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1. Introduction 
 

Coal has always represented the majority of the energy 

structure in China. In coal mining, the traditional practice of 

long-wall mining is still applied today. However, increasing 

mining intensity and depth have exposed resource waste 

and the frequent occurrence of safety accidents as a result of 

traditional long-wall mining (Wojtecki et al. 2016, Hosseini 

2017, Zhang et al. 2017, Konicek and Schreiber 2018, He et 

al. 2021). With respect to these problems, the practice of 

conventional gob-side entry retention (CGSER) has become 

a research focus in the field of coal mining, and this mining 

method can reduce roadway excavation and remove 

protective pillars (Zhang et al. 2015, Tan et al. 2019, Yang 

et al. 2020, Liu et al. 2021). In CGSER, insufficient caving 

of the gob-side roof results in a thicker hanging roof, and 

the pressure of the roadway is high. CGSER has difficulty 

sustaining the stability of the roadway structure. 

Considering the many problems in CGSER, the technique 

of noncoal pillar mining with automatically formed gob-

side entry (NMAFGE) proposed by Academician Manchao 

He in 2009 can reduce roadway excavation by half, remove 

protective pillars, and effectively control some of the 

dynamic pressure disasters in entries (He et al. 2021).  
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Based on the proven successful work of traditional 

NMAFGE, Academician Manchao He updated the 

NMAFGE method in 2016. This technique cuts the entry 

space with a coal cutter and eliminates roadway excavation, 

leading to a significant improvement in mining efficiency 

(Liu et al. 2019, He et al. 2021). NMAFGE still represents 

a significant underground space technology in coal mining. 

In the NMAFGE experiment, the gob was the site of the 

heaping of gangue, which was then compressed. Therefore, 

the gravel side support in the experiment needs to 

experience the influence of the gangue accumulation and 

gangue compression processes. With respect to the force 

and stability analysis of the gangue support structure, some 

scholars have focused only on the force applied to the 

gangue support structure during gangue compaction (He et 

al. 2017, Zhen et al. 2019). The gangue heaping process 

should also be fully considered in studying the stress 

characteristics of gangue support structures. In the gangue 

heaping process, the gangue is likely to slide into the 

roadway if the stability of the gangue support structure is 

not sufficient, which may impose serious consequences for 

the evaluation of the support effect and the stability of the 

entry. Thus, the analysis of force change characteristics in 

the gangue support structure during gangue heaping is 

crucial to the stability of the gob-side entry. In recent years, 

some scholars have begun to analyse the force change 

characteristics of gangue support structures during gangue 

heaping (Hu et al. 2019, Zhang et al. 2020). However, these 
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Abstract.  The force change characteristics of gravel side support structures during gangue heaping can provide useful 

information about roadway stability in a new non-pillar-mining approach—noncoal pillar mining with automatically formed 

gob-side entry (NMAFG). Considering the dynamic shock and static stacking phenomena during gangue heaping, the 

coefficient of restitution and Janssen model are introduced into the theoretical analysis. Analytical results show that the impact 

force decreased with increasing gangue heaping height under dynamic shock, while under static stacking, the gangue extrusion 

force first increased sharply, then increased slowly and stabilized, and the final force was unrelated to the gangue heaping height. 

Field monitoring was conducted to verify the rationality of the pattern obtained from theoretical analysis. The gangue support 

structure lateral stress from field monitoring can be divided into two periods. In Period I, the peak value at the lower monitoring 

point was greater than that at any other point. The lowest sensor was subjected to the greatest impact, at 59.09 kN. In Period II, 

the stress value first rapidly increased, then slowly increased and stabilized. The final force was unrelated to the gangue height. 

The sensors at #2 (highest position), #4 (middle position), and #6 (lowest position) measured 31.91 kN, 44.82 kN and 38.19 kN, 

respectively. The analysis confirmed the variation characteristics of the impact force and extrusion force. 
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studies only analyse the patterns of numerical simulation 

and field monitoring data and lack more in-depth analysis 

and research on the gangue heaping process. 

During the gangue heaping process, the gangue in gob 

will inevitably collide and undergo squeezing in the process 

of interaction. The gangue collision phenomenon is similar 

to a rockfall, which is a dynamic contact problem. For 

rockfall problems, the current mainstream analysis direction 

is coefficient of restitution research, which is a method to 

analyse the relationship between the velocity and trajectory 

before and after a collision (Sarfarazi et al. 2016, Gao and 

Meguid 2018, Nakajima et al. 2020). This paper introduces 

the collision coefficient to analyse the phenomenon of 

gangue collision on the side of the gangue support structure. 

The accumulation and extrusion process of the gangue at 

the side of the gangue support structure is similar to that of 

barn or mine bins. The Janssen model is the main method 

used for studying the force of granules in the accumulation 

of barn or mine bins. This model is based on the continuum 

model, and it is concluded that due to interactions between 

particles, the force in the direction of gravity is decomposed 

into the horizontal direction, and the sidewall supports part 

of the weight of the particles, making the pressure at the 

bottom tend to be saturated (Horabik et al. 2016, Matchett 

et al. 2018, Cisneros et al. 2020, Mahajan et al. 2020, Yoon 

et al. 2020, Zidek et al. 2020). However, the Janssen model 

is applicable to particles with an accumulation height of 

approximately more than two times the bottom diameter as 

the research object. In the NMAFGE experiment, the 

gangue lumpiness at the retaining side was less than 1 m, 

and the accumulation height was much more than twice the 

lumpiness. Therefore, the Janssen model can be introduced 

to study the force change characteristics of the gangue 

support structure during gangue heaping. 

