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Abstract. In order to study the secondary bearing mechanism of weakly cemented broken 
surrounding rock, the surface of granite, limestone and mudstone broken rock samples were 
poured by cement slurry, and the weakly cemented rock mass was formed by static pressure 
infiltration method, and then an uniaxial loading test was carried out. The results show that the 
weakly cemented broken rock mass has a certain bearing capacity, but the bearing capacity is low, 
and the dispersion is high. The secondary bearing capacity of weakly cemented rock mass is 
affected by factors such as broken rock strength, rock particle size and rock gradation. The larger 
the rock particle size and strength are, the higher the secondary bearing capacity of the weakly 
cemented rock mass is. The average bearing capacity of the mudstone weak cementation specimen 
is 18.77 kN, and the residual bearing capacity is 1.46 kN, and a dispersion coefficient is 0.34. The 
average bearing capacity of granite is 343.65 kN, and the residual carrying capacity is 25.81 kN, 
and a dispersion coefficient is 0.11. The average bearing capacity of limestone is 367.22 kN, and 
the residual carrying capacity is 22.78 kN, and a dispersion coefficient is 0.3. After a certain 
grading, the average residual secondary bearing capacity of the weakly cemented rock mass is 
obviously improved, and the dispersion coefficient of peak bearing capacity is reduced. The 
grading scheme 1 has an average peak carrying capacity of 330.06 kN, a residual carrying capacity 
of 34.56 kN, and a dispersion coefficient is 0.07. The averaging scheme 2 has an average peak 
carrying capacity of 297.8 kN, a residual carrying capacity of 29.86 kN, and a dispersion 
coefficient is 0.14. The cementation regeneration mechanism of the broken rock mass mainly 
includes the cement-bonding effect of the cement slurry inside and on the broken rock mass. Under 
the loaded condition, the internal load-bearing network of the broken rock mass is the main 
mechanism for the secondary load of the broken rock mass, and the stability of the force-chain 
network is affected by the constraint. After the loss of the confinement, the force chain network 
fails, and the residual secondary bearing mechanism of the weakly cemented broken rock mass is 
transformed into the friction between the broken rock masses in the residual core rock pillar. 
Keywords: weakly cemented broken rock mass, secondary load carrying capacity, lateral restraint, 
force chain network. 

1. Introduction 

In the process of underground coal mining, weak and broken surrounding rock with high 
deformation, and being extremely difficult for stabilization, such as rock with broken fault zone, 
mining-induced broken rock in goaf and rock mass with poor cementation degree, low strength 
and extremely developed joints and fissures is often encountered. These surrounding rocks are 
easily loose and broken under strong mining disturbance, resulting in roadway instability [1, 2]. 
Such a surrounding rock does not have self-stability, but due to engineering needs, the instability 
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of such surrounding rock must be controlled, to make sure that it can be self-stabilizing. In view 
of this kind of surrounding rock, it is usually controlled by bolting and shotcreting with wire mesh 
[3, 4], bolting and grouting with wire mesh [5-7], or combined bolting, grouting, shotcreting with 
wire mesh and steel arches support [8]. Shotcreting with wire mesh can timely seal the surface of 
the broken surrounding rock and improve the stress state of the surrounding rock by providing 
certain lateral restraints [9]. Grouting can cement the broken rock mass in the surrounding rock 
and improve its self-stability [10, 11]. At the same time, combined with a metal mesh, rock bolt 
(anchor cable), steel arches and other supporting structures, the broken surrounding rock will be 
bonded and restrained to form a whole, and the secondary bearing capacity of broken surrounding 
rock will be realized. The secondary bearing capacity of broken surrounding rock means the rock 
mass which has no self-stability in engineering has a certain bearing capacity again after applying 
a support and can keep the self-stability in a certain time [12]. The rock mass which obtains the 
bearing capacity again is called the secondary bearing rock mass. Improving the mechanical 
properties of surrounding rock and changing the stress state of surrounding rock are the main ways 
to realize the secondary bearing capacity of broken surrounding rock [13]. 

