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Abstract

:

The mechanical properties of mortar materials in construction are influenced both by their own proportions and external loads. The trend of the stress–strain curve in cracks compaction stage has great influence on the relationship between the strength and deformation of cement mortar. Uniaxial compression tests of mortar specimens with different cement–sand ratios and loading rates were carried out, and the stored and dissipated energies were calculated. Results indicated that the elastic modulus and strength of mortar specimens increase with the cement–sand ratio and loading rate. The energy dissipation shows good consistency with the damage evolution. When the loading rate is less than 1.0 mm/min, most of the constitutive energy at the peak point is stored in the specimen and it increase with cement–sand ratio. A simple representation method of axial stress in cracks compaction stage was proposed and an energy-based damage constitutive model—which can describe well the whole process of cement mortar under uniaxial compression—was developed and verified.
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1. Introduction


Mortar materials are widely used in construction and mining engineering. Their use has effectively improved our living conditions and protected the ecological environment by filling the mined-out area [1,2,3,4,5]. In recent years, with the development of science and technology and the improvement of functionality and safety requirements for construction projects, more and more new materials and complex structures emerge, such as gravity offshore platform, high arch dam, long-span bridge, etc., and engineering design and evaluation methods have been developed.



Generally, no matter what kind of mortar material and engineering structure, its mechanical properties are determined by both internal factors (material composition, internal structure, etc.) and external factors (surrounding environment, stress characteristics, etc.) [6,7,8,9,10,11,12]. For cement mortar made of same materials, the mechanical properties are different when the material mixture ratio is different, and the mechanical properties of the specimens are also different when the loading path is different. Therefore, we should consider both internal and external factors when we study the mechanical properties of a mortar material, so as to guide engineering design with higher efficiency.



As for the influence of internal factors on the properties of mortar materials, researchers usually study the influence of material components on the properties of mortar by controlling variable method, such as S. Firoozi et al. [11] and J.K. Zhou et al. [13] studied the influence of water–cement ratio on the properties of mortar. As for the influence of external factors on the performance of mortar materials, researchers mostly focus on improving material properties to resist external heavy loads or chemical erosion. For example, some researchers maintain the long-term stability of mortar materials by adding some anti-corrosion components to the mortar [14,15,16,17]. However, studies have shown that the deformation response of solid materials is not only related to the load level, but also to the loading rate, which is often overlooked in the study of mechanical properties of mortar.



The relationship between the strength and deformation of mortar material is the foundation for design and assessment of related construction projects. Many researchers have made contributions to the understanding of the strength and deformability of mortar or rock-like materials, and many damage constitutive models of materials are established from the point of view of degradation of elastic modulus, energy dissipation, etc. [18,19,20,21,22,23]. Moreover, some researchers established a variety of damage models based on statistical mathematics theory or with the aid of acoustic emission monitoring technology [24,25,26]. However, these constitutive models are based on the premise that the initial damage of the material is 0 before the compression test. It is well known that there are abundant primary defects in mortar materials or rock-like materials. Compared with intact material samples, we can conclude that mortar or rock-like material samples have initial damage. Based on this viewpoint, Yang et al. [27] established a damage constitutive model of coal considering initial damage under triaxial compression, which describes well the stress–strain relationship of coal under triaxial compression. However, the compaction effect of cracks has a significant influence on the trend of the stress–strain curve. The concave phenomenon of stress–strain curve caused by cracks compression is neglected in establishing the constitutive model [27], and especially for mortar specimens with abundant defects under uniaxial compression. Therefore, the aim of this research is to obtain the mechanical properties of cement mortar and a constitutive model which can describe appropriately the relationship between the strength and deformation, by properly describing the non-linear stress–strain relationship in the compaction stage. The most commonly used cement mortar for mine filling (cement and sand composition) is taken as the research object. The energy dissipation characteristics of cement mortar with different cement–sand ratio under uniaxial compression are studies, and a constitutive model with modified damage was developed.




