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Layered strata occurrence is frequently seen in underground constructions, the man-made excavation is thus easy to cause
separation between neighboring strata. The sudden and unexpected occurrence of separation will induce significant shock wave
and vibration to relative bolting system that initially holds the normal working space for underground production. The bolting
system is extremely sensitive to this shock and is easily weakened or damaged. By examining the locations of strata separation
and the extent of damage along an anchoring interface, this paper investigates the factors that influence the support strength of
anchoring system. The results show that the support strength of a bolt is independent of the separation location if the resin-rock
interface is intact. The opposite is the case if the separation width between the neighboring strata exceeds the ultimate critical value,
which induces damage along the interface. In this case, the support strength increases exponentially as the separation increases.
Separation at the free loading end dramatically decreases the support strength. However, this decrease is mitigated if the separation
is located in the middle of the anchoring body or at the loading end. These results are then calibrated and verified in a laboratory
test.

1. Introduction
Bolts are utilized to transfer tension into the surrounding
ground and thus generate compression effects in the surrounding strata. Because they provide both active support
and reinforcement, bolts have been frequently used in collieries in China since the mid-1990s, and roof bolting has
been the primary roof support method for underground
coal mines since the early 1970s in the US [1]. Due to these
advantageous properties, which are especially beneficial for
supporting layered roof strata, bolts provide better reinforcement than other measures, such as props, U-shaped
supports, and sprayed concrete [2–6]. Unfortunately, these
benefits may be less significant in engineering practice,
where layered strata are negatively affected by factors such
as the ground stress, rock properties and structure, mining
speed, and bolt parameters, which frequently cause strata
to separate [7, 8]. Figure 1 presents an example of layered
strata in the Zhuji Mine of Huainan Mining Group, China,
Figure 1(b) is the enlarged view of polygon in Figure 1(a).
This paper investigates the influence of this separation on

the originally installed bolt anchoring system and the system
under loading.
The prevailing concept for the design of bolts is the
coupling relationship of the bolt-resin interface or the resinrock interface, which is especially important for supporting
galleries in collieries [9]. The magnitude of the shear stress
along these two interfaces are dependent on the pretension
load applied on the bolt, and the relative displacement
between the various neighboring media is also dependent
on this load. Hence, it is believed that the anchoring failure
of bolts is mainly caused by a reduction in the bond stress
along these interfaces [10]. The bond strength is influenced
by adhesion, friction, and mechanical interlocking because
of the rough microscale interface [11]. Here, 𝜏1 represents the
ultimate shear stress along the bolt-resin interface, whereas
𝜏2 represents the ultimate shear stress along the resin-rock
interface. Thus, the following coupling relationships can be
defined:
(i) 𝜏1 > 𝜏2 : the preferential failure interface is the resinrock interface.
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Figure 1: Photos of supporting failure case in Zhuji Mine of Huainan Mining Group. (a) Overview of supporting failure under layered strata
occurrence and (b) enlarged view of red dashed polygon in (a), showing bolting failure example.

(ii) 𝜏2 > 𝜏1 : the preferential failure interface is the boltresin interface.
This interface failure problem has not been definitively
solved, and no universally accepted criteria have been developed. However, bolt-resin interface is generally considered
to be weaker than resin-rock interface in underground
engineering at shallow depths, and the bolt-resin interface
dominating bolting failure is more likely to be seen under the
circumstance. Several valuable conclusions concerning boltresin interface failure can be referred based on some excellent
studies [12–15]. From another perspective, Moosavi et al. and
Benmokrane et al. studied the resin-rock interface and bond
failures along this interface that occur prior to failure along
the bolt-resin interface [16, 17]. Using the actual performance
of bolting interface under different conditions reported in
these studies, we develop a simplified scheme for obtaining
analytical results, and we also design a lab test to calibrate the
theoretical results. Surrounding rock mass in coal-bearing
formations is mainly specified by soft mechanical properties,
and it is reasonable to assume that the ultimate shear stress
along the resin-rock interface is lower than that along the
bolt-resin interface under such condition; this assumption is
supported by the large number of support bolt failures that
have occurred in coal mine roadway supporting practices.
The research presented in this paper focuses on the resinrock interface, which is simply referred to as the “interface”;
hence, the bolt and resin can be treated as being tightly
bonded and are referred to as the “anchoring body.” Based
on this criterion, this paper presents research on the shear
stress distribution along the interface and the evolution of the
interface damage under the influence of strata separation.