Both grouting and shotcreting can improve the mechanical properties of broken rock [14]. 
Ding et al. [15] found that deformation modulus, friction coefficient and rock mass strength of 
weakly weathered rock mass had been improved after grouting, but the cohesion had not been 
obviously improved. Zhao et al. [16, 17] found that the residual strength of grouting consolidation 
body had been greatly improved, and the deformation of rock mass had tended to be synergistic 
after grouting. Zhang et al. [18] compared and analyzed the mechanical characteristics of grouting 
body and grouting anchor body after rock sample rupture, and found that grouting cementation 
could have greatly improved the bearing strength of broken rock sample, but there had been no 
residual strength in grouting rock mass. The grouting body had obvious residual strength after 
anchoring. Jenifer J. Day [19] and Salimian et al. [20] studied the effects of grouting on the shear 
properties of rock mass fissures, rock structural planes and hard rock joints, and considered that 
grouting could have significantly improved the mechanical properties of structural planes. Wangxi 
Zhang [21] thinks that the higher the strength of rock sample and the bond strength of slurry are, 
the higher the strength of post-peak specimen strengthened by grouting is. Under the condition of 
rich water, Jinfeng Zou [22] and Guojun Wu [23] found that the slurry can activate the rock surface 
component to form new rock-like minerals, and the grouting effect is related to the degree of rock 
sample fragmentation, the density of rock sample and the bearing capacity of rock sample. 
Fangtian Wang [24] thinks that the strength of grouting consolidation body is affected by 
confining pressure, and with the increase of confining pressure, the effect of grouting 
reinforcement is more remarkable. Based on the statistics of the existing growth rate of grouting 
and solid strength of broken rock mass, R. Pan et al. [25, 26] deduced the empirical formula and 
made the growth theory of grouting and solid strength estimation for broken rock mass. In  
addition, Qingsong Zhang [5] analyzed the mechanism of grouting with the change of grouting 
viscosity with space, and Xing Huang [27], Deyu Qian [28] analyzed the mechanism and effect 
of grouting on ground surface in the broken zone. 

In summary, grouting after rock mass rupture can effectively improve the strength and stiffness 
of the broken surrounding rock, so that the broken surrounding rock can be reshaped and can 
obtain the secondary bearing capacity [29, 30]. However, in the actual project, after the 
surrounding rock is supported by grouting or shotcreting, most of the rock mass is not fully 
cemented. These insufficiently cemented rock masses are between the free surface and the 
relatively stable inner surrounding rock. The mechanical mechanism of deformation after loading 
and its stress transfer mechanism are very important for the stability of the surrounding rock for 
the whole project. Therefore, in this paper, the cement slurry is used to incompletely bond the 
broken rock mass under different conditions, and the mechanical properties of such insufficiently 
cemented broken rock mass are discussed by the uniaxial compression test. 
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2. Test plan design and test 

2.1. Test plan design 

(1) Specimen materials: Three kinds of broken rock samples of mudstone, limestone and 
granite are used as cemented rock samples. The cementing medium is made of PSB32.5 Portland 
cement. Considering the fluidity and strength factors, the water-cement ratio of the specimen is 
determined to be 0.4. The mechanical parameters measured by the pure cement slurry are shown 
in Table 1. 

(2) Test group design: a) Different lithology test groups were tested with granite, limestone 
and mudstone with particle sizes of 30-50 mm; b) particle sizes of the test group with different 
particle size were 1-10 mm, 10-20 mm, 20-30 mm, 30-50 mm when limestone is tested; 
c) different grading test groups are grading with limestone of 1-10 mm, 20-30 mm and 30-50 mm, 
grading scheme 1: the rock mass ratio of three particle sizes is 2:5:3, and the grading scheme 2: 
the ratio of three rock masses is 2:6:2. 

(3) Preparation and maintenance of specimens: The specimens were placed several times into 
a mold having an inner dimension of 150 mm×150 mm×150 mm. All the specimens were prepared 
under the same conditions, and the prepared specimens were allowed to stand for 7 hours and then 
released. They are then cured for 28 days at room temperature conditions where the humidity is 
greater than 90 %. 

(4) Loading and monitoring device: The RMT-150 rock mechanics test system is used for 
loading. In order to ensure uniform force on the cube test piece, a steel bearing plate of 
200×200×30 mm was placed on the upper and lower ends of the test piece, and a little butter was 
evenly applied over the surface. High (force)-stroke loading, and force control mode were 
accepted, and the loading rate was 0.5 kN/s. The loading process was taken with a high-definition 
camera, and the thermal response of the test piece during loading was monitored by means of a 
FLIRSC325 infrared thermal imager. 