2. Materials and Methods


2.1. Materials and Mixing Ratio


Ordinary Portland cement (OPC) 42.5R grade, ordinary river sand, and potable water were used for preparing test specimens. The relative density of OPC is 3.1 g/cm3, and the chemical composition is shown in Table 1. The physical and mechanical properties of cement were tested according to GB/T 1346-2011 [28] and GB/T 17671-1999 [29]. The test results are shown in Table 2.



The mineral composition of river sand is mainly quartz, followed by feldspar and clay. The physical properties of the sand are shown in Table 3. The particle size distribution of the natural river sand used in this program is shown in Figure 1. About seventy percent of the river sand is 1.2~2.2 mm in diameter. The potable water used in the experiment was taken from the laboratory. To study the influence of internal factors on the properties of cement mortar, three different proportions of cement mortar were designed to study the mechanical property with different cement–sand ratios, that is cement–sand ratios of 1:2 (Group A), 1:1.5 (Group B), and 1:1 (Group C), and the water–cement ratio of the three groups of samples remains the same, that is 1:2.3. Each specimen with a specific mix proportion is shown in Table 4.




2.2. Sample Preparation


The cement and river sand were mixed in the designed proportion and stirred until the mixture was even. Then the designed amount of water was added and the cement mortar slurry mixed according to GB/T 17671-1999 [29]. The slurry with uniform mixing had good workability, and no mixing agglomeration and segregation appeared. Cube mortar specimens with edge length of 70.7 mm were prepared by using the standard metallic cube molds, as shown in Figure 2a. Three batches (Group A, B, and C) of mortar cubes for compression tests were prepared in accordance with JGJ/T 70-2009 [30]. After 24 h, all specimens were removed from the mold and put in curing tank at a constant temperature (20 ± 1 °C) and humidity (not less than 90%) up till the age of 28 days. Figure 2b shows part of the samples after curing 28 d.




2.3. Test Methods


After the prescribed curing periods, the unconfined compression strength (UCS) of the three groups of specimens was measured by RLJW-2000 servo-controlled testing machine (Chaoyang test instrument Co., Ltd., Changchun city, China), as shown in Figure 3. The load system was controlled through a displacement control mode. To study the influence of external factors on the performance of cement mortar, the tests were performed at a constant loading speed of 0.1 mm/min 0.5 mm/min 1.0 mm/min, respectively. The axial deformation of the specimen is obtained by monitoring the displacement of the test-bed for placing samples (shown in Figure 4), and the axial strain of the specimen is obtained by comparing the axial displacement with the height of the specimen. To ensure repeatability of test, 3 mortar specimens were tested repeatedly in the same stress state in each case, and the average strength of the three specimens regarded as the UCS of the cement mortar under these conditions. The experimental operation process was based on GB/T 50081-2002 [31].





3. Results and Discussion


3.1. Uniaxial Compression Behavior


The strength and deformation characteristics of mortar specimens with different cement–sand ratios and loading rates are listed in Table 4. The unconfined compression strengths (UCS) and elastic modulus (E) of cement mortar with a same loading rate increased with the cement–sand ratio. Taking the mortar samples with a loading rate of 0.5 mm/min as an example, the UCS increased by 25.58% and 51.32%, and the E increased by 7.97% and 44.53%, respectively, as the cement–sand ratio increased from 1:2 to 1:1.5 and from 1:2 to 1:1. This trend repeated for all three groups of test specimens, which showed that the compressive mechanical properties of the specimens were improved with an increase in the cement–sand ratio.



Similarly, the UCS and E of mortar samples with a same cement–sand ratio increased with the loading rate. For mortar samples with cement–sand ratio of 1:1.5, compared with mortar samples with a loading rate of 0.1 mm/min, the UCS of mortar samples with a loading rate of 0.5 mm/min and a loading rate of 1.0 mm/min increased by 7.69% and 14.79%, respectively. This shows that the influence of the cement–sand ratio on the mechanical properties of cement mortar is more obvious than that of the loading rate on the mechanical properties of cement mortar.