The research in this paper was performed as part of the 

NMAFGE experiment in the Ningtiaota Coal Mine. The 

distribution characteristics of the gangue beside the gangue 

support structure are divided into a dynamic shock 

phenomenon and a static stacking phenomenon. The forces 

applied to the gangue support structure were divided into an 

impact force and an extrusion force. For impact force 

analysis, the plane gangue collision mechanical model was 

constructed according to the impulse pattern and the 

coefficient of restitution. For extrusion force analysis, the 

plane gangue extrusion mechanical model was constructed 

in combination with the Janssen model. The evolution of 

the impact force and extrusion force applied to the gangue 

support structure was summarized. Field monitoring of the 

lateral stress applied to the gangue support structure was 

conducted, and image data on the deformation of the 

gangue support structure in the experiment were collected. 

The results obtained from the experiment validated the 

pattern of evolution of the impact force and extrusion force 

applied to the gangue support structure. 
 

 

2. Project background 
 

2.1 Overview of the experimental project 
 

The NMAFGE experiment was successfully performed 

 

Fig. 1 Design parameters of the NMAFGE experiment 

(Liu et al. 2019) 

 

 

in the Ningtiaota Coal Mine. The Ningtiaota Coal Mine is 

located in northern Shaanxi Province on the Loess Plateau. 

The working face selected for the experiment was S1201-II. 

This region features an approximately horizontal coal seam, 

shallow burial depth and simple geological conditions. The 

design parameters of the NMAFGE experiment are shown 

in Fig. 1. 

As shown in Fig. 2, the main support system and basic 

support equipment for the NMAFGE experiment include 

the working face support system and gob-side entry support 

system. The working face support system mainly includes a 

hydraulic support system and an exclusive support system. 

The hydraulic support system is located in the head entry 

and the middle of the working face, and the exclusive 

support system is located in the tail of the working face. 

The exclusive support system includes exclusive transition 

support, support for the drilling machine and exclusive 

face-end support. The front toe of the base of the support 

for the drilling machine is provided by an anchor drilling 

rig, and the middle platform of the front and rear pillars is 

provided by a dynamite borehole drilling rig. The gob-side 

entry support systems include temporary roof-cutting 

support and constant-resistance and large-deformation 

anchor (CRLDA) cables. The array spacing of the CRLDA 

cables is the cut depth of a coal cutter. The top beam of the 

temporary roof-cutting support is 1800 ×700 mm, and the 

spacing between adjacent supports is 795 mm. 

The process flow is shown in Fig. 2 and is roughly 

divided into five steps. Step 1 is the formation of the 

circular arc coal side, which mainly relies on the coal cutter 

to cut the roadway space on the exclusive scraper conveyor. 

Step 2 is anchor cable installation because the position of 

the drilling rig may be different due to constraints on the 

equipment arrangement space at the tail. Additionally, the 

roof anchor support cannot be simultaneously constructed 

in the array. Thus, anchor cables #1 and #3 are constructed 

first in each section; anchor cable #5 on the side of solid 

coal lags behind anchor cable #1 by 1 array spacing; anchor 

cable #4 lags behind anchor cable #1 by 7 array spacings; 

and anchor cable #2 lags behind anchor cable #1 by 8 array 

spacings. Step 3 is roof cutting and installation of 
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additional support. In the roof-cutting process, explosive 

blasting construction was carried out multiple times 

approximately 1 m behind the cutting rig, and the cutting 

line length and angle were 9 m and 10°, respectively. Unlike 

traditional roadway support, gob-side entry in NMAFGE 

practice requires additional support. The additional support 

includes temporary support and gravel support. The 

temporary support mainly included temporary roof-cutting 

support complemented with a hydraulic single pillar and top  

 

 

 

 

beam. The gravel support mainly included stretchable U-

steel and reinforcing mesh, complemented by lateral 

support from the temporary roof-cutting support. Step 4 is 

sealing of the gravel side. Polymer sealing material (with a 

thickness of 30 ~ 50 mm) was sprayed on the gravel side 50 

m from the gangue support baffle behind the working face 

support of the drilling machine. Step 5 is the withdrawal of 

the temporary support. The temporary support was 

withdrawn 200 m behind the end frame of the gob-side 

 

Fig. 2 Main support equipment, system and process flow of the NMAFGE (Liu et al. 2019) 

 

Fig. 3 Mine pressure pattern of the working face (Zhou et al. 2019) 

 

Fig. 4 Visual distribution characteristics of the gangue in the rear of the support 

33



 

Jianning Liu, Manchao He, Shilin Hou, Zhen Zhu, Yanjun Wang and Jun Yang 

entry. The concrete pillar simple support of the gob-side 

entry was constrained with ordinary steel pipe. 