Table 1. Mechanical parameters of broken rock samples and cements 
Rock 

sample 
Bulk density 

/ kN·m-3 
Deformation 

modulus / GPa 
Compressive 

strength / MPa 
Water absorption 

rate / % 
Void 

ratio / % 
Grout 18.4 25 32.73 2.3 5.5 

Granite 26.5 95 223.1 1.3 4.5 
Limestone 23.7 89 123.2 2.9 13.7 
Mudstone 19.2 15 25.5 2.6 6.5 

2.2. Test specimen preparation process 

(1) Pour 15 mm thick grout at the bottom of the mold, and then place a retaining ring of size 
120 mm × 120 mm. The distance between the retaining ring and the mold is 15 mm. 

(2) Lay a 40mm thick rock sample inside the retaining ring and level it. The cement slurry is 
poured in the gap of 15 mm between the retaining ring and the mold. 

(3) After repeating this 3 times, remove the retaining ring and fill all the remaining 15 mm 
space with the cement slurry, let the cement slurry naturally soak the entire test piece, and finally 
smooth the upper surface. 

(4) Let the prepared specimens be cured, then number, and spare them. The broken rock sample 
and the fabricated test piece are shown in Fig. 1. 

3. Weakly bonded test piece uniaxial loading test 

3.1. Secondary loading failure characteristics 

The uniaxial loading of the weakly cemented specimen of each test group until the test head is 
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automatically retracted is shown in Fig. 2. 

 
a) Mudstone 

 
b) Limestone 

 
c) Granite 

 
d) Cement specimen 

Fig. 1. Broken rock sample and cemented specimens 

 
a) 30-50 mm Granite 

 
b) 30-50 mm Limestone 

 
c) 30-50 mm Mudstone 

 
d) 1-10 mm Limestone 

 
e) 10-20 mm Limestone 

 
f) 20-30 mm Limestone 

 
g) 2:5:3 Gradation 

 
(h) 2:6:2 Gradation 

Fig. 2. Destruction form of specimen in different test groups 

The granite and limestone weakly cemented specimens have local cement block peeling on the 
surface of the loaded test piece. When the axial force is applied to the maximum value, the cement 
block suddenly bulges in the middle of the test piece, and then the rock block is loose, slipping, 
the test piece loses its carrying capacity. The mudstone weakly cemented test piece showed surface 
cracking during the axial force rise stage, and no cement block peeled off. When loading to the 
maximum axial force, the middle part of the test piece quickly swells and falls, and the test piece 
clearly shows the characteristic of plastic deformation. The concept of the core rock column is 
proposed based on the final failure morphology of the weakly cemented broken rock mass. The 
physical meaning of the core rock pillar is as follows: after the weakly cemented rock mass is 
loaded, the structure at the two ends of the load surface is relatively continuous and stable. A 
rough measurement of the core rock pillar diameter of the specimen revealed that the granite core 
rock pillar diameter was about 60 mm, the limestone core rock pillar diameter was about 80 mm, 
the mudstone specimen was broken in the middle, and no continuous core rock pillar was formed. 
From the fracture morphology of limestone weakly cemented specimens with different particle 
sizes, the core rock pillars were formed in the particle size test groups of 0-10 mm, 10-20 mm, 
20-30 mm and 30-50 mm. The larger the size of the rock sample is, the larger the diameter of the 
core rock pillar is, after the weakly cemented rock mass is loaded, that are 40 mm, 60 mm and 
70 mm respectively. After loading the weakly bonded specimens of the grading test group, the 
residual core rock pillar diameters were 110 mm and 95 mm, respectively, which were 
significantly larger than the core rock pillar diameter of the single particle test group. 
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3.2. Secondary bearing capacity analysis 

Under the condition of uniaxial loading, the variation of the secondary bearing capacity of the 
weakly cemented broken rock specimens of different lithology test groups is shown in Fig. 3. 