2. Shear Stress Distribution along the Interface
2.1. Development of the Equations for the Shear Stress along
Intact Interface. It has been testified that the shear stress
along the interface is exponentially distributed, and it is
doubly affected by the initial pretension force and the elastic

modulus ratio between the anchoring body and the rock mass
[18]. Hawkers further developed the equation for the interface
shear stress, which is
𝜏 (𝑥) = 𝜏𝑒−𝑘𝑥/𝑑 ,

(1)

where 𝜏(𝑥) is the shear stress at a distance 𝑥 from the loading
end; 𝜏 is the shear stress at the loading end (𝑥 = 0); 𝑑 is
the borehole diameter, which is equal to the diameter of the
anchoring body; and 𝑘 is a constant that is correlated with the
principal stress and the interfacial bond stress.
Farmer developed the following widely used equation for
the shear stress [18], which is a refined form of (1):
𝜏 (𝑥) =

𝛼 −2𝛼(𝑥/𝑑)
,
𝜎𝑒
2

(2)

where
𝛼2 =

2𝐺𝑟 𝐺re
,
𝐸𝑏 [𝐺𝑟 ln (𝑑/𝑑𝑏 ) + 𝐺re ln (𝑑0 /𝑑)]
𝐸𝑟
𝐸re
𝐺𝑟 =
; 𝐺re =
,
2 (1 + ]𝑟 )
2 (1 + ]re )

(3)

where 𝜎 is the axial stress at the loading end; 𝐸𝑏 , 𝐸𝑟 , and 𝐸re
are the elasticity moduli of the bolt, rock mass, and resin,
respectively; ]𝑟 and ]re are the Poisson’s ratios of the rock mass
and resin, respectively; 𝑑0 is the influencing diameter on the
surface of the rock mass that is induced by the bolting; and 𝑑𝑏
is the diameter of the bolt.
2.2. Shear Stress Distribution along Damaged Interface. Three
stages of evolution are distinguished based on research by
He et al. and You et al.: the elastic stage, slippage stage, and
decoupling stage [19, 20]. Assuming that the interface is in
its original intact state, the shear stress along the interface
decreases exponentially with increasing distance from the
loading end [21]. However, the stress distribution is different
if the interface is already damaged. The damaged section
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According to the horizontal static equilibrium in Figure 3,
(4) can be expressed as
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x

Figure 2: Typical shear stress distribution along a partially damaged
interface.
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𝐴

− 𝜎 = 0.

(4)

By combining (2) and (4), 𝜎(𝑥) can be written as

𝜏(x)

𝜏0

𝜋𝑑 ∫0 𝜏 (𝑥) 𝑑𝑥

𝜎(x)

Rock mass

Figure 3: Micromechanical model of an anchoring body.