3.2. Energy Accumulation and Dissipation Characteristics


From the viewpoint of energy, the deformation and damage of rock-like materials is a process of energy input, elastic energy accumulation, energy dissipation and energy release [32]. According to the law of conservation of energy, part of the work done by an external force is stored in the material as elastic energy, and the other part is dissipated. The relationship between the constitutive energy, elastic energy and dissipative energy, and their calculation formula are as follows [33].


U=Ue+Ud



(1)






U=∫σ1dε1=∑i=1n12(σ1i+σ1i−1)(ε1i−ε1i−1)



(2)






Ue=σ122Ei



(3)




where U is the constitutive energy, Ue is the elastic strain energy, and Ud is the dissipated energy; σ1 and ε1 are the axial stress and strain; σ1i and ε1i are the stress and strain values at each point of the stress–strain curve. Ei is the unloading elastic modulus, for the convenience of calculation, the effective elastic modulus E can be used instead.



The stress–strain curves and evolution trend of energy curves in mortar specimens with different cement–sand under different loading rates is basically the same. Since nine cases of experiments were carried out and three samples were tested for each case, the results of the experiments mentioned above are numerous. Five samples representing three different cement–sand ratios and loading rates were selected, as shown in Figure 5 and Figure 6. It should be noted that A-0.1–1 represents the sample No. 1 with loading rate of 0.1 mm/min in Group A, and the same as other samples. At the initial stage of loading, the stress–strain curve is concave and the input energy is mainly used for pore and crack compression. When the pores and cracks are compressed and closed, the elastic energy accumulated in the specimen increases rapidly, and the dissipated energy increases little. After the elastic stage, the elastic energy accumulated in the specimen gradually releases, and the dissipated energy increases rapidly. Therefore, we can obtain the damage evolution of the specimen through the energy change during the loading process. The difference is that the constitutive energy of mortar samples with the same cement–sand ratio increases with the loading rate, and that of mortar samples increases with the cement–sand ratio under the same loading rate. A special phenomenon is that the crack-compaction effect of the stress–strain curve of mortar specimens is very obvious when the loading rate is greater than 0.5 mm/min. Therefore, in describing the stress–strain relationship of mortar specimens, the influence of crack compaction on the curve trend cannot be ignored.



Table 1 also lists the energy storage and dissipation of mortar specimens under different loading rates. When the loading rate is less than 1.0 mm/min, the difference between the constitutive energy and elastic energy of specimens with the same cement–sand ratio at the peak point is very small. For example, when the cement–sand ratio is 1:2 and the loading rate is increased from 0.1 mm/min to 0.5 mm/min, the constitutive energy of specimens at the peak point remains about 0.110 MJ/m3, and the elastic energy remains about 0.065 MJ/m3. The constitutive energy and elastic energy of mortar specimens with a loading rate less than 1.0 mm/min at the peak point increase with the cement–sand ratio.




3.3. Damage Constitutive Model for Cement Mortar


3.3.1. Damage Evolution Equation


Damage mechanics is a developing science. Many studies show that the damage of solid material can be expressed by energy dissipation. For example, Jin et al. [34] defined and calculated the damage variable based on energy dissipation for rock subjected according to monotonic or cyclic loading. The usual damage variable (D) can be expressed as follows:


DP=UPdUP=UP−UPeUP



(4)




where UP, Upd, and Upe are the constitutive energy, dissipated energy, and elastic energy at point P, respectively.



Furthermore, many experiment results have proved that the stress–strain curve of rock-like materials during compression can be divided into five stages [18,35,36]: a crack-compaction stage (I), a quasilinear elastic stage (II), a yield stage (III), a failure stage (IV), and a residual strength stage (V), as shown in Figure 7. Points A to D represent cracks compression closure point, yield point, peak point and residual point of materials, respectively.



