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 10 
Highlights 11 

⚫ Triaxial compressive tests of CPB with different curing time were carried out. 12 

⚫ A damage constitutive model was proposed using the experimental measurements. 13 

⚫ The proposed model can predict the stress-strain relationships with good accuracy. 14 

 15 
Abstract 16 

The strength of CPB is gradually enhanced with the increase of curing time. It is of great significance to study the 17 

stress-strain behaviors of CPB with different curing time under triaxial loading conditions. The triaxial compressive tests of 18 

CPB samples with 4 different curing time (1, 3, 7, and 28 days) were firstly conducted using GCTS (Geotechnical 19 

Consulting ＆ Testing System) loading system under 4 different lateral constraint ratios (σ3/UCS≈0%, 10%, 20%, and 30%). 20 

The experimental data were then used to develop a damage constitutive model in which the lateral constraint rations σ3/UCS 21 

plays a key role. The tested stress-strain curves from the experiments were used to verify the proposed damage constitutive 22 

model. The comparisons between the tests and the model prediction showed that the triaxial strength of CPB can be 23 

accurately predicted by the Mohr-Coulomb strength criterion. An obvious secondary elastic strengthening stage was 24 

identified in the stress-strain curves of CPB when σ3/UCS is high (≥20%). And the proposed damage constitutive model can 25 

accurately represent the stress-strain relationships of CPB with different curing time and σ3/UCS. The results presented in 26 

this study contribute to a better understanding of the triaxial mechanical behaviors of CPB. 27 
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 29 
1 Introduction 30 

Backfilling mining voids using solid waste (e.g., tailings, waste rock, etc.) as main materials is not only beneficial to the 31 

environment but also effective to increase productivity and ensure safety [1-3]. CPB is widely used as a backfilling material 32 

due to its excellent working performance [4, 5]. CPB (as a cement-based material) backfilled into the underground 33 

mined-out areas gradually hardens with the curing time to resists the deformation of the surrounding rock walls. Therefore, 34 

the mechanical behaviors of CPB can be regarded as an important foundation for the backfilling design and application.  35 

The stress-strain relationship (of represented as a constitutive model or stress-strain model) is one of the main indicators that 36 

can reflect the mechanical behaviors (e.g., peak stress, peak strain, and elastic modulus, etc.) of solid materials. Establishing 37 
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a suitable constitutive model to describe the stress-strain relationship is necessary to fully understand the stress-strain 38 

evolution process. For backfilling materials under uniaxial compression, existing constitutive models consider various 39 

factors, such as: solid content [6-8], cement-tailing ratios [7, 9, 10], layered structure of tested sample [10-12], porosity and 40 

pore size [14], etc. In addition, different loading methods were also added to some of the existing constitutive models to 41 

describe the tested stress-strain curves, such as: creep behaviors [15-17], thixotropic [18], and cyclic loading [19], etc. There 42 

were also constitutive models in which the complex storage environments of the backfilled CPB and the multi-physics 43 

coupling were considered [20-22]. 44 

For backfilled CPB structures on site, the mechanical properties of CPB units located at a given depth were also 45 

significantly affected by the lateral constraint stress (σ3) Therefore, the triaxial mechanical properties of CPB need to be 46 

better understood. Moreover, the triaxial stress-strain relationship of CPB is also an important indicator of triaxial 47 

mechanical properties. To describe the triaxial stress-strain relationship, an experimental study on CPB samples with curing 48 

time of 28 and 91 days was conducted by Fall et al. [23]. The research established the relationships between deviator stress, 49 

elastic modulus, peak strain, and lateral constraint stress. Liu et al. [24] developed a numerical model to reproduce the 50 

stress-strain curves of CPB based on the PFC2D software. Fu et al. ＆ Yang et al. [25, 26] performed a series of triaxial 51 

compression tests to investigate the stress-strain curves of CPB with different solid content. 52 