 

2.2 Distribution characteristics of the gangue beside 
the gangue support structure 

 

In the NMAFGE process, the gob roof at the entry 

retaining side is cut using directional cutting technology, 

and the suspended roof in the gob gradually caves in 

response to the mine pressure and its own gravity. As the 

excavation space advances forward, mining activities cause 

stress redistribution in the roof rock. In the temporal-spatial 

evolution process of the roof structure, stress will induce 

primary crack propagation accompanied by secondary 

cracking. In the field, this process is mainly reflected by 

filling of the gob by a gangue composed of crushed roof 

rock. This work intends to obtain the distribution 

characteristics during the gangue heaping process in 

addition to the gangue support structure according to the 

mine pressure pattern of the working face and the visual 

distribution characteristics of the gangue in the rear of the 

support. 

The mine pressure pattern of the working face is shown 

in Fig. 3. To facilitate the analysis, the author collected the 

data from the hydraulic support pressure device at midnight 

each day before 2016/10/20. In the mine pressure 

distribution characteristics, the highest pressure at the 

working site is mainly distributed around the #8 and #60 

hydraulic supports of the working face, and the pressure in 

the zones around the #150 and #120 hydraulic supports is 

relatively low. Stress changes lead to changes in roof 

damage. The mine pressure pattern of the working face 

implies that the distribution of the gangue in the hydraulic 

support rear of the working face is characterized by less 

gangue mass in the gob-side entry and more gangue mass in 

the zones closer to the middle of the gob. 

According to the mine pressure pattern, the distribution 

of gangue accumulation in the gob is not sufficient. An 

observation window (OW) for the gangue was provided in 

the support, and visual analysis of the distribution 

characteristics of the gangue in the rear of support was 

performed according to the observation results at different 

sites. As shown in Fig. 4, the gap between the first exclusive 

transition support and the second exclusive transition 

support near the hydraulic support is OW I, the gangue 

support net between the second temporary roof-cutting 

support and the third temporary roof-cutting support near 

the working face is OW II, and the gangue support net 

between the seventh temporary roof-cutting support and the 

eighth temporary roof-cutting support near the working face 

is OW III. It can be observed that the heaping height of the 

gangue in the OW I zone is the highest, that in the OW II 

zone is the lowest, and that in the OW III zone is basically 

the same as the roadway height. The characteristics based 

on multiple field observations are consistent. 

Combined with the analysis of the mine pressure pattern 

and the visual distribution characteristics of the gangue at 

the rear of the support, the distribution characteristics of the 

gangue heaping process beside the gangue support structure 

can be roughly distributed into a dynamic shock 

phenomenon and a static stacking phenomenon. The 

dynamic shock phenomenon occurs in the early stage of the 

gangue heaping process. This phenomenon occurs because 

the pressure changes on both sides of the working face lag 

behind the pressure change in the middle, and the gob-side 

gangue heap is likely to form a sloping structure. In 

contrast, static stacking occurs in the late stage of the 

heaping process of gangue. This phenomenon occurs 

because the gob-side roof constantly caves in response to 

the mine pressure and its own weight, and the heaping 

height of the gangue beside the gangue support structure is 

constantly increased. 

In the dynamic shock phenomenon, the gangue formed 

by roof caving rolls down the slope and is likely to cause an 

impact force in the gangue support structure. In the static 

stacking phenomenon, the gangue support structure is only 

subject to the lateral extrusion force in the gangue heaping 

process. Since the characteristics of the impact force in the 

case of the dynamic shock phenomenon and those of the 

extrusion force in the case of the static stacking 

phenomenon are definitely different, these two forces acting 

on the gangue support structure should be analysed 

separately. 

 

 

3. Theoretical analysis 
 

3.1 Analysis of the impact force 
 

To model the dynamic shock phenomenon in the early 

stage of the gangue heaping process, the plane gangue 

collision mechanical model is composed of the gob-side 

gangue heaped at the roof-cutting line side and the gangue 

support structure. The impulse concept is often used to 

resolve the action forces (such as impact) between objects 

in a transient process (Sarfarazi et al. 2016; Gao and 

Meguid 2018; Nakajima et al. 2020). Because the internal 

structure of the slope formed by the heaping of gangue is 

loose and the rigidity of the gangue is greater than that of 

the slope (assuming that the gangue clasts are rigid bodies), 

the collision between gangue clasts when moving down the 

slope is a rigid collision. The landing point of the gangue is 

usually at the site where the slope suddenly changes or 

where the collision velocity of rolling rocks changes (Zheng 

et al. 2012; Asteriou et al. 2018). Assuming that the gangue 

is not subject to air resistance, the motion trajectory after 

the gangue clasts collide with each other can be 

approximated as a parabola (Fanos et al. 2018; Le Roy et 

al. 2019; Di Luzio et al, 2020). The author attempts to 

introduce the coefficient of restitution to analyse the 

velocity changes before and after collision and further 

analyses the force of the gangue acting on the gangue 

support structure in the case of the dynamic shock 

phenomenon. 

In the plane gangue collision mechanical model, the 

velocity of the centroid of a gangue clast was observed to 

analyse how the velocity changes during gangue movement. 

The motion characteristics are shown in Fig. 5, in which it 

is assumed that a gangue clast with a mass of mGC falls 

vertically from a height of hFf to the landing point on the  
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slope. Its movement process involves free fall, ith (i=1~n) 

collisions between the gangue clast and the slope, and the 

gangue clast colliding with the gangue support structure. 

