inside the specimen. Therefore, as the lateral compressive stress increases, the vertical compressive stress shows a gradually increasing trend. When the lateral compressive stress is large, the specimen will be subjected to a high degree of damage under the action of lateral compressive stress. Coupled with the effect of lateral compressive stress in strengthening the interaction between coarse aggregates, eventually, the vertical peak stress shows a relatively stable developing trend as the lateral compressive stress increases under a large lateral compressive stress. According to the general trend analysis above, for specimens not containing polypropylene fibre, the increase in vertical compressive stress under the influence of lateral compressive stress was gradually increased with the increase of rubber substitution rate. When the polypropylene fibre content was 0.2%, the specimen C-0.2%−10% had a higher increase in the vertical compressive stress than C-0%−10% under the influence of lateral compressive stress. When the polypropylene fibre content was 0.4%, the specimen C-0.4%−20% had a lower increase in the vertical compressive stress than C-0%−20% under the influence of lateral compressive stress. Among all the specimens, C-0.4%−20% had the lowest increase in the vertical compressive stress under the influence of lateral compressive stress.

In this paper, the elastic modulus was calculated based on the stress-strain curves obtained from the uniaxial compression test of RFRC under different mixing conditions. The elastic modulus of C-0%−0%, C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20% was 14.67, 9.99, 6.73, 8.19 and 6.23 GPa, respectively. The tensile peak stress of RFRC under different mixing conditions was obtained by the splitting tensile test, and the tensile peak stress of C-0%−0%, C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20% was 1.445, 0.986, 0.8075, 1.14 and 1.02 MPa, respectively. With the increase of rubber replacement rate, the elastic modulus and tensile peak stress were gradually reduced. After incorporating an appropriate amount of polypropylene fibres into the concrete, the tensile peak stress was gradually increased, and the increasing range was higher than that under the compressive loading method. Polypropylene fibre at an appropriate amount can effectively exert its bridging effect, and this bridging effect is more obvious under the tensile loading mode than under compression mode. Therefore, the incorporation of polypropylene fibres has a stronger improving effect on the tensile peak stress than on the compressive peak stress.

Fig. 7 illustrates the influence of rubber and fibre on the vertical peak stress of RFRC. When the lateral compressive stress was 0, the vertical peak stress of C-0%−0%, C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20% was 25.94, 19.69, 16.45, 18.80 and 17.34 MPa, respectively. For specimens not containing polypropylene fibres, the vertical peak stress showed a gradually decreasing trend with the increase of rubber replacement rate, and the maximum decrease was 36.58%. When the rubber replacement rate was 10%, the vertical peak stress of C-0.2%−10% was 18.80 MPa, which was 4.52% lower than that of C-0%−10%. When the rubber replacement rate was 20%, the vertical peak stress of C-0.4%−20% was 17.34 MPa, which was 5.41% higher than that of C-0%−20%. From the overall trend analysis, the vertical peak stress of C-0%−0%, C-0%−10%, C-0.2%−10%, C-0.4%−20% and C-0%−20% all showed a gradually decreasing trend, which was basically not affected by the lateral compressive stress. Since the bearing capacity of rubber is much lower than that of river sand and the contact between rubber and mortar is weaker, the vertical compressive stress of RFRC is gradually reduced with the increase of rubber replacement rate. When the polypropylene fibre content is at a moderate level, polypropylene fibres can play an effective role of bridging so as to improve the overall strength of concrete. When the polypropylene fibre content is too high or too low, the fluidity of the concrete mixture will be weakened due to the incorporation of polypropylene fibres, and more initial damage will be formed. Thus, the bridging effect of polypropylene fibres in the concrete mixture will be inhibited to a certain extent, so that the vertical compressive peak stress will be reduced accordingly.

