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Abstract:



Grouting reinforcement is an important part of modern engineering and has grown in popularity due to the benefits of grouting enhancement on cyclic loading. Understanding the fatigue mechanism of grouting-enhanced structures is vital to the design and the long-term stability analysis of such structures. In this study, the fatigue mechanical properties of cracked cement paste after epoxy resin grouting enhancement under different cyclic conditions were investigated in the laboratory and an inverted S-shaped curve was proposed to describe the damage accumulation. The test results indicated that the fatigue axial deformation can be divided into three stages: the initial stage, constant velocity stage and accelerating stage. The irreversible deformation can be used to describe the damage accumulation. The fatigue process is significantly affected by the upper limit stress level and the stress amplitude. In addition, the exponential relationship between stress amplitude and fatigue life was obtained. The proposed S-shaped curve was validated by an experimental fatigue strain test. The tests result upon various load conditions and crack types represented a good agreement with the predicted data.
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1. Introduction


In recent years, underground structures have become more popular around the world. The mechanical properties of rock, concrete, and other engineering materials under cyclic loading are the main factors affecting the stability of engineering structures. The fatigue deformation and damage accumulation of rock and concrete are widely studied to reveal the mechanisms of fatigue failure and to evaluate the safety and stability of underground structures. Fatigue failure has become an important issue in the field of engineering research [1,2,3,4].



Under cyclic loading, the irreversible deformation of brittle materials, such as rock, concrete, and other engineering materials, undergo three stages: initial stage, uniform velocity stage, and accelerated stage [5,6,7]. There is a threshold value of fatigue failure close to the yield value. The fatigue damage will not occur when the fatigue control variable is below the threshold. Different scholars have conducted extensive fatigue studies on different rock types. He et al. [8] tested the sandstone samples under different amplitudes of cyclic loading. A dissipated energy evolution equation was proposed based on the deformation, cyclic softening, cycle hardening, and energy consumption characteristics of sandstone. Guo et al. [9] studied the strength, deformation and fatigue damage process of salt rock under uniaxial compression conditions. They found that the fatigue failure curve of rock salt was controlled by the complete stress-strain curve under static loading. Similar results have been obtained with rock of different densities, such as marble [10,11,12,13], granite [14,15], white sandstone [16], and coal rock [17] through fatigue testing. It was suggested that fatigue testing would be a feasible and effective method for damage evolution. Numerous experimental data show that energy dissipation can be obtained through hysteresis loop integral calculation of stress-strain curve under cyclic loading. In this paper, the stress-strain curves obtained from the experimental records also showed that hysteresis loops had a loose-dense-loose model (see Figure 1a). The irreversible axial deformation presented a three-stage development trend which corresponded to the three stages of crack initiation, crack stabilization propagation and crack instability propagation (see Figure 1b) [18].


Figure 1. Classical fatigue damage evolution: (a) stress–strain curve under cyclic loading; and (b) classification of development curves of irreversible deformation.
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There are three different curve types according to the different stress levels. When the stress level is lower than the threshold value of fatigue failure, the irreversible deformation showed a stable period after experiencing the initial stage, that is, damage occurs at infinity. When the stress level is moderate, the curve shows three clear stages and the uniform stage is longer. During the uniform velocity stage, the irreversible deformation increases linearly, which is the common form of most rock fatigue. When the stress level is high, the initial stage and the accelerated stage are shorter than others. The cracks propagate rapidly after the initial stage.



It is clear that the irreversible deformation can be used to describe the damage accumulation. An inverted S-shaped curve can be introduced to describe the relationship between irreversible deformation and cyclic number. Therefore, it is an effective method to define the appropriate damage variables and simulate the damage process.



In this paper, Portland cement was used to make fractured specimens, and the cracks were grouted with toughened epoxy resin. The damage mechanism after grouting reinforcement under cyclic loading was revealed and an inverted S-curve model was established to simulate the damage accumulation process.




2. Materials and Methods


The cement paste sample was prepared with white Portland cement (P.W 32.5 based on GB/T 2015-2005) with designed water to cement (w/b) ratio of 0.5. The mixture was poured into a mold and placed on an electromagnetic vibration shaker roughly 20 min. The basic mechanical properties of the samples were tested after 28 days curing at room temperature. The grouting reinforcement material (bisphenol A epoxy resins and amine hardener) was provided by Shanghai Jiagu Building Materials Co., Ltd. (Shanghai, China). The epoxy resin matrix (bisphenol A epoxy) and curing agents (amine hardener) were mixed with a volume ratio of 2:1. The epoxy resin was fully stirred and poured into the polytetrafluoroethylene (PTFE) mold. The epoxy resin was cured at room temperature for 72 h before testing. The mechanical properties, such as tensile strength st, elastic modulus E, Poisson’s ratio m, and compressive strength sc, were measured experimentally through a splitting test and a uniaxial compression test, as listed in Table 1.