Here, the number of collisions (ith) mainly depends on the 

distance between the first impact site and the gangue 

support structure. 

When the gangue leaves the roof rock, it freely drops 

under the action of gravity. Because the effect of air 

resistance was neglected here, the velocity remained the 

same during the fall. Thus, the velocity of the gangue clast 

before collision is v1, namely, 

𝑣1 = √2𝑔ℎ𝐹𝑓  (1) 

where hFf is the height of the gangue during free fall and g 

is the acceleration due to gravity. 

Assuming that the gangue directly impacts the gangue 

support structure after the ith collision, the velocity and 

slope angle at the ith collision are vi and αSAi, respectively. 

Let the initial position of the gangue at the ith oblique 

projectile motion be (xci, yci); the resultant velocity of the 

tangential velocity (vcτi) and the normal velocity (vcni) 

corresponding to the centroid of the gangue be vci; and the 

velocity component of the x-y coordinate axis 

corresponding to vci be vxci and vyci, respectively. The 

velocity of the centroid vxyi when the gangue collides with 

the gangue support structure in the motion trajectory is as 

follows: 

𝑣𝑥𝑦𝑖 = √𝑒𝑛𝑖
2 𝑣𝑖

2cos2𝛼𝑆𝐴𝑖 + 𝑒𝜏𝑖
2 𝑣𝑖

2sin2𝛼𝑆𝐴𝑖 + 2𝑔(𝑦𝑐 − 𝑦𝑐𝑖) (2) 

where eni is the normal coefficient of restitution at the ith 

collision, eτi is the tangential coefficient of restitution at the 

ith collision, αSAi is the angle between the position of the ith 

collision and the horizontal plane, and yc is the height of the 

gangue in the y direction when colliding with the gangue 

support structure. 

After the gangue collides with the gangue support 

structure, the impact force continues to act upon the 

structure for a duration Δt. Based on Eq. (2), the impact 

force FGC during motion can be expressed as follows: 

 

 

𝐹𝐺𝐶𝛥𝑡 = 𝑚𝐺𝐶𝑣𝑥𝑦𝑖

= 𝑚𝐺𝐶√𝑒𝑛𝑖
2 𝑣𝑖

2cos2𝛼𝑆𝐴𝑖 + 𝑒𝜏𝑖
2 𝑣𝑖

2sin2𝛼𝑆𝐴𝑖 + 2𝑔(𝑦𝑐 − 𝑦𝑐𝑖) 
(3) 

The impact force of the gangue is mainly subject to the 

velocity of the gangue after colliding with the slope. It is 

assumed that the height of the fall is constant. For a gangue 

caving directly from the roof on the roof-cutting line side or 

a gangue caving from the roof on the noncutting side, the 

velocity of the gangue after each collision is influenced by 

certain factors, including the coefficient of collision, slope 

angle, and precollision velocity. However, these factors 

were random in the field project, leading to random 

velocities after the collision of the gangue. Therefore, the 

impact force of the gangue was a random numerical value. 

The action time of the impact force applied by the gangue 

was short, and the force applied to the gangue support 

structure experienced sudden increases and decreases, so 

the variation trend of the impact force applied by the 

gangue was disordered. 

However, due to the crushing expansion characteristics 

of the gangue, hFf will decrease with increasing heaping 

height, resulting in a decrease in the initial velocity v1. The 

velocity also decreases during collisions. If the initial 

velocity decreases, the final velocity at which the gangue 

collides with the gangue support structure also decreases. 

An integrated analysis suggests that in the case of the 

dynamic shock phenomenon, the variation trend of the 

impact force of the gangue when colliding with the gangue 

support structure was disordered, but the impact force 

decreased with increasing heaping height of the gangue. 

 

3.2 Analysis of the extrusion force 
 

Combined with the static stacking phenomenon in the 

late gangue heaping phase, as illustrated by the case shown 

in Fig. 6, the plane gangue extrusion mechanical model was 

composed of the supplementary gangue, the original height 

of the gangue heap beside the gangue support structure, and 

the gangue support structure. Because the gob-side stratum 

angle was nearly horizontal and given the height of the  

 

Fig. 5 Diagram of the plane gangue collision mechanical model in the case of the dynamic shock phenomenon 
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entire gob, the length of the supplementary gangue clasts 

was very short. The original height of the gangue heap and 

the gangue support structure constrained the supplementary 

gangue from moving to either side. The Janssen model is 

used to explain the phenomenon in which the bottom 

pressure in a granary gradually stabilizes with increasing 

heaping heights of loose objects (Horabik et al. 2016, 

Matchett et al. 2018, Cisneros et al. 2020, Mahajan et al. 

2020, Yoon et al. 2020, Zidek et al. 2020). Furthermore, the 

plane gangue extrusion mechanical model also satisfies the 

assumption of the Janssen model—the axial pressure of 

loose rock is linearly related to its lateral pressure, and the 

coefficient of friction between the gangue and the gangue 

support structure is constant. Unlike the method of 

analysing the lateral stress on the gangue side used in other 

references (Zhen et al. 2019), the author innovatively 

introduces the Janssen model to analyse the extrusion force 

of gangue on the gangue support structure in the case of the 

static stacking phenomenon. 