3.4 Peak Strain

The vertical strain value and lateral compressive strain value corresponding to the peak stress (i.e., peak strain) were extracted from the stress-strain curves of RFRC under biaxial compression-compression as shown in Figs. 4 and 5, which were used to analyse the influence of rubber, polypropylene fibres and lateral compressive stress on the peak strain of RFRC, as shown in Figs. 8 and 9.
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Figure 8: Vertical peak strain of RFRC under biaxial compression-compression
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Figure 9: Lateral peak strain of RFRC under biaxial compression-compression

Fig. 8 shows the vertical peak strain of RFRC under biaxial compression-compression. When the lateral compressive stress was 0, the vertical peak strain of C-0%−0%, C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20% was 2120, 2563, 2848, 2980 and 3616 με, respectively. For specimens not containing polypropylene fibres, the vertical peak strain was significantly increased with the increase of rubber replacement rate, and the maximum increase reached 34.34%. When the rubber replacement rate was 10%, the vertical peak strain of C-0.2%−10% was increased by 16.27%. When the rubber replacement rate was 20%, the vertical peak strain of C-0.4%−20% was increased by 26.97%. For working conditions under different lateral compressive stress values, the vertical peak strain of RFRC was gradually increased with the increase of rubber replacement rate and polypropylene fibre content. Under the action of lateral compressive stress, the vertical peak strain of RFRC was higher than that under uniaxial compression, and the vertical peak strain showed a gradually increasing trend, which was observed in all the specimens with different rubber replacement rates and polypropylene fibre contents. The underlying mechanism for this developing trend is mainly related to the strong deformation capacity of rubber and the action of polypropylene fibres in the concrete.

Fig. 9 shows the lateral peak strain of RFRC under biaxial compression-compression. It can be seen that the developing trend of lateral peak strain under the influence of rubber replacement rate and polypropylene fibre content was basically similar to that of the vertical peak strain mentioned above. When the lateral compressive stress was low, the peak strain in the lateral compressive stress direction became tensile strain. As the lateral compressive stress increased, the tensile strain was gradually decreased. When the lateral compressive stress increased to (5/15) × fc, the peak strain in the lateral compressive stress direction changed from tensile strain to compressive strain. As the lateral compressive stress increased, the lateral peak strain of RFRC was gradually increased, which is consistent with the developing trend of the biaxial compression-compression failure mode under the influence of lateral compressive stress.

4  Failure Criterion

4.1 Failure Mechanism

In this paper, the microscopic morphologies at the interfaces between mortar and coarse aggregates, between mortar and rubber, and between mortar and polypropylene fibres were obtained by using scanning electron microscope (SEM) to examine the microscopic mechanism of RFRC with different mix ratios, as shown in Fig. 10.
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Figure 10: Apparent properties at the various interfaces of RFRC

Fig. 10 shows the apparent properties at the interfaces between each component of RFRC. For the specimen not containing rubber particles and polypropylene fibres, the interface between the mortar and coarse aggregates exhibited a better bonding performance. When the specimen was mixed with rubber particles, the contact interface between the mortar and rubber was relatively weak. As it can be seen, compared with specimens containing 0.2% fibres, there were more voids at the contact interface between the mortar and fibres in specimens with 0.4% fibres, indicating that the contact interface between the mortar and fibres was less compact.

The mechanism of RFRC under biaxial compression-compression can be explained as follows. When the lateral compressive stress is low, the action of lateral compressive stress inhibits the development of initial damage to a certain extent, which effectively strengthens the bite force between coarse aggregates, thereby increasing the vertical compressive stress. When the lateral compressive stress is high, the initial damage inside the specimen tends to develop; coupled with the bite force between coarse aggregates, the increase in vertical compressive stress will eventually become stable with the increase of lateral compressive stress [17]. The spacing between coarse aggregates directly affects the increase in vertical compressive stress under the influence of lateral compressive stress. When the specimen is mixed with rubber, the spacing between coarse aggregates will be effectively reduced under the action of lateral compressive stress due to a relatively high level of deformation capacity of rubber particles. Therefore, with the increase of rubber replacement rate, the effect of lateral compressive stress on the vertical peak stress of RFRC is gradually strengthened. When polypropylene fibres are mixed into the concrete mixture containing 10% rubber, the polypropylene fibres can effectively inhibit the development of micro-cracks during the loading process. When micro-cracks develop to the vicinity of coarse aggregates, the fibres will exert an inhibitory effect, so that the coarse aggregates will be able to play a strong bridging role. Eventually, the increase in vertical peak stress of RFRC under the influence of lateral compressive stress will be increased. For the specimen C-0.4%−20%, its microscopic morphology indicated that there were large voids between the mortar and polypropylene fibres. Due to the effects of rubber and polypropylene fibres, the initial damage inside the specimen was at a relatively high level. Under the action of lateral compressive stress, the initial damage would evolve in a connected and penetrating manner; consequently, the increase in vertical compressive stress at this working condition was reduced under the influence of lateral compressive stress.