For the above-mentioned studies, the established constitutive models of CPB were mostly based on the stress-strain curves 53 

obtained by the uniaxial compressive tests. However, for the triaxial mechanical behaviors of the CPB, although some 54 

related experimental studies and numerical analyses have been carried out, there are few reports on developing constitutive 55 

models that can accurately describe the stress-strain relationships of CPB samples under triaxial loading conditions. This 56 

work aims to develop a constitutive model using the triaxial experimental curves of CPB under different curing time. It is 57 

hoped that the damage constitutive model proposed in this work can accurately describe the triaxial stress-strain 58 

relationships under triaxial compression. The calculation method of model parameters was detailed, and, and the 59 

experimental data were also used to further demonstrate the accuracy and reliability of the proposed damage constitutive 60 

model in this study. 61 

2 Experimental Materials and Methods 62 

2.1 Materials and equipment 63 

Usually, the fresh CPB slurry is mainly composed of tailings, binders, and water. The Ordinary Portland Cement (P.O. 42.5) 64 

was often selected as a binder, which is widely used in practice. To avoid the effects of uncertain reactive minerals in the 65 

nature tailings (NT) on the mechanical behaviors of CPB, artificial tailings (AT) was used to represent the NT [27-29]. The 66 

AT was composed of 99.8% SiO2, its scanning electron microscope (SEM) image and particle size distribution curve were 67 

shown in Fig. 1. From Fig. 1a, the particle size distribution of the used AT is close to the average of 7 random mines NT in 68 

China. And for the two curves shown in Fig. 1b, the contents of fine particles (<20 µm) are 41.96% (for AT) and 39.07% 69 



(for NT), respectively. Therefore, the used AT can be regarded as fine-grained soils [30]. More detailed information and 70 

discussions of the used AT can be found in previous studies [31, 32]. 71 
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Fig.1 The relevant information about the mentioned tailings: (a) SEM image of AT (magnified 100 times); (b) the particle 72 

size distribution curves of AT and the average of 7 mines NT. 73 

 74 
To investigate the effects of the lateral constraint stress on the mechanical behaviors of CPB, the GCTS triaxial testing 75 

system was used to conduct the experiment in this study. This testing system can provide the maximum output confining 76 

pressure (σ3) of 1 MPa. The loading unit of the GCTS was shown in Fig. 2. For a more detailed description of this testing 77 

facility equipment, please refer to the early studies [33]. 78 equipment, please refer to the refs. [33]. 

                         

Fig.2 The GCTS triaxial testing system 
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 79 
Fig.2 The GCTS triaxial testing system 80 

 81 
2.2 Sample preparation and experimental scheme 82 

In the experimental study, the fresh CPB slurry was composed of AT, cement type of P.O. 42.5, and tap water. The three 83 

types of materials were firstly stirred in a mortar mixer for 10 minutes to obtain a uniform CPB slurry. And for the fresh 84 

slurry, it has 75 wt.% solid content, 7.55 wt.% cement content, and a water-cement ratio (w/c) of 4.75. Then the slurry was 85 

poured into a plastic mold and cured in a temperature-controlled curing box at 20℃±2℃ for 1, 3, 7, and 28 days (shown 86 

in Table 1). Finally, after completing the planned curing process, CPB samples with Φ=50 mm and h=100 mm were 87 

prepared for further tests using the GCTS triaxial testing system. 88 



To obtain the triaxial mechanical behaviors of the CPB, all the prepared samples with curing time of 1, 3, 7, and 28 days 89 

were subjected to the triaxial compression tests under 4 different lateral constraint ratios (σ3/UCS). The unconfined 90 

compressive strength (UCS) tests of the CPB samples with different curing time were firstly carried out to examine the 91 

lateral constraint ratios σ3/UCS. Then, the ratios between σ3 and UCS (σ3/UCS) were roughly set around 0%, 10%, 20%, and 92 

30%, respectively. For the loading rate, the axial displacement of 1 mm/min (1 %/min for the tested CPB samples with the 93 

high of 100 mm in this study) was used by the displacement-controlled method. And the maximum axial strain was 12 mm 94 

(or 12% of the sample high). The detailed experimental plans and testing conditions were shown in Table 1. 95 

Table 1. The detailed experimental plans and testing conditions 96 

Solid content, 

Swt.% (%) 