As shown in Fig. 6, in the plane gangue extrusion 

mechanical model, the x-y coordinate system was set up, 

and a gangue with a thickness of dy was selected from the 

supplementary gangue beside the gangue support structure. 

The vertical height from the gangue with a thickness of dy 

to the top of the supplementary gangue is y. The pressure of  

 

 

 

the gangue in the high layer applied to the gangue in this 

layer is σyGG, and the pressure of the gangue in this layer 

applied to the lower gangue is σyGG+dσyGG. To maintain 

mechanical equilibrium, the tangential friction (τySG) and the 

lateral extrusion force (σxSG) of the supplementary gangue 

applied to the gangue support structure and the original 

height gangue were kept the same. 

As shown in Fig. 6, a linear first-order differential 

equation is derived from the vertical force equilibrium on 

the differential slice of material 

𝑑𝜎𝑦𝑆𝐺

𝑑𝑦
+
2𝜇𝐺𝐺𝐾𝐺𝐺𝜎𝑦𝑆𝐺

𝑙𝑥𝑆𝐺
= 𝛾𝐺  (4) 

where γG is the bulk density of the gangue; lxSG is the length 

of the supplementary gangue, which is mainly associated 

with the lumpiness of the supplementary gangue; KGG is the 

ratio of the lateral pressure (σxSG) to the vertical pressure 

(σyGG); and μGG is the static coefficient of friction between 

the gangue and the gangue support structure. 

According to the Janssen model, the lateral extrusion 

force (σxSG) of the supplementary gangue is as follows: 

𝜎𝑥𝑆𝐺 = 𝐾𝐺𝐺𝜎𝑦𝐺𝐺 =
𝛾𝐺𝑙𝑥𝑆𝐺
2𝜇𝐺𝐺

(1 − 𝑒−2𝜇𝐺𝐺𝐾𝐺𝐺𝑦/𝑙𝑥𝑆𝐺) (5) 

In Eq. (5), γG is basically constant. If the contact surface 

 

Fig. 6 Diagram of the plane gangue extrusion mechanical model 

 

Fig. 7 Variation trend of the extrusion force increment 
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is extremely rough, μGG is tan(φIG), and φIG is the internal 
friction angle of gangue. In the plane gangue extrusion 
mechanical model, if the values of KGG and lxSG are 
determined, the variable controlling the lateral extrusion 
force (σxSG) applied to the gangue support structure is 
mainly y. Affected by support for the drilling machine, the 
gangue in this area ultimately fell down. Therefore, lxSG is 
the width of the rig support, which was 1680 mm. The KGG 
of the loose gangue can be expressed by the internal friction 
angle and external friction angle. By combining this 
information with Fig. 6, an equation for the calculation of 
KGG can be obtained: 

𝐾𝐺𝐺 =
cos2𝜑𝐼𝐺

1 + sin2𝜑𝐼𝐺 + 2sin𝜑𝐼𝐺
√
[1 −

4(𝑥 −
𝑙𝑥𝑆𝐺
2
)
2

(
tan𝜑𝑂𝐺

tan𝜑𝐼𝐺
)2

𝑙𝑥𝑆𝐺
2 ]

 

(6) 

where φOG is the external friction angle of the gangue and 

φOG = arctan(μGG). 

In Eq. (6), φIG is basically constant. The range of x in 

this equation is 0 to lxSG, and the gangue support structure is 

exactly at x=0. Therefore, an equation for the calculation of 

KGG at the gangue support structure can be obtained: 

𝐾𝐺𝐺 =
cos2𝜑𝐼𝐺

1 + sin2𝜑𝐼𝐺 + 2sin𝜑𝐼𝐺√[1 − (
𝜇𝐺𝐺

tan𝜑𝐼𝐺
)2]

 
(7) 

To intuitively obtain the change trend of the pressure, 

the extrusion force increment (𝛥σxSG) is analysed. If the 

length of the y-axis is divided into n parts, then the length of 

each part can be expressed in terms of yi(i=1~n). Therefore, 

an equation for the calculation of 𝛥σxSG can be obtained: 

𝛥𝜎𝑥𝑆𝐺 = 𝜎𝑥𝑆𝐺(𝑦𝑖+1) − 𝜎𝑥𝑆𝐺(𝑦𝑖) (8) 

where σxSG(yi) is the extrusion force at y=yi and σxSG(yi+1) is 

the extrusion force at y=yi+1. 
Combining Eqs (5), (7) and (8), the parameters used to 

represent the N00 working face of the Ningtiaota Coal Mine 
are as follows: γG= 27×103 N/m3, φIG=41.33°, and y=0~8.86 
m. If μGG = tan(φIG). To analyse the extrusion force rate, the 
length of the y-axis is divided into 443 parts. Thus, the 
extrusion force increment can be calculated. 

The variation trend of the extrusion force increment at 
the gangue support structure is shown in Fig. 7. As the 
number of the length part along the y-axis increased, the 
extrusion force increment (𝛥σxSG) gradually decreased until 
the minimum value was 0.5 kN. As shown in the appendix 
of Fig. 7, the larger the extrusion force increment value 
was, the smaller the number of the length part. The largest 
value was between 0.3 kN and 3 kN at length part number 
205. The variation trend of the extrusion force increment 
can reflect the variation trend of the extrusion force. This 
may indicate that in the case of the static stacking 
phenomenon, the extrusion force of the gangue applied to 
the gangue support structure increased rapidly, then 
increased slowly, finally approaching a fixed numerical 
value. 
 