 
a) Granite 

 
b) Limestone 

 
c) Mudstone 

Fig. 3. Bearing capacity of different lithology test groups 

The weakly cemented specimens with different lithologies have different variation 
characteristics under the same loading conditions. The change trend of the bearing capacity curves 
of two specimens of granite and limestone is basically the same, while the mudstone changes 
greatly. During the gradual increase of load carrying capacity of granite and limestone, one test 
piece fluctuated slightly, while the axial force on the other test piece rose steadily. During the 
decline of load carrying capacity, a wave phase was remarkable in both granites. The fluctuation 
of the axial force during the loading process indicates that a slight misalignment adjustment occurs 
between the rock masses in the weakly cemented rock mass. The limestone weakly cemented 
specimens fall smoothly in the form of a negative index in the stage of decreasing bearing capacity, 
that is, the first rapid decline, and then gradually slow down. The mudstone specimens have two 
variations: before the specimen reaches the maximum load carrying capacity, the bearing capacity 
decreases and then rises, and when the overall behavior is plastically flowing. Test piece No. 2 
has a brittle fracture characteristic that rapidly increases its load carrying capacity before it reaches 
its maximum load carrying capacity, and then decreases rapidly too. The variation law of the 
secondary bearing capacity of the specimen of different particle size test groups is shown in Fig. 4. 

Different particle size test groups can be seen that the upper bearing plate of the 0-10 mm 
limestone test group drops beyond the maximum load capacity, and the core rock column diameter 
is small, resulting in the lack of subsequent bearing capacity data. The remaining secondary load 
carrying capacity of the remaining particle size group was measured. The change trend of the 
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bearing capacity of specimens of the two different particle size test groups is basically the same, 
and the change rule of the maximum bearing capacity (from small to large particle size) is the 
process of first increasing, then decreasing and then increasing, and the maximum bearing capacity 
appears in 30-50 mm particle size group. The variation of the secondary bearing capacity of 
specimens of different grading test groups is shown in Fig. 5. 

 
a) Test group 1 

 
b) Test group 2 

Fig. 4. Bearing capacity of different particle size test groups 

 
a) Gradation 2:5:3 

 
b) Gradation 2:6:3 

Fig. 5. Bearing capacity of different grading test groups 

The two grading schemes are mainly medium-sized (20-30 mm), with mass ratios of 50 % and 
60 %, respectively. In Scheme 1, the mass ratio of small particle size (0-10 mm) is 20 %, and the 
large particle size (50-30 mm) accounts for 30 %. In Scheme 2, both the small particle size and 
large particle size account for 20 %. It can be seen that the variation of the secondary bearing 
capacity of the weakly bonded specimen after grading is basically the same, and the bearing 
capacity values are between the medium-sized particle size group and the large-size group. Due 
to the discontinuity of the internal medium, the degree of cementation of weakly cemented 
specimens is affected by many factors, and the value of secondary bearing capacity is highly 
discrete. The definition of the discrete coefficient 𝑐௩ in statistics is: 

𝑐௩ ൌ ට1𝑁∑ ሺ𝑥௜ − 𝜇ሻଶே௜ୀଵ𝜇 , (1)

where 𝑐௩  is a discrete coefficient; 𝑁  is a statistic for each group; 𝑥௜  is each statistic; 𝜇  is the 
average value of each group of data. 
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In the actual project, most of the rock mass is in a broken state. Therefore, the bearing capacity 
after the surrounding rock is destroyed is worth exploring. The residual secondary bearing 
capacity after reaching the peak of weakly cemented rock mass can be defined as: 

𝐹௥ = 𝐹௣𝛿௙ − 𝛿௣, (2)

where 𝐹௣ , and 𝐹௥  are the peak secondary bearing capacity and the residual secondary bearing 
capacity respectively; 𝛿௙  and 𝛿௣  are the final deformation amount and the peak deformation 
amount, respectively. The data statistics of each test group are shown in Table 2. 