along the interface will extend from the near end (close
to the bolt-hole collar) to the far end (near the bottom
of the bolt-hole). These three stages form a continuous
sequence from the original intact state to the final damaged
state. Figure 2 schematically illustrates a typical shear stress
distribution along a partially damaged interface [20], where
𝜏0 is the residual shear stress of the decoupling section,
𝜏𝑚 is the ultimate shear stress that the intact interface can
sustain, and 𝜏(𝑥) is the shear stress of the elastic section. The
characteristics of each section are described as follows.
(1) The elastic stage corresponds to section (𝑥2 , 𝑙) in
Figure 2, where 𝑙 is the total length of the anchoring body.
For full-length anchoring, 𝑙 is equal to the difference between
the total length of the bolt and the length of the exposed
portion of the bolt. An anchoring force applied by tension
machine on the exposed portion can transfer supporting
force to peripheral rock mass through the equipped face plate;
then a friction force can be created all along the interface
(between the rock mass and the anchoring body) of the
embedded portion of the bolt; this procedure has multiple
strengthening effects that counteract the deformation of the
surrounding rock [22]. During the initial stage of the damage
evolution, the procedure prevents damage caused by the
initial deformation of the rock or coal. Hence, the shear stress
has an exponential distribution and decays simultaneously
in the direction of the free loading end (near the bolt-hole
bottom); this is the so-called elastic stage. Considering the
static equilibrium between the interfacial shear stress and the
axial stress in the anchoring body, a microanalytical segment
is schematically illustrated in Figure 3, and the axial stress of
the anchoring body can be calculated as follows.

2
𝜏 (𝑥) ,
𝛼

(5)

where 𝐴 is the cross-sectional area of the anchoring body and
𝐴 = (𝜋𝑑2 )/4.
(2) The slippage stage corresponds to section (𝑥1 , 𝑥2 ) in
Figure 2. Damage occurs along the interface if the deformation of the surrounding rock exceeds the ultimate bearing
strength of the anchoring system or, in other words, it
surpasses the ultimate shear stress that initially sustains
an elastic state. However, some resistance remains at the
interface, and this resistance can counteract certain amount
of the deformation. This transitional process or evolution is
the so-called slippage stage.
(3) The decoupling stage corresponds to section (0, 𝑥1 ) in
Figure 2. This stage follows the slippage stage. The decoupling
stage occurs due to the continuous deformation of the rock
mass. In this stage, the relative displacement between the
rock and the anchoring interface exceeds the ultimate bond
displacement between them, the bonding effects along the
interface disappear, and the relative sliding between rock
and resin becomes more obvious. The interface dramatically
expands during this process on account of the dilation and
crack initiation of resin; the expansion effects will then exert
an extrusion force on the interface and generate a constant
friction force along the interface.
The different stages of Figure 2 that correspond to the different states of shear stress and axial stress are associated with
the following equations, which are used in the subsequent
analysis.
(a) Decoupling Stage. By combining Figure 2 and (4), (6) can
be obtained as
𝜏 (𝑥) = 𝜏0 ,
𝜎 (𝑥) = 𝜎 −

4𝜏0 𝑥
,
𝑑

(6)

0 ≤ 𝑥 ≤ 𝑥1 .
(b) Slippage Stage. Using the same methodology, (7) can be
expressed as
𝜏 (𝑥) = 𝜏0 +

𝜏𝑚 − 𝜏0
(𝑥 − 𝑥1 ) ,
Δ

𝜎 (𝑥) = 𝜎 −

𝜏 − 𝜏0
2
2
[2𝜏0 𝑥 − 𝑚
(𝑥 − 𝑥1 ) ] ,
𝑑
Δ
𝑥1 ≤ 𝑥 ≤ 𝑥2 ,

where Δ = 𝑥2 − 𝑥1 .

(7)
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(c) Elastic Stage. The following equations are derived from (2),
(4), (5), and (1):
l1

𝜏 (𝑥) = 𝜏𝑚 𝑒−2𝛼((𝑥−𝑥2 )/𝑑) ,

𝜏m

Separation

2
𝜎 (𝑥) = 𝜏𝑚 𝑒−2𝛼((𝑥−𝑥2 )/𝑑) ,
𝛼

l2

(8)
𝑥2 ≤ 𝑥 ≤ 𝑙.