 

4. Field monitoring 
 

4.1 Description of the monitoring method 
 

To validate the variation patterns of the impact force and  

 

Fig. 8 Profile of the monitoring system 

 

 

the extrusion force applied to the gangue support structure 

as described in the theoretical analysis, the author attempts 

to verify the results obtained from the theoretical analysis 

by field monitoring. Field monitoring of the lateral pressure 

at the gangue side was conducted with the NMAFGE 

gangue side lateral pressure monitoring system. 

This monitoring system was arranged between two 

stretchable U-shaped steels and comprised a fibre grating 

reaction sensor (FGRFM sensor), gasket, stationary fixture, 

bulldog grip, baffle and hydraulic prop. Fig. 8 shows the 

profile of the monitoring system. In the first step, 3 baffles 

were vertically embedded on the metal mesh on the gravel 

side and then fixed with the bulldog grip. The hydraulic 

prop was adjusted to the design position and height, and the 

stationary fixture was securely mounted at the design 

position of the hydraulic prop. The FGRFM sensor was 

loaded onto the stationary fixture, and the gasket was 

mounted between the FGRFM sensor and baffle to ensure 

that the FGRFM sensor, baffle and hydraulic prop were in 

close contact with each other. However, this monitoring 

system had one drawback. Because the baffle at each 

monitoring point hung on the metal mesh on the gangue 

side, the force was effectively transmitted through the metal 

mesh. This was indicated by the simultaneous increases or 

decreases at the three monitoring points, but the largest 

change at a given monitoring point was most directly 

affected by the force. 

For convenient acquisition of the monitoring data, 

reasonable monitoring points were selected, cleaned and 

levelled. The monitoring system was deployed immediately 

after the gangue support structure was installed. In this 

monitoring scheme, two monitoring stations were arranged 

at the gob-side entry. As shown in Fig. 9, Monitoring 

Station 1 was arranged 30 m from the beginning of the gob-

side entry, and Monitoring Station II was arranged 50 m 

from the beginning of the gob-side entry. Considering that 

part of the area on the gravel side was occupied by the 

lateral pressure plate of the roof-cutting support, 3 baffles 

were arranged in the remaining space at each monitoring 

station, and 2 FGRFM sensors were placed on each baffle. 

The #1 and #2 FGRFM sensors were arranged 2500 mm 

from the floor of the entry, the #3 and #4 FGRFM sensors 

were arranged 1500 mm from the floor of the entry, and the 

#5 and #6 FGRFM sensors were arranged 500 mm from the 

floor of the entry. The array spacing of the FGRFM sensors  
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was set to 500 mm. The FGRFM sensors acquired data at an 

interval of 5 mins. 

 

 

 

 

The rapid advancement of the working face certainly 

accelerates the change in the overall mine pressure. To  

 

Fig. 9 Diagram of the arrangement of monitoring stations 

 

Fig. 10 Diagram of the gob-side entry length and daily footage of the working face 

 

Fig. 11 Lateral pressure on the gangue side 
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obtain more data before the first weighting of the roof, the 

drilled footage in the working face per day should be 

greatly reduced. As shown in Fig. 10, the drilled footage per 

day was approximately 1.42 m, further guaranteeing that it 

would take 30 days to increase the length of the gob-side 

entry from 50 m to 92.5 m. In this study, FGRFM sensor 

data before 2016/11/19 were selected for analysis. 

 

4.2 Analysis of the monitoring results 
 

The variation trends in the data collected from the 12 

FGRFM sensors at the two monitoring stations in the 

monitoring system were similar. For the convenience of 

analysis, the data collected from the #2, #4 and #6 FGRFM 

sensors at Monitoring Station II are interpreted in this 

section. The curve shown in Fig. 11 is the variation trend of 

the numerical lateral pressure value on the gangue side. 

From the monitoring results, by setting the minimum 

numerical values of the monitoring data as the limits, the 

curve of the lateral pressure gravel side can be roughly 

divided into two periods. Period I involves the data 

collected from 2016/10/21 to 2016/11/2, and Period II 

involves the data collected from 2016/11/3 to 2016/11/19. 

The data collected in Period I were more disordered and 

subject to sudden increases and decreases until finally  

 

 

 

decreasing to a minimum, indicating that every monitoring 

point was subject to the impact force associated with the 

dynamic shock phenomenon during most of this period. The 

peaks in the data obtained at Monitoring Points #6, #4, and 

#2 were 59.09 kN (2016/10/23), 45.18 kN (2016/10/27), 

and 37.51 kN (2016/10/29), respectively, which in turn 

verify that the impact force in the case of the dynamic 

shock phenomenon decreased with increasing heaping 

height of the gangue. 