Table 1. Mixture components’ mechanical properties.





	Material Type
	Tensile Strength (MPa)
	Compressive Strength (MPa)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	Portland cement
	2.04
	24.261
	4.68
	0.22



	Epoxy resin
	28.149
	107.5926
	4.07
	0.357









The regular single crack and parallel double crack cement paste specimens with a size of 50 mm × 25 mm × 100 mm were prepared by using the embedded strip method [19] and the crack angle a = 60°, crack length 2a = 20 mm, and crack spacing H = 10 mm. Epoxy resin was injected into the crack and cured for 72 h. The flatness of the specimen surface and penetration of cracks were checked after demolding to meet the test requirements. The sample and grouting preparation are shown in Figure 2. Fatigue tests were conducted on a Hualong WDW-20C test apparatus, manufactured by the Shanghai Hualong Co., Ltd. (Shanghai, China). The test parameters included the greatest stress σmax, the smallest stress σmin, the static compressive strength σc, the stress amplitude σa, stress ratio R, and stress level S. The relationship among the parameters is shown in Figure 3. The greatest stress and the smallest stress were entered as control parameters. Then a triangle wave loading based on the frequency was automatically loaded. The fatigue loading in this test was loaded at a frequency of 0.1 Hz. Three different stress ratios and four different stress levels were chosen for comparison. They were R = 0.1, 0.2, 0.3 and S = 0.41, 0.51, 0.61, 0.76, respectively.


Figure 2. Specimen size and grouting method.
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Figure 3. Fatigue loading curve.
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3. Fatigue Test Results and Analysis


Figure 4 shows a typical failure trajectory of the specimens. Several stages of the specimens under cyclic loading, including compaction, micro-crack initiation, stable crack propagation, and accelerated crack propagation, were observed with the increase of the number of cycles. For single crack specimens, the crack initiated in the middle of the specimen and propagated up and down around the slurry body (see Figure 4a). After the specimen was completely destroyed, the slurry body and the surrounding part of the specimen still had good integrity. It was clear that grouting reinforcement could effectively avoid the stress concentration of the crack and strengthen the specimen. The fatigue performance of the specimens after grouting was better than that of the specimens without a crack. The typical failure trajectory of the specimens of cracked specimens and non-cracked specimens was listed in Figure 4c,d. According to the test results, under the same stress level and stress ratio (S = 0.41, R = 0.1), the average fatigue life of non-fractured specimens was 31,250 cycles. For the single-cracked specimen, crack initiation started after approximately 721 cycles and the final number of cycles to extend to the top of the specimen was approximately 21,453 cycles. For the double-cracked specimen, the crack initiation started after approximately 561 cycles and the final number of cycles to extend to the top of the specimen was approximately 19,453 cycles. At the same time, compared with the un-grouted and non-fractured specimens, the toughness of the grouted specimens was greatly improved. For the double-crack specimens, the crack initiated in the original crack tip and propagated to another crack (see Figure 4b). In some cases, the grouting body was compressed and destroyed, which indicated that the better grouting effect can be obtained and the grouting body has fully played its important reinforcement role. In general, double-fractured specimens have better strength and fatigue resistance than single-fissure specimens.


Figure 4. Failure diagram of specimen: (a) single-crack after grouting; (b) double-crack after grouting; (c) cracked specimens before grouting; and (d) without cracks.
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The fatigue test results under different stress ratio and stress levels are listed in Table 2. The fatigue life of specimens slightly decreased with the low amplitude Sa, however, after increasing the amplitude Sa, the fatigue life was rapidly reduced. Changing the stress level σmax/σc and the stress amplitude Sa significantly affects the fatigue process. The initial axial deformation took place before the beginning of the cycle and the axial deformation increased with the increase of the stress level. The total amount of cumulative irreversible deformation required to achieve failure will be reduced and affect the fatigue life of the specimen significantly.


Table 2. Fatigue test results.