Table 2. Statistics of different test groups 

Rock sample 
Particle 
size / 
mm 

Test piece 1. 
Bearing 

capacity / kN 

Test piece 2. 
Bearing 

capacity / kN 

Average 
peak 

capacity / kN 

Average 
residual 

capacity / kN 

Discrete 
coefficient /  𝑐௩ 

Granite 30-50 381.44 305.86 343.65 25.81 0.11 

Limestone 

1-10 194.80 237.40 216.10 0.00 0.10 
10-20 227.22 366.82 297.02 21.21 0.24 
20-30 212.60 177.98 195.29 15.33 0.09 
30-50 256.46 477.98 367.22 22.78 0.30 

Mudstone 30-50 12.34 25.20 18.77 1.46 0.34 
Gradation 1 2:5:3 379.94 330.06 355 34.56 0.07 
Gradation 2 2:6:2 396.42 297.80 347.11 29.86 0.14 

The different lithology test groups (30-50 mm particle size), the mudstone weak cementation 
specimens have the lowest bearing capacity, the average peak load capacity is 18.77 kN, and the 
residual load capacity is 1.46 kN. The average peak carrying capacity of granite is 343.65 kN, and 
the residual carrying capacity is 25.81 kN. The average peak carrying capacity of limestone is 
367.22 kN, and the residual carrying capacity is 22.78 kN. It indicates that the greater the strength 
of the rock sample is, the greater the secondary bearing capacity of the broken rock sample is after 
weak cementation. The distribution of bearing capacity values of weakly cemented specimens 
with the same particle size of the same rock sample is relatively discrete. Among them, the 
dispersion coefficient of the bearing capacity of the mudstone specimen is up to 0.34, the 
dispersion coefficient of the bearing capacity of the limestone specimen is 0.3, and the dispersion 
coefficient of the bearing capacity of the granite specimen is 0.11. Excluding the influence of 
human factors during the test, the mudstone softening itself is one of the reasons for the low 
bearing capacity and the high degree of dispersion of the weakly cemented rock mass. 

The bearing capacity and dispersion coefficient of the weakly cemented specimens are affected 
by the particle size of the rock samples. In the different particle size test groups, the limestone 
weakly cemented specimens with the largest particle size have the largest secondary bearing 
capacity, but the degree of dispersion of the secondary bearing capacity is also high. After grading 
the broken rock sample, its bearing capacity is relatively stable, and the dispersion coefficient is 
reduced. The average peak carrying capacity of two specimens of the grading scheme 1 is 
330.06 kN, the residual carrying capacity is 34.56 kN, and the dispersion coefficient is 0.07. The 
average peak carrying capacity of two specimens of grading scheme 2 is 297.8 kN, the residual 
carrying capacity is 29.86 kN, and the dispersion coefficient is 0.14. Compared with the average 
peak load carrying capacity of two specimens of the 30-50 mm limestone single particle size test 
group, the dispersion coefficient of the bearing capacity of the experimental group after grading 
is low. At the same time, the average residual carrying capacity has been greatly improved. 
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4. Analysis of secondary bearing mechanism of weak cement specimens 

4.1. Breaking rock body cementation regeneration mechanism 

In this project, grouting and shotcreting are used in combination with other supporting 
structures to restore the secondary self-bearing capacity of the extremely broken surrounding rock 
to a certain extent, and to achieve secondary bearing and surrounding rock stability of the broken 
rock mass. According to the type of support, the method of realizing the secondary bearing of 
broken surrounding rock can be divided into cemented medium bonding and supporting structure 
constraints. Further, it can be subdivided into internal bonds and constraints, and surface bonds 
and constraints. The metal mesh cooperates with the scaffold support to achieve surface constraint. 
The anchor support structure not only has an internal restraint (the bonded anchor also has a certain 
bonding effect) but also has a surface constraint. The internal bond and constraint of the 
surrounding rock are mainly applied to improve the mechanical parameters of the surrounding 
rock, such as cohesion and internal friction angle, to obtain the secondary bearing capacity. 
Surface bonding and restraint are mainly used to provide the confining pressure to the internal 
broken surrounding rock, so that the broken surrounding rock can obtain the secondary bearing 
capacity. 

The crushed rock mass is poured and infiltrated by the cement slurry, so that the broken rock 
mass is re-bonded and constrained to form an overall structure, and the secondary bearing capacity 
is obtained. As the cement slurry penetrates into the internal void of the rock mass, the rock sample 
is not fully mixed with the cement slurry, and the internal bond of the broken rock mass is 
insufficient. Therefore, the produced test piece was a weak cement test piece. The structural 
reorganization and load-bearing capacity regeneration mechanisms of weakly cemented rock 
masses include internal bonding-constraining and external bonding-constraining. 