According to the calculation method of constitutive energy and dissipated energy in Section 3.2, we can get the evolution of energy dissipation ratio (ratio of dissipated energy to constitutive energy) of mortar specimen under different loading rates. Figure 8 is the calculation result of energy dissipation ratio of mortar specimens with cement–sand ratio of 1:2. In the cracks compaction stage, most of the input energy is used for the compression of cracks. After the crack-compaction stage, most of the input energy is stored in the specimen in the form of elastic energy. However, there is still a certain proportion of energy dissipation at this time, which indicates that the whole compression process is accompanied by damage. Even in the elastic stage with the least damage, the ratio of dissipated energy will be nearly 20%.



The energy dissipation at the crack-compaction stage is not caused by material damage. On the contrary, it is caused precisely because part of the energy input is used for the compaction of cracks, which improves the load-bearing capacity of the specimen. Therefore, the expression of damage variable in Equation (4) cannot really reflect the change of rock internal structure at the compaction stage. Based on this, some scholars define primary fractures as initial damage. Additionally, the damage evolution is shown in Figure 7. The damage variable at point P on stress–strain curve expressed using energy dissipation UPd is as follows [27].


DP=1−exp{−α[(UPd−U0dU0)2]β}



(5)




where U0 = 1 mJ mm−3 is the unit strain energy after dimensionless treatment; α and β are parameters related to material properties; U0d is the dissipated energy corresponding to the initial damage.



The rock will damage under external load, accompanied by energy dissipation. The dissipation energy Upd in Equation (5) can be shown as follows:


UPd=J22G=[(σ1−σ2)2+(σ2−σ3)2+(σ3−σ1)2]12G



(6)




where G is the shear modulus, and J2 is the second invariant of the stress deviator tensor.



In uniaxial compression testing, σ2 = σ3 = 0. Therefore, substituting it into Equation (7), we have


UPd=σ126G=(1+υ)3Eσ12



(7)







The slope of stress–strain curve at the stage of cracks compaction is obviously smaller than that of elastic modulus E due to the effect of cracks compaction at the initial stage of loading. We cannot use Eε to represent σ1, as shown in Figure 7. Here we present a simple representation of σ1, it can be expressed as:


σ1={GAεε<εAEε−(E−GA)εAε≥εA



(8)






GA=εA−ε10εAE



(9)




where GA is the slope of line OA. εA is the total strain at the crack closure point A. ε10 is the plastic strain at point A.



Therefore, substituting Equations (8) and (9) into Equation (7), we have


UPd={E(1+υ)3(εA−ε10εA)2ε2ε<εAE(1+υ)3(ε−ε10)2ε≥εA



(10)








3.3.2. Damage Constitutive Model and Verification


Through the obvious compaction stage of stress–strain curves, it can be seen that there are a lot of primary defects in the mortar sample. The deformation of a specimen during compression includes the elastic deformation of the intact material and the plastic deformation of cracks. Therefore, the damage constitutive equation of mortar material can be expressed as [27]


σij=σije(1−D)+σijcrD



(11)






σije=Cijkl(εkl−εkl0)



(12)




where σije and σijcr are the axial stresses applied on the intact part and defective part, respectively. Cijkl and εkl are the elastic coefficient and elastic strain of the material, respectively. εkl0 is the strain of the defective part.



Mohr–Coulomb strength criterion has simple parameter form and it is applicable for rock-like material [37,38]. It can be used to describe the mechanical behavior of cement mortar in this research. The expression of Mohr–Coulomb strength criterion under uniaxial compression can be shown as follows:


f(σ1,D)=σ1−C=σ1−2c(D)cosφ(D)1−sinφ(D)



(13)




where φ(D) is the internal friction angle and c(D) is the internal cohesion of cement mortar. Additionally, they can all be expressed as functions of damage variable D. Combining Equations (5) and (10)–(13), the nonlinear short-term damage model can be produced.