Binder content, 

Bwt.% (%) 
w/c ratio Curing time (days) 

Lateral constraint ratios 

(σ3/UCS, %) 

75% 7.55 4.75 1 0, 10.05, 20.10, 30.14 

75% 7.55 4.75 3 0, 9.63, 19.07, 28.71 

75% 7.55 4.75 7 0, 9.97, 19.93, 29.90 

75% 7.55 4.75 28 0, 10.03, 20.05, 30.08 

Note: Swt% = 100%*(Mbinder+Mdry-tailings)/Mtotal; Bwt% = 100%*Mbinder/Mdry-tailings. Where, Mbinder is the mass of cement; Mdry-tailings is the mass of dry 97 

tailigs; Mtotal is the mass of fresh CPB slurry; σ3 is the confining pressure; UCS is the peak stress under σ3=0 kPa. 98 
 99 
3 Experimental Results 100 

Fig. 3 shows the triaxial tested results of the CPB samples (with Φ=50 mm and h=100 mm) under 4 different curing time (1, 101 

3, 7, and 28 days) and 4 different lateral constraint ratios (σ3/UCS≈0%, 10%, 20%, and 30%). From Fig. 3a, it is clear that 102 

the peak deviator stresses (Sd) of CPB samples with different curing time (T) are linearly increased with the increase of 103 

σ3/UCS. The linear relationships between Sd and σ3/UCS for samples at different curing time are represented by the fitting 104 

formulas in Fig. 3a, and the Sd at a given σ3/UCS (i.e., 0%, 10%, 20%, and 30%) can be calculated using these fitting 105 

formulas. Fig. 3b shows the relationships between Sd and curing time under different lateral constraint ratios of σ3/UCS. It is 106 

evident from Fig. 3b that the increase of Sd with samples at different curing time under a particular lateral constraint ratio of 107 

σ3/UCS can be well fitted by a power function. 108 

Also, the ultimate axial strain (ɛu) (refer to the axial strain when the stress-strain curve reaches the peak stress) is another 109 

key index for the triaxial mechanical behaviors of CPB. Fig. 3c shows the relationship between σ3/UCS and ɛu where ɛu is 110 

exponentially increased with the increase of σ3/UCS. However, ɛu is seen to be less sensitive to curing time, samples 111 

prepared with different curing time show similar ɛu values at specific lateral constraint ratios of σ3/UCS.  112 
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Fig. 3 The triaxial tested results of CPB samples under 4 different curing time (1, 3, 7, and 28 days) and 4 different lateral 113 
constraint ratios (σ3/UCS≈0%, 10%, 20%, and 30%): (a) relationships between σ3/UCS and Sd under different curing time; 114 
(b) relationships between curing time and Sd under the different σ3/UCS; (c) relationship between ɛu and σ3/UCS; (d) 115 
relationships between (σ1+σ3)/2 and (σ1-σ3)/2; (e) relationships between curing time and shear parameters (refer to cohesion 116 
cb and friction angle φb) of CPB. 117 
 118 
Following the research from Li et al. [34], the tested results of the CPB samples with different curing time can be described 119 

by the Mohr-Coulomb strength criterion, as: 120 

bbb c 
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cossin
22

3131 +
+

=
−                                   (1) 121 

Where σ1 is the maximum/first principal stress; σ3 is the minimum/third principal stress; cb and φb are the cohesion and 122 

friction angle of the CPB, respectively. 123 

According to the triaxial tested results, the relationships between (σ1+σ3)/2 and (σ1-σ3)/2 of CPB samples under different 124 

curing time were shown in Fig. 3d. Furthermore, combining Eq. 1 with the formulas fitted using the tested results (the 125 



relationships between x: (σ1+σ3)/2 and y: (σ1-σ3)/2) shown in Fig. 3d, the shear mechanical parameters (i.e., friction angle φb 126 

and cohesion cb) of the CPB under the different curing time can be calculated. Fig. 3e shows the relationships between the 127 

shear mechanical parameters of the CPB and the curing time (T), where the cohesion cb shows an obvious exponential 128 

increase and the friction angle φb shows an exponential decrease with the increase of curing time. 129 