Based on the different variation trends in the monitoring 

results, the data obtained in Period II can also be divided 

into three phases, and the change characteristics of the three 

phases are similar to those of the phase of the extrusion 

force. However, the characteristics of the monitoring points 

in the high position lag behind those in the low position. In 

Phase A, the variation and numerical values of the data 

were larger than those in the other phases. In Phase B, the 

data variation trends at the monitoring points were 

relatively gradual. In Phase C, the data variations at the 

monitoring points were very small and gradually 

approached a fixed numerical value. The final numerical 

values at Monitoring Points #2, #4, and #6 were 31.91 kN, 

44.82 kN and 38.19 kN, respectively, indicating that the 

final numerical values approached by the final extrusion 

force were independent of the gangue height and that the 

 
 

(a) Descriptive statistics (b) Classification statistics 

Fig. 12 Lateral pressure analysis in Period I at Monitoring Point #4 

 

 

(a) Descriptive statistics (b) Classification statistics 

Fig. 13 Lateral pressure analysis in Period II at Monitoring Point #4 
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force applied by the gangue at different positions did not 

vary greatly. 

To increase the scientific nature of the analysis results, 

data from measurement point #4 were taken separately for 

analysis. Therefore, according to the characteristics of the 

changes in different periods, the data were analysed 

mathematically using statistics. To facilitate the analysis, 

the number of collected data points was used as the variable 

instead of the date. 

As shown in Fig. 12 (a), by calculating the standard 

deviation, mean value, median and sum of the data, it can 

be concluded that the change in this group of data is 

chaotic. The most intuitive attribute was that the standard 

deviation was 4.6099. The classification statistics except for 

the initial point (0 kN) are shown in Fig. 12 (b). By 

classifying the lateral pressure, it can be concluded that 

most of the points were concentrated in the interval with 

high pressure values. Among these points, the largest point 

number with a value between 41.65 kN and 42.75 kN was 

513. Through mathematical statistics, it can be concluded 

that the change in lateral pressure in this period was chaotic, 

but the value of stress was generally large. The force change 

characteristic agrees with the analysis result of the impact 

force. 

In Period II, the fitting analysis results are shown in Fig. 

13 (a), and the data from Monitoring Point #4 had a high 

fitting degree with the calculation formula of lateral stress. 

The R-squared value (COD) was 0.65743, and the fit status 

indicated success (100). The classification statistics are 

shown in Fig. 13 (b), and it can be concluded that most of 

the points were concentrated in the interval with high 

pressure values. There were many intervals that contained 

large numbers of data points, such as [37.3,38.5], 

[38.5,39.7] and [42.1,43.3]. Unlike the data in Period I, the 

lateral pressure in Period II usually increased gradually 

from small to large, rather than mainly remaining 

concentrated in the range of large lateral forces. An 

integrated analysis suggested that the data variation trend in 

Period II exhibited a sharp increase, a slow increase, and a 

steady state. 

In summary, in the heaping process of the gangue, the 

bottom part of the gangue support structure was first 

subjected to the highest impact force, and the variation 

trend of the impact force on the whole gangue support 

structure was chaotic. The extrusion force of the gangue 

applied to the gangue support structure first increased 

rapidly, then increased slowly, and finally approached a 

fixed value. The final extrusion force was unrelated to the 

gangue height, and the force applied by the gangue at 

different positions did not vary greatly. 

 

 

5. Discussion 
 

In the NMAFGE experiment, previous work analysed 

only the force applied to the gangue support structure 

during gangue compaction and did not analyse the force 

change characteristics of the gangue support structure 

during gangue heaping. If the stability of the gangue 

support structure cannot be maintained in the heaping 

process of gob-side gangue, the stability of the entry will 

definitely be affected. 

The force change of the gravel side support during 

gangue heaping is studied in this paper in five stages: 

research question, research objective, theoretical study, field 

observation and summary. The flow chart of the method 

described in this paper is shown in Fig. 14. According to the 

mine pressure pattern and field monitoring results, the 

distribution characteristics of the gangue during the heaping 

of the gob-side gangue and the gangue support structure can 

be roughly divided into a dynamic shock phenomenon and a 

static stacking phenomenon. According to the distribution 

characteristics of the gangue, the force of the gangue 

support structure can be divided into an impact force and an 

extrusion force. For theoretical analysis and field 

monitoring, the variation characteristics of the impact force 

and extrusion pressure were basically obtained. In the 

NMAFGE experiment, considering the evolution pattern of 

the force of the gangue acting on the gangue support 

structure, the stability on the gangue side should be studied. 

After summarizing the variation characteristics of the force, 

the following conclusions were preliminarily obtained: 

more attention should be given to monitoring the offset at 

the bottom of the gangue support structure in the initial 

heaping phase, and slipping of the gangue support structure 

due to the global force should be prevented in the late 

heaping phase, as it may affect the stability of the entry. To 

validate the rationality of this work, along with the 

monitoring study of the lateral stress on the gangue side, the 

author conducted a field observation of the deformation of 

the gangue support structure. The image data of the 

deformation of the gangue support structure on the gangue 

side in the NMAFGE experiment were collected during the 

field observation. 