Based on the stress and strain data of mortar specimens as used in Section 3.2, parameters α, β and U0d of the damage constitutive model can be fitted by Equations (5), (7) and (11)–(13), as shown in Table 5. Then the stress and strain data of the other five specimens in the same case as those mentioned in Section 3.2 are taken, and the theoretical curves can be obtained, as shown in Figure 9 and Figure 10. To show the advantages of the developed model (DM) by comparison, the theoretical curve obtained by the previous model (PM) without considering the effect of cracks compaction [27] is also plotted in Figure 9 and Figure 10. It can be seen that the stress–strain curves described by PM are generally higher than experimental result before yielding point and lower than the test value after yielding point. While the stress–strain curve described by DM is basically consistent with the experimental curve, especially in the crack-compaction stage, the theoretical curve is in good agreement with the experimental curve, which also determines that the trend deviation of the stress–strain curve after crack compression closure is small.



To further observe the applicability of the developed model, a comparison between the proposed model and experimental data of two kinds of cement mortar in References [6,39] was made. The cement–sand ratio, elastic modulus E, total strain εA at the crack closure point, plastic strain ε10 at the crack closure point, residual strength σcr, and the loading rate are 1:1 and 1:2, 0.925 GPa and 0.837 GPa, 0.019 and 0.021, 0.009 and 0.008, 2.86 MPa and 2.08 MPa, 0.1 mm/min and 1.0 mm/min, respectively. The parameters in the damage variable can be found from Table 5 according to the cement–sand ratio and loading rate. The comparison between the theoretical curve obtained by the developed model and the experimental data is shown in Figure 11. The comparison results show that the damage constitutive model developed in this paper can also describe the stress–strain relationship of the selected cement mortar specimens under uniaxial compression well.






4. Conclusions


Uniaxial compression behavior and energy accumulation and dissipation characteristics of cement mortar with different cement–sand ratio and loading rates were studied in this paper. A damage constitutive model considering the crack-compaction effect and initial damage was reported and validated by comparing the experimental and theoretical results of previous model and developed model. According to the results obtained, some conclusions can be made.



(1) The unconfined compression strengths and elastic modulus of cement mortar increased with the cement–sand ratio and loading rate. At the initial stage of loading, the stress–strain curve of the specimen is concave due to the compaction of cracks and pores, which will affect the trend of the curve after the compaction stage. The constitutive energy of the specimen mainly contributes to the compression and closure of cracks and pores.



(2) The elastic energy accumulation increases rapidly and more than 20% of the constitutive energy is still dissipated in elastic stage. Most of the constitutive energy at the peak point is stored in the specimen, and the constitutive energy and elastic energy at the peak point increase with the cement–sand ratio when the loading rate is less than 1.0 mm/min. This indicates that the influence of the cement–sand ratio on the mechanical properties of cement mortar is more obvious than that of the loading rate.



(3) A sample representation method of axial stress was proposed, and an energy-based constitutive model considering initial damage for cement mortar was developed. It can describe appropriately the stress–strain relationship of cement mortar with different cement–sand ratio.



(4) We should pay more attention to the characteristics of materials themselves than the external environment in engineering design. The damage constitutive model proposed in this paper is suitable for materials with abundant primary defects and obvious compaction stage. However, for materials that the compaction stage is not obvious, the stress–strain relationship can be described in an acceptable error without simply expressing its axial stress. In addition, crack-compaction effect will be limited under confining pressure, and the significance of the existence of the model needs to be further explored.
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Figure 1. Particle size distribution of the river sand. 
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Figure 2. Manufacture of mortar samples: (a) Standard metallic cube mold; (b) Mortar specimens after curing 28 d. 
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Figure 3. RLJW-2000-type test system. 
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Figure 4. Sample placement and compression. 
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Figure 5. Stress and energy with strain for cement mortar samples: (a) A-0.1–1; (b) A-0.5–2; (c) A-1.0–1. 
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Figure 6. Stress and energy with strain for cement mortar samples: (a) B-1.0–3; (b) C-1.0–1. 
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Figure 7. Stress–strain-damage curves of rock-like materials during the compression process. 
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Figure 8. Energy dissipation ratio of specimens with cement/sand = 1:2. 
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Figure 9. Comparison between experimental and theoretical curves of cement mortar: (a) A-0.1–2; (b) A-0.5–3; (c) A-1.0–2. 
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Figure 10. Comparison between experimental and theoretical curves of cement mortar: (a) B-1.0–2; (b) C-1.0–3. 
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Figure 11. Comparison between experimental and theoretical curves of cement mortar: (a) cement–sand ratio of 1:1 and loading rate of 0.1 mm/min; (b) cement–sand ratio of 1:2 and loading rate of 1.0 mm/min. 