 130 
4 Stress-strain Constitutive Model and its Illustrative Examples 131 

CPB is a heterogeneous artificial geological material, which contains many micro-defects (e.g., micro-pores and 132 

micro-cracks). The inherent defects of CPB can be considered as the damage units will significantly affect the triaxial 133 

mechanical behaviors (especially for the stress-strain relationship). Statistics from the related study show that the 134 

micro-pore size distribution inside the CPB is closely related to the Weibull distribution function [14]. Therefore, it is 135 

feasible to use the statistical method to establish a damage constitutive model. 136 

There is an assumption that the CPB sample is composed of many micro-units. The strength (F) of the micro-unit inside the 137 

CPB sample is a random variable and satisfies the Weibull distribution function, whose probability density function P(F) 138 

can be formulated by [35, 36]:  139 
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Where m and F0 are the shape parameter and scale parameter, respectively. 141 

Assuming a CPB sample contains a total of N micro-unit, and under a certain loading condition, the number of damaged 142 

micro-unit is Nf. Then, the corresponding damage variable (D) can be expressed as: 143 

N

N
D

f
=                                              (3) 144 

Therefore, the number of damaged micro-units can be represented by NP(F)dF, when the strength of micro-units increased 145 

from F to F+dF. In other words, the mathematical denotation of the number of damaged micro-units Nf can be obtained 146 

when the strength of micro-units increased from 0 to F: 147 
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Substitution of Eq. 4 into Eq. 3, damage variable (D) can be obtained:  149 
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From Eq. 5, the damage variable (D) is closely related to the strength (F) of micro-units. How to determine F is the key to 151 

solving the damage variable (D). Li et al. [37] suggested that the strength criteria of tested materials in the form of stress can 152 

be regarded as a potential method. Based on the experimental data obtained in this study, the Mohr-Coulomb strength 153 

criterion is suitable for describing the triaxial strength of CPB samples. Therefore, the strength (F) of micro-units of CPB in 154 

this study can be expressed as: 155 
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Furthermore, according to the damage mechanics, *

1  and *

3  of the damaged micro-units can be expressed as: 157 

( )D−= 11

*

1                                           (7a) 158 

( )D−= 13

*

3                                           (7b) 159 

According to the Hooke's law:  160 

311 2)1(  +−= DE                                    (8) 161 

Where E, µ, and ɛ1 are the Young's modulus, Poisson's ratio, and axial strain, respectively. 162 

Eq. 8 can be rearranged as:  163 
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Substitution of Eq. 9 into Eqs. 7a and 7b, it can be obtained:  165 
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Substitution of Eqs. 10a and 10b into Eq. 6, then, the strength (F') of micro-units with Mohr-Coulomb strength criterion can 168 

be obtained:  169 
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Substituting the micro-units strength (F', Eq. 11) into Eq. 5, the damage variable (D) of CPB with the Mohr-Coulomb 171 

strength criterion can be obtained:  172 
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Finally, Substituting Eq. 12 into Eq. 8, the damage constitutive model of CPB can be given:  174 
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Determination of parameters (F0 and m) is the key problem to applying this proposed constitutive model (Eq. 13). The 176 

boundary conditions at the extremum point (ɛu, σm) of tested triaxial stress-strain curves can be used to determine the model 177 

parameters. which is:  178 
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Solving Eqs. 14a and 14b, the model parameters F0 and m can be evaluated by:  181 
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In which the corresponding notations A, Dm, and 
'

mF  in Eqs. 15a and 15b can be calculated by:  184 
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According to the triaxial experimental data obtained in this study, the fitting relationships between UCS (refer to the peak 188 

stress with σ3=0 or σ3/UCS=0%, shown in Fig. 3b), ɛu (shown in Fig. 3c), cb ＆ φb (shown in Fig. 3e) and the different 189 

curing time (T) can be given:  190 

3.016.356 TUCS =                                         (17a) 191 

( )  98.752.13/exp89.6 3 +−−= UCSu                         (17b) 192 

64.246
47.11

exp36.188 +







−−=

T
cb

                          (17c) 193 

88.37
75.7

exp65.6 +







−=

T
b                                (17d) 194 

Substituting Eqs. 17a~17d into Eq. 13, the curing time (T) can then be taken into account by the damage constitutive model. 195 