The deformation types of the gangue support structure at 

the gangue side are shown in Fig. 15. Based on the 

comparison of many images, the author divided the 

deformation types of the gangue support structure at the 

gangue support into the bottom offset and overall slip. The 

bottom offset is shown in Fig. 15(a). The offset angles of 

the stretchable U-steel and reinforcing mesh near the 

bottom of the entry were high. This phenomenon 

demonstrates that the impact force in the case of the 

dynamic shock phenomenon decreases with increasing 

height. The overall slip is shown in Fig. 15(b). The whole 

gangue support structure is flat, but the whole gangue 

support structure has moved towards the entry. For 

example, the distance from the gangue support structure to 

the first steel belt of the CRLDA cable continued to 

decrease from the initial distance of 0.5 m, and more 

seriously, the gangue support structure eventually extended 

beyond the position of the first steel belt of the CRLDA 

cable. This phenomenon demonstrates that the gangue can 

jointly extrude the gangue support structure at a constant 

force, resulting in slipping of the whole gangue support 

structure. The analysis results based on the image data 

demonstrate that the theoretical analysis and the field 

monitoring results are reasonable. 

The analysis results of the force of the gangue acting 

upon the gangue support structure provide a scientific  
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reference for the study of the stability of the gangue side in 

future NMAFGE experiments; however, this research 

method remains subject to certain limitations. For example, 

the project background in which this work was set is 

relatively simple, featuring a shallow burial depth of the 

coal seam, a nearly horizontal stratum, and no special 

geological structures. In the mining process of a coal seam 

with a large dip angle, the slope angle formed by the gangue 

is bound to be different from that near a horizontal coal 

seam. If future NMAFGE experiments are carried out for 

coal seams with larger dip angles, the coal seam inclination 

should be considered in the impact force analysis method. 

The stress environment of coal seams in deep mining is 

dominated by horizontal stress, and the characteristics of 

lateral extrusion of the gangue in this stress environment 

must be different from those for coal seams in shallow 

mining. The stress environment in special geological 

structures such as different faults or collapse columns where 

coal seams are located is also different from that under 

simple geological conditions. Future research should focus 

on complex geological conditions, and more research 

efforts should be undertaken. For the impact force and 

extrusion force, the author considered that the force applied 

to the gangue support structure varies with different degrees  

 

 

 

of lumpiness of the gangue. At the same time, the contact 

mode between gangues is also an area that has not been 

considered in the current research methods. Future research 

will further include the lumpiness and contact mode of the 

gangue in the field monitoring process. For example, 

transparent baffle material will be developed for use in the 

monitoring system, gangue lumpiness and contact mode 

data will be collected while obtaining the force applied to 

the gangue support structure, and a detailed analysis will be 

performed on the variation characteristics of the force 

applied to the gangue support structure. 

 

 

6. Conclusions 
 

In the NMAFGE experiment, the distribution 

characteristics of the gob-side gangue in the heaping 

process are roughly divided into a dynamic shock 

phenomenon and a static stacking phenomenon. In the case 

of the dynamic shock phenomenon, the gangue exerts an 

impact force on the gangue support structure, and in the 

case of the static stacking phenomenon, the gangue exerts a 

horizontal extrusion force on the gangue support structure. 

For the impact force, the results of the theoretical 

 

Fig. 14 Analysis flow chart of the force change of the gravel side support during gangue heaping 

 .  

(a) Bottom offset (b) Overall slip 

Fig. 15 Deformation types of the gangue support structure at the gangue side 

Force change of gravel side support during gangue heaping 

Distribution characteristics of the gangue beside the gangue support structure

Research problem

Theoretical analysis

Field monitoring

Plane  gangue collision mechanical model

Dynamic shock phenomenon Static stacking phenomenon

Plane gangue extrusion mechanical model

Research objective

Variation characteristics of lateral pressure on gangue side

Conclusion

 Impact  force decreased with increasing gangue heaping height.

 Extrusion  force first increased sharply, then increased slowly and stabilized, and the 

final force was unrelated to the gangue heaping height.
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analysis indicate that the variation trend of the impact force 

is disordered, but the impact force decreases with increasing 

heaping heights of the gangue. For the extrusion force, the 

results of the theoretical analysis indicate that the variation 

trend of the extrusion force exhibits a sharp increase 

followed by a slow increase and finally stabilizes, and the 

extrusion force is unrelated to the heaping height of the 

gangue. 

In the field monitoring study of the lateral stress of the 

gangue support structure, the monitoring results were 

divided into two periods according to different variation 

patterns of the lateral force applied on the gangue side. In 

Period I, the overall data variation trend was disordered, but 

the peak value of the data obtained from the monitoring 

point at a lower height was greater than that at any other 

monitoring point. For instance, the peaks in the data 

collected from Monitoring Points #6, #4 and #2 were 59.09 

kN (2016/10/23), 45.18 kN (2016/10/27), and 37.51 kN 

(2016/10/29), respectively. In Period II, the data obtained 

from the monitoring points exhibited a phase of rapid 

increase, a phase of slow increase and a phase of 

stabilization. The values reached by the final extrusion 

force were not related to the gangue height. The final values 

at #2, #4, and #6 were 31.91 kN, 44.82 kN and 38.19 kN, 

respectively. The results of field monitoring are similar to 

the results of the extrusion force analysis. 

In NMAFGE experiments, because of the evolution 

pattern of the gangue forces acting on the gangue support 

structure, more attention should be given to monitoring the 

offset at the bottom of the gangue support structure in the 

initial heaping phase, and overall slipping of the gangue 

support structure should be prevented in the late heaping 

phase. These findings provide a reasonable reference for the 

selection of monitoring points on the gangue side and for 

stability studies in future NMAFGE experiments. 
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