Figure 11. Comparison between experimental and theoretical curves of cement mortar: (a) cement–sand ratio of 1:1 and loading rate of 0.1 mm/min; (b) cement–sand ratio of 1:2 and loading rate of 1.0 mm/min.



[image: Materials 12 01309 g011]







[image: Table]





Table 1. Chemical composition of OPC.
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	Chemical Composition
	SiO2
	Fe2O3
	Al2O3
	CaO
	MgO
	SO3





	Percentage
	22.4
	3.15
	5.6
	59.58
	2.58
	2.42
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Table 2. Physical properties of OPC.
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	S.No.
	Physical Requirements
	Test Results
	GB/T 1346-2011 or 17671-1999 Requirement





	1
	Fineness modulus
	4.4
	10 Max.



	2
	Water requirement of normal consistency
	26.8
	30 Max.



	3
	Setting time (Minutes)
	
	



	
	Initial
	195
	45 Min.



	
	Final
	260
	600 Max.



	4
	Soundness
	1.5
	5.00 Max.



	5
	Compressive strength (Mpa)
	
	



	
	3 days ± 1 h
	27.5
	17.00 Min.



	
	28 days ± 4 h
	49.2
	42.50 Min.
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Table 3. Physical properties of the river sand.






Table 3. Physical properties of the river sand.





	Property
	Specific Gravity
	Bulk Density
	Fineness Modulus
	Silt Content
	Porosity





	Values
	2.46
	1610 kg/m3
	2.5
	2.4%
	38.2%
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Table 4. Mechanical properties, energy storage and dissipation of mortar specimens.
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Group

	
Cement/Sand

	
Loading Rate (mm/min)/(mm/min)

	
E (Gpa)

	
σE

	
UCS (MPa)

	
σUCS

	
UC (MJ/m3)

	
UCe (MJ/m3)






	
A

	
1:2

	
0.1

	
0.411

	
0.032

	
7.550

	
0.426

	
0.109

	
0.069




	
0.5

	
0.640

	
0.044

	
8.805

	
0.458

	
0.112

	
0.060




	
1.0

	
0.837

	
0.042

	
10.528

	
0.843

	
0.140

	
0.068




	
B

	
1:1.5

	
0.1

	
0.608

	
0.026

	
10.373

	
0.726

	
0.132

	
0.086




	
0.5

	
0.691

	
0.033

	
11.057

	
0.551

	
0.137

	
0.088




	
1.0

	
1.087

	
0.049

	
11.907

	
0.963

	
0.106

	
0.065




	
C

	
1:1

	
0.1

	
0.696

	
0.035

	
12.168

	
0.855

	
0.161

	
0.106




	
0.5

	
0.925

	
0.048

	
13.324

	
0.560

	
0.169

	
0.096




	
1.0

	
1.339

	
0.067

	
14.531

	
0.922

	
0.131

	
0.079








E = E1 + E2 + E3, UCS = UCS1 + UCS2 + UCS3, E1, E2 and E3, UCS1, UCS2 and UCS3 are elastic modulus and uniaxial compressive strength of three specimens in the same case, respectively. σE and σUCS are standard deviations of E and UCS values in each case. UC and UCe are the constitutive energy and elastic strain energy at peak point C, respectively.
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