Figure 2 shows that the curve is continuous at 𝑥 = 𝑥2 ;
thus, (7) and (8) can be combined, and if the right sides of the
lower equations in (7) and (8) are equivalent, the following
equation for 𝑥2 can be obtained:
𝑥2 =

2𝜏
𝑑
2
[𝜎 − 𝑚 + (𝜏𝑚 − 𝜏0 ) Δ] .
4𝜏0
𝛼
𝑑

Bolts
Coal
Entry

(9)

(a)

3. Impact of Strata Separation on the Shear
Stress Distribution of the Interface
3.1. Strata Separation under an Intact Interface. Assume that
two neighboring layers in the roof strata separate and that a
bolt just passes through these layers. Based on the analysis
presented in Section 2, the interfacial bond stress will change.
It is worth noting that this kind of separation is different
from that of joints with confined lateral sides [23, 24]. This
is schematically illustrated in Figure 4, where Figure 4(b) is
a detailed view of the area outlined by the green box in
Figure 4(a). If the shear stress at the interface is less than
the ultimate strength of the interface, no damage occurs,
and the bilateral stress distributions on the separation are
in an early elastic state, and the maximum shear stresses for
upper section and lower section also equal to each other [25].
Nevertheless, the intact elastic state will transform into the
slippage state or even the decoupling state if the separation
continues to expand. To obtain the ultimate critical width of
separation before the transformation/damage occurs, assume
that the ultimate shear stress at the edge of the separation for
this critical situation is 𝜏𝑚 , as indicated in Figure 4.
3.1.1. Ultimate Width Variation as the Separation Locations
Change. Assuming that no damage has occurred previously,
the shear stress distribution varies along the separation. The
shear stresses at the edge of the separation reach a maximum
and then decrease exponentially in both directions, as shown
in Figure 4(b).
Let the center of the separation be the origin of the
coordinate axis, let 𝜏𝑚 be the ultimate shear stress, and let
𝜎𝑏0 be the maximum axial stress. Based on (5), 𝜎𝑏0 can be
expressed as
𝜎𝑏0 =

2𝜏𝑚
.
𝛼

(10)

Equation (10) defines the maximum axial stress that the
intact interface can sustain. The corresponding maximum
width of the separation 𝛿𝐽max can be written as
𝛿𝐽max = 𝛿1 + 𝛿2 =

1 𝑙1
1 𝑙2
∫ 𝜎 (𝑥) 𝑑𝑥 +
∫ 𝜎 (𝑥) 𝑑𝑥,
𝐸𝑐 0
𝐸𝑐 0

(11)

l1
Separation

𝜏m

0
l2

(b)

Figure 4: Schematic illustration of the shear stress distribution
along bonding interface with separation (without interfacial damage).

where 𝐸𝑐 can be rewritten as [26]
𝐸𝑐 = 𝐸𝑏 (

𝑑𝑏 2
𝑑2
) + 𝐸re (1 − 𝑏2 ) ,
𝑑
𝑑

(12)

where 𝛿1 is the width of the separation above the origin,
which is caused by the elongation of segment 𝑙1 in Figure 4(b),
and 𝛿2 is the width of the separation below the origin, which
is caused by the elongation of segment 𝑙2 . The total width
of the separation is equal to the sum of 𝛿1 and 𝛿2 . 𝐸𝑐 is
the composite Young modulus of the bolt and resin or the
composite anchoring body.
It is worth noting that the diameter of the anchoring body
is negligible compared with its length and is equal to that of
the bolt-hole; that is, 𝑙 ≫ 𝑑. The bolts used in coal mine
applications are generally M24-Φ22-2800 mm (with diameter
22 mm and length 2800 mm) or M22-Φ20-2500 mm (with
diameter 20 mm and length 2500 mm), which are consistent
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with the simplification described above. Equation (11) can be
rewritten as
𝛿𝐽max =

𝑑𝜎
.
𝐸𝑐 𝛼

l1

(13)