(1) Internal bonding-constraining. 
Inside the broken rock mass, the cement slurry acts as a cementing medium to bond the 

separated rock blocks together to form a rock block-cement slurry-rock block combination. When 
the weak cement specimen is loaded, the cement slurry produces a certain tensile, compressive 
and shear strength between the loose rock blocks, so that the broken rock mass can form an overall 
bearing structure, and a stable bearing capacity of the weak cement specimen is obtained. The 
bearing capacity of the rock block-cement slurry-rock block combination is mainly affected by 
the cement slurry, rock mass, cemented surface strengths. Among them, the strength of cement 
slurry is related to cementing material, water-cement ratio and maintenance conditions. The 
strength of the rock mass is related to the rock lithology, rock mass and rock block irregularity 
coefficient. The bonding strength of the cementing surface is related to the roughness of the rock 
surface, the area of the cemented surface, and the strength ratio of the cement to the rock mass. 

(2) External bonding-constraining. 
A certain thickness (about 15 mm) of cement slurry is placed on the surface of the broken rock 

mass to wrap the broken rock mass. When the weak cement is axially loaded, the “shell” formed 
by the cement slurry will provide a certain lateral constraint, which is equivalent to providing a 
confining pressure to restrict the lateral expansion deformation of the broken rock mass and to 
maintain the stability of the internal load-bearing structure of the broken rock mass to a certain 
extent. After the lateral restraint fails, the overall load-bearing structure inside the broken rock 
mass will be destroyed quickly. The lateral constraint is related to the cement strength and 
thickness. At the same time, the wrapped cement slurry will penetrate and bond a certain range of 
rock mass on the surface of the broken rock mass, and improve the anti-deformation ability of the 
surface of the broken rock mass. 

4.2. Secondary bearing and failure mechanism of weak cement 

(1) Bearing mechanism of weakly cemented broken rock mass. 
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Due to the weak degree of cementation, after the cement body is deformed by loading, the 
internal structure of the broken rock mass will form a force chain structure similar to the granular 
material of the bulk [31]. A plurality of force chains is interconnected to form a force chain 
network throughout the test piece for transmitting and carrying external loads. Among them, the 
path that transmits the higher load is called the strong chain, and the path that transmits the lower 
load is called the weak chain [32]. The force chain network is not stable, but is constantly evolving 
with loading conditions and the carrying capacity of the blocks. The maximum load that the force 
chain network can transmit as a whole is the maximum secondary load capacity of the weakly 
cemented broken rock mass. Therefore, maintaining the stability of the force chain network 
structure can effectively improve the secondary bearing capacity of the broken rock mass as a 
whole. 

There are two conditions for the formation of a force chain network. First, the adhesion 
between particles is weak, and secondly, a constraint is available. The weakly cemented rock body 
itself has a weak degree of cementation. At the same time, a certain thickness of cement slurry is 
bound on the surface of the broken rock mass, which can basically meet the conditions for forming 
the force chain bearing. Under the constraint conditions, the bearing capacity of the broken rock 
mass mainly depends on the compression strength of the rock mass on the force chain network, 
the friction strength between the rock blocks and the confinement constraint strength. 

Under the condition of strong confinement constraint, the crushed rock sample will be crushed 
against the core and eccentricity [17]. However, under weak lateral conditions, the rock block does 
not necessarily undergo crushing damage. Due to the irregularity of the rock block, the contact 
form and the contact area are different during the loading process. The compressive strength of 
the rock mass in the force chain network can only be obtained based on the statistical theory [33]: 

𝜎௖ = ∑ ൫𝜎௙,௜ 𝑑௜஽ିଷ⁄ ൯௡௜ୀଵ 𝑛 ,     ሺ𝑖 = 1,2,3, . . . ,𝑛ሻ, (3)

where 𝜎௖ is the rock mass strength in the statistical sense; 𝜎௙,௜ is the apparent damage strength of 
the particle size of 𝑑௜ particles, which can be measured by experiments; 𝐷 is the fractal dimension 
of the rock block, the value range is 2.0-3.0; 𝑛 is the number of rock blocks. 