To verify the applicability of the proposed damage constitutive model (Eq. 13), the stress-strain curves obtained in this 196 

study were taken as illustrative examples. Fig. 4(a-h) shows the comparison between the calculated stress-strain curves 197 

using the proposed damage constitutive model and the typical stress-strain curves obtained in this experimental study. 198 
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Fig.4 Comparison between experimental measurements and the proposed damage constitutive model predictions at different 199 
curing time: when σ3/UCS≈0%: (a) T=1 day, (b) T=3 days, (c) T=7 days, (d) T=28 days; when σ3/UCS≈10%: (e) T=1 day, (f) 200 
T=3 days, (g) T=7 days, (h) T=28 days. 201 
 202 
Fig. 4 indicates that the results calculated by the proposed damage constitutive model agreed favorably with the 203 

experimental measurements from the CPB samples at different curing time. However, when the lateral constraint ratios 204 

σ3/UCS is 20% or above, the discrepancies between the tested results and the proposed damage constitutive model 205 

predictions are more obvious. Taking the tested results for the CPB sample with curing time of 1 day as an example, the 206 

tested results show an obvious secondary elastic strengthening stage (as shown in Fig. 5) before the stress-strain curves 207 

reach the peak stress point (ɛu, σm). The same type of stress-strain curve (with an obvious secondary elastic strengthening 208 

stage) has also been observed in early studies [23, 25, 26] with the triaxial experiments when the lateral constraint ratios 209 

σ3/UCS are higher than 20%. Due to the existence of the secondary elastic strengthening stage in the measured stress-strain 210 



curves in Fig. 5, the difference between the theoretical results using the proposed damage constitutive model and the 211 

measured curves (when σ3/UCS≥20%) can not be ignored. Therefore, it is necessary to refine the proposed damage 212 

constitutive model in order to improve its accuracy when the lateral constraint ratios are 20% or higher. 213 
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Fig. 5 Comparison between experimental and proposed theoretical curves of CPB with curing time of 1 day under 214 
σ3/UCS≥20%: (a) T=1 day and σ3/UCS≈20%; T=1 day and σ3/UCS≈30%. 215 
 216 
To improve the damage constitutive model, the key factor is to determine the critical axial strain (ɛc, point of separation 217 

between the theoretical and experimental curves, shown in Fig. 6) at which the stress-strain curve enters the secondary 218 

elastic strengthening stage. Fig. 6 shows the values of the ultimate axial strain ɛu （when σ3/UCS=0%） and the critical axial 219 

strain ɛc (when σ3/UCS ≥20%) according to the triaxial tested data in this study. From Fig. 6, the values of ɛu and ɛc are close 220 

to each other (the relative margins of difference can be calculated by (ɛu-ɛc)/ɛu, which are within ±15%). Therefore, the 221 

average of ɛu and ɛc is used as a critical point of axial strain. At this critical point, the stress-strain curves under higher 222 

σ3/UCS (≥20%) enters the secondary elastic strengthening stage. It is worth noting that the critical point of axial strain is 223 

derived from the experimental data, independent from σ3/UCS and curing time (T), and can be regarded as a constant in this 224 

study (ɛc≈1.25% shown in Fig. 6). 225 
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Fig. 6 The values of ultimate axial strain (ɛu) when σ3/UCS=0% and critical axial strains (ɛc) when σ3/UCS≥20%. 227 

 228 

After the stress-strain curve of CPB enters the secondary elastic strengthening stage, the strength (F*) of micro-units 229 



conforms to the Hooke's law. Therefore, the F* can be expressed as: 230 

11

*  −= EF                                        (18) 231 

The corresponding damage constitutive relationship entering the secondary elastic strengthening stage can be described as: 232 

)1(11 DE −=                                        (19) 233 

Substituting Eq.12 to Eq.19, the damage constitutive model of the secondary elastic strengthening stage can be obtained: 234 
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Also, the extremum point (ɛu, σm) of tested triaxial stress-strain curves was used to determine the model parameters a and 236 