0
Separation

Equation (13) shows that 𝑙1 and 𝑙2 are not affected by
variations of 𝛿𝐽max , which indicates that although separation
occurs in layered strata during mining, the maximum separation width that the anchoring system can sustain remains
constant as long as no damage occurs along the interface. In
addition, the maximum separation is only slightly affected by
the locations of the separation.
3.2. Shear Stress Distribution of a Damaged Interface with
Strata Separation. The ultimate width 𝛿𝐽max is the maximum
width that an intact interface can sustain; however, the
intact elastic coupling relationship will break down if the
overlarge deformation of the rock mass makes the separation
width surpass the ultimate width, and then the initially
intact interface will be damaged; this process is also called
debonding. The damage sequentially evolves and progresses
through the elastic, slippage, and decoupling stages. Different
with the intact state illustrated in Section 3.1.1, the shear stress
distribution along the interface varies with the separation
locations. The following sections will analyze these principles.
3.2.1. Separation at the Free Loading End. Generally speaking,
bolts have to be strong enough to sustain the dead weight
of the loose blocks because of the hanging effects of bolting
theory [27], and the free loading end of a bolt is the end that
is closest to the bolt-hole bottom. If the separation occurs
in this area, then, according to the hanging bolt theory of
layered strata developed by Panek, most of the weight of the
rock between the bolt collar and the separation is supported
by the interfacial bonding force above the separation [28].
Under these conditions, the incipient intact anchoring body
is asymmetrically divided into a relatively short upper segment and a relatively long lower segment. Assuming that
the shear stress will exceed the ultimate value 𝜏𝑚 at some
point due to overlarge rock deformation, the relatively short
upper segment will then progress directly to the decoupling
state from its initial elastic state and skip the intermediate
slippage state. This is caused by the relatively short length
and the relatively large load of the upper interface; thus,
the length is not sufficient for the detailed evolution. The
lower interface, however, is different; the longer interface and
different bearing load properties allow for a detailed dynamic
evolution from the elastic stage to the slippage stage to the
decoupling stage. The aforementioned evolution process will
be calibrated by experimental verification in Section 4. The
overall shear stress distribution is illustrated in Figure 5 [29].
Figure 5 clearly shows that the short upper interface
has progressed into the decoupling state due to the large
axial force, and the shear stress along this range of interface
maintains a constant value 𝜏0 . The long lower interface is
also partially damaged because of the large amount of rock
deformation, and the location of the peak shear stress in the
elastic stage shifts down to 𝑥2 . The slippage segment and

𝜏0
𝜏0

𝜏

x1
x2

𝜏m

l2

Figure 5: Shear stress distribution of the damaged interface when
separation occurs at the free loading end.

the decoupling segment are adjacent to each other. The total
separation width is the sum of the elongations of the upper
and lower anchoring bodies, which can be written as
𝛿𝐽𝑎 = ∫ 𝜀 𝑑𝑥 =

1
∫ 𝜎 (𝑥) 𝑑𝑥,
𝐸𝑐

(14)

where the elongation of the upper body is
𝛿1𝑎 =

4𝜏 𝑥
1 𝑙1
1 𝑙1
∫ 𝜎 (𝑥) 𝑑𝑥 =
∫ (𝜎 − 0 ) 𝑑𝑥
𝐸𝑐 0
𝐸𝑐 0
𝑑

2𝜏 𝑙
1
= 𝑙1 (𝜎 − 0 1 ) .
𝐸𝑐
𝑑

(15)

The elongation of the lower body is the sum of the elastic,
slippage, and decoupling segments. By combining (6)∼(9),
the following equation can be obtained:
𝛿2𝑎 =