When the strength of the cement slurry is less than the strength of the rock mass, under weak 
cementation conditions, that is, there is little cement slurry between the two rock blocks, or when 
the cementation thickness is very thin. The cement slurry is equivalent to filling between the two 
rock blocks. Therefore, the frictional strength between the rock blocks can be referenced to the 
shear strength of the structural surface with the filling material and statistically averaged: 

𝑓௖ = ∑ ൫𝜏௙,௜൯௡௜ୀଵ𝑛 ,     ሺ𝑖 = 1,2,3, . . . ,𝑛ሻ, (4)𝜏௙,௜ = 𝜎௡,௜tan ቈ𝐽𝑅𝐶lgቆ𝐽𝐶𝑆𝜎௡,௜ቇ+ 𝜙௕቉, (5)𝜎௡,௜ = 𝛿௡,௜𝑎 − 𝑏𝛿௡,௜ , (6)𝐽𝑅𝐶 = 𝜙௣ − 𝜙௕logሺ𝐽𝐶𝑆 𝜎௡⁄ ሻ, (7)

where 𝜏௙ is the shear strength of the cemented surface; 𝜎௡ is the normal stress on the cemented 
surface; 𝐽𝑅𝐶 is the roughness coefficient of the cemented surface; 𝐽𝐶𝑆 is the compressive strength 
of the rock mass or cementing medium (taking the value of the lower compressive strength); 𝜑௕ 
is the basic friction angle of the cemented surface; 𝜑௣ = arctan(𝜏௣/𝜎௡) is the peak shear angle; 𝜏௣ is the peak shear strength of the cemented surface. 
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When the strength of the cement slurry is greater than the strength of the rock mass, or the rock 
mass is softened by water, the rock mass and the cement slurry exhibit plastic deformation 
characteristics similar to those of the soil, and there is no obvious peak bearing capacity (such as 
the mudstone No. 1 test piece). Under weak cementation conditions, the mudstone is not fully in 
contact with water or cement slurry, and some mudstone rock blocks can still form a force chain 
network bearing, which may produce the peak bearing capacity and then quickly lose the bearing 
capacity (such as mudstone No. 2 test piece). 

(2) Weakly cemented rock mass failure mechanism. 
Due to the difference in the strength of the broken rock sample and water softening, the 

secondary bearing capacity of the weakly cemented rock mass is mainly determined by the 
strength of the rock mass, the strength of the cementing medium and the strength of the cemented 
interface. In the secondary load-bearing process, three failure modes will be generated inside the 
weakly cemented broken rock mass, as shown in Fig. 7. 

 
a) Slurry rupture 

 
b) Rock block rupture 

 
c) Cemented surface rupture 

Fig. 7. Internal failure mode of cemented broken rock mass 

According to the test, the above three failure modes may occur during the destruction process 
of the mudstone weak cementation specimen. In the process of bearing the limestone and granite 
weak cementation specimens, the slurry rupture and interface debonding failure modes were 
dominant. 

The weakly cemented specimens of the broken rock samples are discontinuous inside, and the 
compression failure process includes two forms of bond failure and friction failure, which are 
accompanied by changes in the heat of the test piece. Therefore, the heat change and the overall 
damage process during loading the test piece are monitored by FLIRSC325 Infrared Thermal 
Imager, and the results are shown in Fig. 8. 

 
a) Partial exfoliation 

 
b) Surface bulging 

 
c) Rock pillar formation 

Fig. 8. The change of seed heat during the failure process 

The heat mode of the test piece is not changed significantly before the cement slurry wrap is 
destroyed. After the cement slurry wraps off, multiple “hot spots” appear on the rock pillar during 
the formation of the core rock pillar. These “hot spots” are the heat generated by the friction 
between the blocks. It can be inferred that before the surface constraint fails, the  
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cement-bonding-constraining effect of the cement slurry in the weakly cemented broken rock 
specimens, the frictional displacement between the rock masses is less, and a stable bearing 
structure with better integrity can be formed (force chain network). After the surface constraint 
fails, the load-bearing structure in the specimen is broken, and the secondary bearing capacity 
after the failure is provided by the frictional strength between the rock blocks in the residual core 
rock column. During the load-bearing process, due to frictional displacement, heat is generated, 
and multiple “hot spots” are formed on the core rock pillar. Therefore, the overall failure process 
of the weakly cemented broken rock specimen can be summarized into two stages: the secondary 
load-bearing stage and the residual secondary load-bearing stage of the broken rock mass. 