Fc: 237 
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Combined Eq. 21a and 21b, the model parameters Fc and a can be solved as: 240 
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Then, the damage constitutive model entering the secondary elastic strengthening stage is added to Eq. 13, then the final 245 

damage constitutive model of the CPB can be obtained:  246 
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The triaxial experimental curves with higher σ3/UCS (≥20%) of CPB samples at different curing time were used to verify 248 

the accuracy of the proposed damage constitutive models. Fig. 7(a-h) shows the comparison between the theoretical 249 

stress-strain curves calculated by Eq. 24 (the secondary elastic strengthening stage was considered in the proposed damage 250 

model, blue line in these figures) ＆ Eq. 13 (proposed damage model without secondary elastic strengthening stage, red 251 

line in these figures) and measured curves of CPB with different curing time.  252 
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Fig. 7 Comparison between the theoretical stress-strain curves obtained by Eq. 24 ＆ Eq. 13 and experimental curves of 253 
CPB with different curing time under higher σ3/UCS (≥20%): (a) T=1 day and σ3/UCS≈20%; (b) T=1 day and σ3/UCS≈30%; 254 
(c) T=3 days and σ3/UCS≈20%; (d) T=3 days and σ3/UCS≈30%; (e) T=7 days and σ3/UCS≈20%; (f) T=7 days and 255 



σ3/UCS≈30%; (g) T=28 days and σ3/UCS≈20%; (h) T=28 days and σ3/UCS≈30%. 256 
From the comparisons shown in Fig. 7(a-h), the revised damage constitutive model (Eq. 24) can predict the stress-strain 257 

behaviors with obvious secondary elastic strengthening stage of CPB samples under higher σ3/UCS (≥20%). And the 258 

calculated theoretical results are in good agreement with the experimental data obtained from this study, particularly before 259 

the peak deviator stress. 260 

For cross comparison purpose, triaxial experimental results of CPB (with curing time of 28 days and cement content of 7 261 

wt.%) from Fall et. al.' [23] were also used to verify the proposed damage constitutive model (Eq. 24) in this work. Fig. 8 262 

shows the comparison between the experimental measurements from Fall et. al. and theoretical curves calculated by Eq.24 263 

at different σ3/UCS. The theoretical curves agreed with the experimental results well in general, which provides further 264 

evidence for the robustness of the proposed damage constitutive model in predicting the stress-strain relationships of CPB 265 

under different σ3/UCS at different curing time. Due to the stress-strain curves obtained by Fall et. al.' [23] tests without 266 

obvious stress drop after reaching the peak deviator stress, the theoretical results calculated by the proposed damage 267 

constitutive model are unexpectedly more agreed with Fall et. al.' [23] tested data than the experimental results in this study. 268 

The reason for this phenomenon may be the difference in the size or material composition of the tested CPB samples. 269 
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 270 

Fig. 8 Comparison between the experimental measurements (Fall et al., [23]) and theoretical curves calculated by Eq. 24 at 271 

different σ3/UCS. 272 

 273 
5 Conclusions 274 

In this study, the triaxial compressive tests were performed on CPB samples with different curing time and lateral constraint 275 

ratios. Using the experimental results, a damage constitutive model was subsequently established to describe the 276 

stress-strain relationships of CPB under the given experimental conditions. The main conclusions of this research are as 277 

follows: 278 

⚫ The tested triaxial strength of CPB under different curing time is suitable to apply the Mohr-Coulomb strength criterion. 279 

With the increase of curing time, the friction angle (φb) was exponentially decreased but the cohesive (cb) experienced 280 

an exponential increase. There is also an obvious secondary elastic strengthening stage identified in the stress-strain 281 

curves under a higher σ3/UCS (≥20%). 282 



⚫ The established damage constitutive model can accurately describe the triaxial stress-strain relationships with and 283 

without the secondary elastic strengthening stage of CPB under different curing time. The theoretical curves agreed 284 

favorably with the experimental results. 285 
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