𝑥1
𝑥2
1
[∫ 𝜎 (𝑥) 𝑑𝑥 + ∫ 𝜎 (𝑥) 𝑑𝑥
𝐸𝑐 0
𝑥1
𝑙2

+ ∫ 𝜎 (𝑥) 𝑑𝑥] =
𝑥2

𝑥2

+ ∫ {𝜎 −
𝑥1

𝑥1
4𝜏 𝑥
1
{∫ (𝜎 − 0 ) 𝑑𝑥
𝐸𝑐 0
𝑑

𝜏 −𝜏
2
2
[2𝜏0 𝑥 − 𝑚 0 (𝑥 − 𝑥1 ) ]} 𝑑𝑥
𝑑
Δ

𝑙2

2
1
+∫
{𝑥1 (𝜎
𝜏𝑚 𝑒−2𝛼((𝑥−𝑥2 )/𝑑) 𝑑𝑥} =
𝐸𝑐
𝑥2 𝛼
−

2𝜏0 𝑥1
2𝜏
) + Δ [𝜎 − 0 (𝑥1 + 𝑥2 )
𝑑
𝑑

+

2 (𝜏𝑚 − 𝜏0 ) Δ
𝑑𝜏
] + [− 2𝑚 (𝑒−2𝛼((𝑙2 −𝑥2 )/𝑑) − 1)]} .
3𝑑
𝛼

(16)
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Table 1: Parameters of the anchoring system and surrounding rock mass∗ .

𝐸𝑏 /MPa
3.00 × 105
𝑑0 /m
0.80
∗

𝐸re /MPa
1.60 × 104
𝜏0 /MPa
0.8

𝐸𝑟 /MPa
2.50 × 104
𝜏𝑚 /MPa
8.0

𝐸𝑐 /MPa
5.97 × 104
𝐺𝑟 /MPa
0.96 × 104

𝑙/m
2.80
𝐺re /MPa
0.57 × 104

𝑑/mm
34.00
]𝑟
0.30

𝑑𝑏 /mm
22.00
]re
0.40

Δ/m
0.1
𝛼
4.04

Face 1111(1) of the Zhuji Mine, Huainan Mining Group, China.

Thus,

+ 𝑥1 (𝜎 −

2𝜏 𝑙
1
{𝑙1 (𝜎 − 0 1 )
𝐸𝑐
𝑑

2𝜏0 𝑥1
)
𝑑

2 (𝜏𝑚 − 𝜏0 ) Δ
2𝜏
+ Δ [𝜎 − 0 (𝑥1 + 𝑥2 ) +
]
𝑑
3𝑑
+ [−

×105

(17)

𝑑𝜏𝑚 −2𝛼((𝑙2 −𝑥2 )/𝑑)
(𝑒
− 1)]} .
𝛼2

Note that, during the initial stage of damage, (𝑙2 −𝑥2 ) ≫ 𝑑.
Thus, the last item in the braces in (17) can be simplified as
𝑑𝜏𝑚 /𝛼2 , and (17) can be rewritten as
𝛿𝐽𝑎 = 𝛿1𝑎 + 𝛿2𝑎 =

2𝜏0 𝑥1
)
𝑑

+ Δ [𝜎 −

2 (𝜏𝑚 − 𝜏0 ) Δ
2𝜏0
𝑑𝜏
(𝑥1 + 𝑥2 ) +
] + 2𝑚 } .
𝑑
3𝑑
𝛼

(18)

If the damage has already extended across most of the
lower interface, then 𝑙2 ≈ 𝑥2 . Therefore, the last item can be
considered zero, and (17) becomes
𝛿𝐽𝑎 = 𝛿1𝑎 + 𝛿2𝑎 =

2𝜏 𝑙
1
{𝑙 (𝜎 − 0 1 )
𝐸𝑐 1
𝑑

+ 𝑥1 (𝜎 −

2𝜏0 𝑥1
)
𝑑

+ Δ [𝜎 −

2 (𝜏𝑚 − 𝜏0 ) Δ
2𝜏0
(𝑥1 + 𝑥2 ) +
]} .
𝑑
3𝑑

×105
4.5

4

4

3

3.5
2.5

3

2
1.5

2

1
0.5

1
8
0
3

6

(19)

Based on (17)∼(19) and to further analyze the relationship
among the bolt support strength, strata separation width, and
decoupling length, we refer to the bolt support parameters
and roof strata parameters of the headentry in face 1111(1),
Zhuji Mine of Huainan Mining Group, China. These parameters are shown in Table 1, and substitute them into (19), then
the data were processed and plotted using MATLAB software,
and the results are shown in Figure 6.
Figure 6 shows that damage can occur even with a
relatively small separation width 𝛿𝐽𝑎 , and the interface damage extends in both directions from the separation point.
This conclusion is consistent with the results of Stillborg