	No.
	Crack Type
	Stress Amplitude Sa (MPa)
	Stress Ratio R
	Stress Level S
	Fatigue Life Nf (Cycles)





	S-1
	Single crack
	5.76
	0.1
	0.41
	37,582



	S-2
	Single crack
	7.2
	0.1
	0.51
	11,866



	S-3
	Single crack
	8.64
	0.1
	0.61
	329



	S-4
	Single crack
	10.8
	0.1
	0.76
	68



	S-5
	Single crack
	9.6
	0.2
	0.76
	1621



	S-6
	Single crack
	8.4
	0.3
	0.76
	4212



	D-1
	Double crack
	10.8
	0.1
	0.76
	101



	D-2
	Double crack
	9.6
	0.2
	0.76
	645



	D-3
	Double crack
	8.4
	0.3
	0.76
	10,020









The S-N (stress amplitude and fatigue life relationship) curve was obtained according to the data listed in Table 2 and Figure 5. It can be seen that the stress amplitude Sa decreases exponentially with the increases of the fatigue life Nf which is similar to the research results of other scholars [20]. After data fitting, the stress-fatigue life equation can be obtained as:


Sa = 15.25522 Nf−0.08804



(1)






Figure 5. S-N (stress amplitude and fatigue relationship) curve (single-crack specimens, R = 0.1); (a): Nonlinear stress amplitude and fatigue relationship; (b): Double logarithmic linear relationship.
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Taking the logarithm of both sides of Equation (1), the linear relationship between the stress amplitude Sa and fatigue life Nf can be obtained as:


lgSa = 1.183418 − 0.08804l gNf



(2)







Figure 6 shows the effect of stress ratios on fatigue life. It can be seen that the fatigue life increases greatly with the increase of the stress ratio R under the same stress level. The increase of R means the decrease of stress amplitude Sa. Compared with the upper limit stress level σmax/σc, R has little influence on the fatigue life. When the upper limit stress level is 0.51, the stress ratio R = 0.1 and the fatigue life can reach 11,866. However, when the upper limit stress level is 0.76, even if the stress ratio R increases to 0.2, the fatigue life still only increases to 1621. Obviously, the upper limit stress level is one of the main factors affecting the fatigue life. In the actual project, the grouting-reinforced structure should avoid working at the high-stress levels.


Figure 6. The effect of stress ratios on fatigue life (Single crack specimens, σmax/σc = 0.76).
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There is a clear difference between the destruction process of static and dynamic uniaxial compression, but there is also some connection between them [9,21,22]. The axial stress-strain curves under static loading and those under cyclic loading are plotted in the same figure, as shown in Figure 7. According to the static stress-strain curve, there is a control point at the upper limit stress level, the corresponding strain at this point is the fatigue failure strain εd. The strain corresponding to the position before the peak load at the same stress level is the initial strain ε0. The total fatigue residual strain can be obtained as εr = εd − ε0. The strain of the failure point named as failure strain εf. The failure point and the control point approximately coincide and the error between the strain εd and εf is less than 1% according to the experimental data. The deformation can be selected as a control factor of fatigue failure analysis.


Figure 7. Static and fatigue testing curves.
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4. Inverted S-Shaped Fatigue Damage Model


Figure 8 shows the strain cycle-ratio curve of typical samples. Where the strain is the amount of relative deformation in the vertical compression direction which was collected during the fatigue loading process. It can be seen that the changing rules of the single-crack and double-crack samples are consistent, and the entire fatigue failure process exhibits a clear three-stage damage rule. The initial damage phase and the acceleration phase have a shorter duration, and the stability phase is relatively long. The curves of the three phases show a distinct inverted S-shaped shape, which is consistent with the results obtained in most of the literature [23,24]. At the same cyclic ratio, the single-crack specimen has a greater strain than the double-crack specimen. The cracking strain of the resin is much larger than that of the cement, so the damage begins at the periphery of the cement away from the original crack after grouting reinforcement. The strength of the entire structure is strengthened and the anti-fatigue performance is improved after grouting enhancement.


Figure 8. Strain-cycle ratio curve.
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When damage mechanics is used to study the fatigue properties of cement and other solid materials under cyclic loading, the selection of the damage variables is crucial. At the same time, the damage variable needs to have a clear physical meaning, easy to measure, and the change law is consistent with the evolution of fatigue mechanical properties of materials. The common definitions of damage variables are elastic modulus, longitudinal wave velocity, energy dissipation, maximum strain, residual strain, acoustic emission, density, etc. [25,26,27]. According to the above collection results of strain, it can be found that the strain has all the features as the amount of damage. In this paper, we will use the maximum strain as the definition of damage, and study the damage process. According to the results of the literature study, the damage variable can be defined based on the maximum vertical deformation under cyclic loading:


[image: ]



(3)




where D is the damage after n cycles, [image: ] is the instantaneous maximum strain for the n-th cycle, [image: ] is the initial fatigue maximum strain of the first cycle, and [image: ] is the maximum strain of the last cycle.



The inverted S-shaped curve has been widely used in many fields of research. The logistic model, also known as the Verhulst-Pearl model, is a model in which the S-shaped curve can be better simulated. The general expression of the Logistic model equation can be expressed as [28,29]:


[image: ]



(4)




where a, b, c are related parameters affecting the shape of the curve.