4.2 Principal Stress Space Failure Criterion

Kupfer [18] proposed the concrete biaxial compression-compression failure criterion based on the test data of lateral compressive stress and vertical compressive stress, as shown in Eq. (1).


(σZfc+σXfc)2−σZfc−3.65σXfc=0
(1)

Eq. (1) can then be transformed into the expression of stress ratio, as shown in Eqs. (2)–(3) below:


{σZ≤σZc=1+3.65α(1+α)2fcσZ≤σZc=ασXc
(2)


α=σZσX0≤α≤1.0
(3)

where σZ is the vertical compressive stress under biaxial compression-compression (MPa); σX is the lateral compressive stress under biaxial compression-compression (MPa); fc is the peak stress under uniaxial compression (MPa); α is the stress ratio.

The test data of lateral compressive stress and vertical compressive stress of RFRC under 5 different mix ratios obtained in this paper was then compared with Kupfer’s biaxial compression-compression failure criterion, as shown in Fig. 11.
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Figure 11: Comparison between the test data of compressive stress and Kupfer’s biaxial failure criterion

According to Fig. 11, the stress of C-0%−0% under biaxial compression-compression well conformed to Kupfer’s biaxial failure criterion. For the specimens C-0%−10%, C-0%−20% and C-0.2%−10%, Kupfer’s failure criterion appeared to be conservative relative to the test values, while for the specimen C-0.4% −20%, the test values appeared to be conservative relative to Kupfer’s failure criterion. The developing trends of vertical compressive stress under the influence of lateral compressive stress corresponding to different rubber replacement rates and polypropylene fibre contents were basically consistent with Kupfer’s failure criterion. Therefore, based on Kupfer’s failure criterion, the biaxial compression-compression failure criterion for RFRC was proposed in this paper, as shown in Eq. (4).


(σZfc+σXfc)2−aσZfc−bσXfc=0
(4)

where, a and b are undetermined parameters. Considering the actual physical meaning of a, the value of a was set to 1.

Then, based on the test data of lateral compressive stress and vertical compressive stress corresponding to C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20%, the biaxial failure criterion equation for RFRC was obtained by performing mathematical regression analysis on Eq. (4), as shown in Fig. 12.
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Figure 12: Biaxial compression-compression failure criterion of RFRC

According to Fig. 12, the value of b for C-0%−10%, C-0%−20%, C-0.2%−10% and C-0.4%−20% was 3.97, 4.16, 4.17 and 3.44, respectively. The biaxial failure criterion for RFRC obtained from Eq. (4) has good applicability in quantitatively describing the developing trend of vertical compressive stress under the influence of lateral compressive stress, and is consistent with the qualitative analysis conclusions of this paper.

4.3 Octahedral Stress Space Failure Criterion

The criterion equation constituted by three-dimensional stress (i.e., σX, σY and σZ) has a hydrostatic compression axis equal to the included angle of each coordinate. The stress state of the hydrostatic compression axis conforms to σX = σY = σZ; the plane perpendicular to the hydrostatic compression axis is the plane π; and the normal stress and shear stress on plane π are σoct and τoct, respectively. The corresponding expressions are shown in Eqs. (5)–(6) [19].


σoct=13(σX+σY+σZ)
(5)


τoct=13(σX−σY)2+(σY−σZ)2+(σZ−σX)2
(6)

In this paper, the concrete specimens were set under a biaxial compression-compression loading condition during the experiment, so σY = 0. Thus, Eqs. (5)–(6) can be simplified to Eqs. (7)–(8).


σoct=13(σX+σZ)
(7)


τoct=13σX2+σZ2+(σZ−σX)2
(8)

According to the octahedral stress space and the related literature [19], the octahedral stress space failure criterion for RFRC with a three-parameter expression form was proposed, as shown in Eq. (9).


τoctfc=c+dσoctfc+e(σoctfc)2
(9)

where, c, d and e are all undetermined parameters.