4

2.5

2
Decou 1.5
1
pling
0.5
length
(m)

2𝜏 𝑙
1
{𝑙 (𝜎 − 0 1 )
𝐸𝑐 1
𝑑

+ 𝑥1 (𝜎 −

Anchoring strength (Pa)

𝛿𝐽𝑎 = 𝛿1𝑎 + 𝛿2𝑎 =

w
on
ati
r
pa

2
0 0

t
id

m
h(

m

)

Se

Figure 6: Relationship of the bolt support strength versus strata
separation width and the bolt support strength versus decoupling
length (the separation is located at the free loading end).

and Bawden [30, 31]. Moreover, the support strength of
the anchoring system increases dramatically with increasing
separation width to a maximum strength of 0.43 MPa. This
value is slightly conservative based on the principle that
the reinforcement strength of the roof in deep colliery
applications should be no less than 0.4 MPa [32].
The hanging effects mainly depend on the free loading
end; damage in this area will dramatically influence the
overall stability of the anchoring system. Consequently, the
maximum strength of 0.43 MPa is only slightly higher than
the suggested value of 0.4 MPa. The maximum value may be
less than this limit if the separation is in the initial stage.
Hence, the bolt may not provide the required reinforcement.
The relationship between the decoupling length 𝑥1 and
the support strength is discussed below. The axial stress
decreases exponentially as either 𝑥1 or the decoupling range
increases. In China, coal bolts are typically 2500 mm or
2800 mm long; thus, the minimum support strength occurs
as 𝑥1 approaches 3 m, and, in the most extreme case, the
minimum strength does not reach zero, even when the entire
interface is damaged or decoupled (3 m versus 2500 mm
or 2800 mm). This indicates that the rough interface and
the extrusion force (due to dilation of the resin during
damage) are capable of creating a constant friction force along
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the anchoring interface, which will provide some support;
however, the strength is much lower than the suggested
support strength of 0.4 MPa and is thus not recommended.
Additionally, the last item of (18), 𝑑𝜏𝑚 /𝛼2 , has little impact
on the overall fitting curve and is thus negligible compared
with the total support strength of the anchoring system.
This demonstrates that the elongation of the anchoring body
caused by separation is mainly a result of the slippage
and decoupling sections. The elastic section adds only an
infinitesimal amount of elongation.
3.2.2. Separation in the Middle of the Anchoring Body. Similar
to the case described above, when the separation occurs
in the middle of the anchoring body, damage is generated
as the separation width reaches the ultimate critical value
𝛿𝐽max that the interface can sustain. The stress distribution from the separation is approximately symmetric under
these conditions; hence, both sides are sufficiently long to
sequentially pass through the elastic stage, slippage stage, and
decoupling stage. The ultimate stress due to the separation
simultaneously moves toward the loading end and the free
loading end. The stress distribution of the total interface
damage is schematically illustrated in Figure 7 [29].
Under these conditions, the separation width can be
calculated by doubling one side because of the approximate
symmetry. Based on (6) to (9), the total width can be
expressed as
𝛿𝐽𝑏 = 𝛿1𝑏 + 𝛿2𝑏 = 2𝛿1𝑏 =
𝑥2

𝑙1

𝑥1

𝑥2

𝑥1
2
[∫ 𝜎 (𝑥) 𝑑𝑥
𝐸𝑐 0

+ ∫ 𝜎 (𝑥) 𝑑𝑥 + ∫ 𝜎 (𝑥) 𝑑𝑥]
=

𝑥1
4𝜏 𝑥
2
{∫ (𝜎 − 0 ) 𝑑𝑥
𝐸𝑐 0
𝑑
𝑥2

+ ∫ {𝜎 −
𝑥1
𝑙1

+∫

𝑥2

𝜏 −𝜏
2
2
[2𝜏0 𝑥 − 𝑚 0 (𝑥 − 𝑥1 ) ]} 𝑑𝑥
𝑑
Δ

(20)