Applying the inverse function of the logistic model to the damage model described in this paper, a new mathematical expression of the inverted S-shaped model for fatigue damage accumulation can be expressed as:


[image: ]



(5)




where n is an independent variable, called generalized cycle, can be absolute cycle N or relative cycle N/Nf; D is the dependent variable, represents the corresponding damage of N cycles under constant amplitude loading; D0 is a parameter related to the initial damage; a and b are two parameters to be determined.



A perfect fitting curve of damage evolution agreeable to experimental data can be obtained by adjusting these three parameters: D0, a, and b. It can be seen from Figure 9 that the damage value D is consistent with the D0 when the relative cycle N/Nf is equal to 0.5 which is consistent with the conclusion of [29]. This means that the damage value of the curve center, the cumulative damage of the half-life, could be controlled by D0. Most of the value of D0 should be around 0.5 because it is related to the half-life damage. The range of D0 should be limited to 0–1. The damage accumulation rate of the uniform velocity stage is accelerated with the increase of the parameter a. In other words, the damage accumulation rate in the middle stage of fatigue damage is controlled by the value of a. The larger the value of a, the faster the damage growth. The range of a should be limited to 0–1. The convergence of the curve can be controlled by the parameter b and the curve can’t converge when b is larger than 1.5. It is recommended that the parameter b should be restricted in 1.0–1.2.


Figure 9. Effect of the inverted S-curve parameters: (a) parameter D0; (b) parameter a; and (c) parameter b.
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The strain data were collected during the test and the damage D was calculated according to Equation (3). The damage cumulative curve can be fitted based on Equation (5). As shown in Table 3 and Figure 10, taking the specimens S-2, S-4, and D-1 as examples, the three parameters can be obtained by fitting. The test data is obviously consistent with the fitted data and the fitted covariance are 0.9911, 0.9946, and 0.9951, respectively. It can be seen from Figure 10 that for the single-crack grouting specimen, the initial damage (D0) and the corresponding damage cumulative (a) increase with the increase of the stress level, which is consistent with the observations and strain changes during in the experiment. For the double-crack grouting specimen, it can be seen that the initial damage (D0) and the cumulative acceleration (a) are smaller than that of the single-crack specimen at the same stress level and stress ratio. Due to the good elasticity and toughness of the resin, the specimen can be enhanced by the resin which can decrease the initial damage and damage cumulative. The more injected resin, the more enhanced the effect. This indicates that the inverted S curve can better simulate the evolution of fatigue damage.


Figure 10. Fitting result of the inverted S-curve.
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Table 3. Parameter fitting results.





	No.
	D0
	a
	b
	R





	S-2
	0.5712
	0.0815
	1.005
	0.9911



	S-4
	0.5349
	0.1369
	1.032
	0.9946



	D-1
	0.5163
	0.1037
	1.01
	0.9951










5. Conclusions


Currently, the understanding on the fatigue properties of grouting reinforcement materials is still limited and its fatigue failure mechanism needs further investigation. In this study, the evolution of the fatigue damage was characterized by an analytical inverted S-shaped model according to the recorded maximum vertical deformation during the loading test. To reveal the mechanism of fatigue damage of rock-like materials after grouting enhancement, the uniaxial compression test under cyclic loading was carried out. The effect of the upper limit stress level, the stress ratio, and the stress amplitude on the fatigue life was studied. From the above discussion, some important conclusions can be drawn:

	(1)

	
The cracks initiated in the middle of the specimen and propagated up and down around the slurry body. The grouting reinforcement could effectively avoid the stress concentration of the crack and made the specimen more complete and strong. The fatigue life decreases slowly, first, and then decreases rapidly with the increase of the stress amplitude. The upper limit stress level and the stress amplitude are two significant factors to the fatigue life.




	(2)

	
The exponential function of the stress amplitude and the fatigue life was obtained through the S-N curve and the experimental data. There was also a double logarithmic linear relationship between the stress amplitude and the fatigue life.




	(3)

	
The damage evolution is phased into three stages and the three stages can be observed from the tested specimens, which are influenced by the loading parameters (such as the upper limit stress level, the stress ratio, and the stress amplitude).




	(4)

	
The fatigue damage evolution curve was acquired by the curve-fitting method through the experimental data, which is based on the Logistic model. An inverted S-shaped curve was obtained and used to describe the damage evolution. The fitting result was consistent with the experimental data.









This study exclusively focused on the fatigue damage of grouting-enhanced rock-like materials under constant amplitude fatigue condition. For the future work, the fatigue performance under variable amplitude loading will be investigated. In addition, the fatigue damage model for rock-like materials with different types of grouting materials will be studied in the future.
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