The stage before the test piece reaches the peak load is the main secondary load stage of the 
weakly cemented broken rock mass. In this stage, the cement slurry wrapping layer on the surface 
of the test piece constrains the weakly cemented broken rock mass from forming a force chain 
network, and the cement slurry wrapping layer itself forms a frame-type load-bearing structure to 
carry jointly the external load. The secondary load-carrying capacity of the test piece increases 
rapidly as the axial deformation increases. When the axial force increases to a certain extent, due 
to the dense texture of the cement slurry coating on the surface of the test piece, the overall elastic 
modulus becomes significantly higher than the elastic modulus of the internal weakly cemented 
broken rock mass, and the deformation is uncoordinated, resulting in partial peeling of the cement 
slurry coating to accommodate the overall deformation of the test piece. At this time, the test piece 
does not have a significant heat change. When the axial force is close to the maximum load 
capacity of the test piece, a large amount of elastic energy is accumulated in the coating layer of 
the cement slurry, and the internal weakly cemented broken rock body produces a high lateral 
extrusion, so that the test piece is rapidly blasted and broken, and the surface layer is broken. The 
fracture rock mass of the outer layer is loose. The internal weakly cemented rock mass loses the 
lateral constraint, the bearing capacity of the test piece decreases rapidly, and the test piece enters 
the residual secondary load bearing stage. After the specimen with high strength of rock block is 
destroyed, the core rock pillar is formed, and the weakly cemented specimen with low strength of 
rock mass is subjected to compression shear failure and extrusion bulging damage. In the residual 
secondary load-bearing stage, the test piece carries the external load by the extrusion friction of 
the rock mass in the core rock column, and the extrusion friction between the rock blocks produces 
a “hot spot”. In this stage, the overall bearing capacity of the broken rock mass is low. 

5. Conclusions 

1) After cementing a broken rock mass with cement slurry, the original loose broken rock mass 
can be cemented to form an integral structure and can have a certain secondary bearing capacity, 
but the bearing capacity is low, and the discrete coefficient is high. The variation of bearing 
capacity varies with the strength, particle size and gradation of rock sample. 

2) For different rock samples, the greater the strength of the rock sample is, the greater the 
secondary bearing capacity of the cementation body is. The larger the rock sample size is, the 
larger the diameter of the core rock column is after the test piece is destroyed. The discrete 
coefficient of the bearing capacity of the cement specimens after a certain gradation is reduced, 
and the residual secondary bearing capacity after the failure is larger. 

3) Destruction of mudstone weak cementation specimens includes three modes: slurry rupture, 
rock mass rupture and cemented surface debonding. The damage of limestone and granite 
specimens is dominated by slurry rupture and cemented surface debonding. 

4) The bonding-constraining effect of cement paste is the main mechanism for the cementation 
regeneration of the broken rock mass. In the main stage of the secondary bearing of the weakly 
cemented rock mass, the common bearing capacity of the force chain network and the surface 
cement slurry wrap box-type bearing structure under the weak lateral constraint is the main bearing 
mechanism. In the residual secondary load-bearing stage, the squeeze friction between the weakly 
cemented broken rock mass in the core rock column is the main mechanism of secondary bearing. 
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Through the test, it can be recognized that in the extremely broken engineering rock mass 
support, the insufficiently cemented broken rock mass between the free surface and the inner 
surrounding rock transmits the external load in the form of a force chain network under certain 
confinement conditions (equivalent to transmitting support resistance). Only when the lateral 
restraint is high, and has a certain resistance to deformation, although the force chain network 
structure inside the broken rock mass will continue to evolve, it can also transmit the supporting 
load to provide the confining pressure to the deeper surrounding rock, giving full play to the 
self-supporting capacity of the surrounding rock, thus maintaining the stability of the surrounding 
rock as a whole. The evolution law of the internal force chain network of the broken rock mass, 
and the influence of the lateral restraint force on the internal force chain network of the broken 
rock mass needs a further study. 
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