According to the biaxial compression-compression test data of RFRC with different rubber replacement rates and polypropylene fibre contents in this paper, the values of σoct and τoct were calculated by Eqs. (7)–(8). Then, mathematical regression was performed through Eq. (9), and the parameter values and expressions as shown in Table 2 and Fig. 13 were obtained.
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Figure 13: Failure criterion of RFRC based on the octahedral stress space

According to Table 2 and Fig. 13, it can be seen that the biaxial compression-compression failure criterion for RFRC under different rubber replacement rates and polypropylene fibre contents proposed based on the octahedral stress space can well describe the developing trend of vertical compressive stress under the influence of lateral compressive stress.

5  Conclusions

In this paper, an experimental study was carried out on the biaxial compression-compression properties of RFRC with different rubber replacement rates and polypropylene fibre contents, and the effects of rubber, polypropylene fibres and lateral compressive stress on the biaxial compression-compression properties of RFRC were analysed comprehensively. In summary, the following conclusions were drawn:

Under the action of biaxial compression-compression, the failure mode of RFRC gradually developed from a columnar pattern under a low lateral compressive stress to a flaky pattern under a high lateral compressive stress. This developing trend was observed in all specimens with different rubber replacement rates and polypropylene fibre contents. As the rubber replacement rate increased, the integrity of the specimen upon compressive failure was improved, the crack size was decreased, and the number of cracks was increased. For specimens mixed with rubber and polypropylene fibres, when the lateral compressive stress was not zero, the compressive failure mode was mainly manifested as two penetrating cracks accompanied by lots of small cracks and the pulling-out of some polypropylene fibres.

With the increase of lateral compressive stress, the vertical compressive stress of RFRC showed an increasing trend first and then tended to stabilise under all working conditions, which means that the rubber replacement rate and polypropylene fibre content had little effect here. For the specimens C-0.4%−20%, C-0%−0%, C-0%−10%, C-0.2%−10% and C-0%−20%, the maximum increase in vertical compressive stress under the influence of lateral compressive stress was gradually increased. With the increase of rubber replacement rate, the vertical peak stress was significantly reduced. Therefore, polypropylene fibres at an appropriate amount can increase the vertical peak stress to a certain extent. Under the influence of rubber substitution rate and polypropylene fibre content, the vertical peak stress of RFRC showed the same developing trend under different lateral compressive stresses.

With the increase of lateral compressive stress, the vertical peak strain of RFRC showed a gradually increasing trend. The vertical peak strain under biaxial compression-compression was larger than that under uniaxial compression. With the increase of either rubber replacement rate or polypropylene fibre content, the vertical peak strain of RFRC was gradually increased and the plastic deformation capacity was significantly improved. The peak strain in the lateral compressive stress direction is directly related to the lateral compressive stress. The developing trend of peak strain in the lateral compressive stress direction can quantitatively reflect the changing trend of the biaxial compression-compression failure mode of RFRC under the influence of lateral compressive stress.

The SEM technology was used to analyse the microscopic morphology of RFRC for the purpose of revealing the biaxial compression-compression stress mechanism of RFRC. Based on Kupfer’s biaxial compression-compression failure criterion and the octahedral stress space, the biaxial compression-compression failure criterion for RFRC by considering different rubber replacement rates and polypropylene fibre contents was proposed, which was proven to have good applicability.
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Table 1: Mix ratios of RFRC (kg/m”)

Working Cement Coarse Fine Water Rubber Polypropylene
condition aggregates aggregates particles fibres
C-0%—0% 279 1034 780 178 0 0

C-0%—-10% 279 1034 702 178  32.3 0

C-0%—-20% 279 1034 624 178  64.6 0
C-0.2%—-10% 279 1034 702 178  32.3 4.45
C-0.4%—-20% 279 1034 624 178  64.6 8.72
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(a) C-0%-0% 0, (3/15)xf, (6/15)xf and (8/15)xf.

(d) C-0.2%-10% 0, (3/15)xf., (6/15)xf. and (8/15)xf.

(e) C-0.4%-20% 0, (3/15)xf, (6/15)xf and (8/15)xf.
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Table 2: Failure criterion parameter values of RFRC based on the octahedral stress space

Working condition

Mathematical regression parameters

C d e R?
C-0%—0% 0.08636 1.76401 —1.78493 0.7985
C-0%—-10% 0.03404 1.96441 —1.91694 0.7862
C-0%—-20% 0.02452 1.95847 —1.81775 0.8795
C-0.2%—-10% —0.17948 2.91139 —2.82662 0.9290
C-0.4%—-20% 0.25678 1.04353 —1.09081 0.9460
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