2
2
{𝑥1 (𝜎
𝜏𝑚 𝑒−2𝛼((𝑥−𝑥2 )/𝑑) 𝑑𝑥} =
𝛼
𝐸𝑐

−

2𝜏0 𝑥1
2𝜏
) + Δ [𝜎 − 0 (𝑥1 + 𝑥2 )
𝑑
𝑑

+

2 (𝜏𝑚 − 𝜏0 ) Δ
𝑑𝜏
] + [− 2𝑚 (𝑒−2𝛼((𝑙1 −𝑥2 )/𝑑) − 1)]} .
3𝑑
𝛼

By substituting the relevant parameters from Table 1 into
(20), the three-dimensional curve can be calculated. This
curve is plotted in Figure 8.
As shown in Figure 8, an increase in the separation
width 𝛿𝐽𝑏 increases the support strength. The maximum
support strength of 2.39 MPa is significantly greater than that
obtained when separation occurs at the free loading end
(0.43 MPa). Hence, separation in the middle of the anchoring
system is much more stable and durable than separation at
the free loading end because separation at the free loading

l1

x2
x1

Separation x
1
x2
l2

𝜏m

𝜏0
𝜏

0 𝜏0
𝜏m

Figure 7: Shear stress distribution of the damaged interface when
separation occurs in the middle of the anchoring body.

end will dramatically weaken the hanging effects of the bolt,
whereas the free loading end can be partially protected when
separation is located in the middle.
Similar to Figure 7, the support strength decreases exponentially with the initial increase of the decoupling length
𝑥1 but with a steeper gradient. When the decoupling length
𝑥1 exceeds 1.2 m, the support strength is not sensitive to
an additional increase of the decoupling length, and the
reduction of support strength also ceases. If the simulated
bolt is 2800 mm long, the total separation in the decoupling
section can reach more than 2.4 m when 𝑥1 is greater than
1.2 m, which accounts for at least 86% of the overall length
of the bolt. As described above, the elastic section has a very
small effect on the variation of the axial stress; thus, most of
the interface is in the decoupling state, and the rest is in the
slippage state, which is small. Finally, the stress over most
of the interface is a constant value 𝜏0 , which also explains
why the decreasing gradient of anchoring strength changes
slightly when the decoupling length exceeds 1.2 m, as can be
seen in Figure 7.
3.2.3. Separation at the Loading End. The loading end is the
area closest to the bolt-hole collar. If the separation occurs
in this area, the vertical height upper rock mass is much
larger than that of the lower mass; namely, 𝑙1 ≫ 𝑙2 . If the
separation width exceeds the ultimate critical width 𝛿max
that the anchoring system can sustain, the upper interface is
more likely to be damaged, and the separation induces an
asymmetric shear stress distribution. The maximum shear
stress is much lower on the lower interface than on the
upper interface, which may be easier to understand if we
treat the lower rock mass and face plate as a single unit
that experiences the same effects as the original face plate.
Consequently, the lower anchoring body will maintain its
original elastic state even if the upper body is already in the
slippage state or decoupling state [30]. Simultaneously, the
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maximum shear stress of the lower anchoring body may have
not reached the ultimate damaged stress 𝜏𝑚 . As mentioned
previously, the last item of (18) can be ignored; thus, the
elongation of the lower anchoring body also can be ignored.
Figure 9 shows a typical stress distribution for the initial
conditions, where the upper states are composed of the
decoupling section (0, 𝑥1 ), the slippage section (𝑥1 , 𝑥2 ), and
the elastic section (𝑥2 , 𝑙1 ) from bottom to top. The lower
portion is solely in the elastic state.
The separation width can be expressed as
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Figure 10: Relationship of the bolt support strength versus separation width and the bolt support strength versus decoupling length
(the separation is located near the loading end).

(21)

2
1
{𝑥1 (𝜎
𝜏𝑚 𝑒−2𝛼((𝑥−𝑥2 )/𝑑) 𝑑𝑥} =
𝛼
𝐸𝑐

−
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5
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Figure 9: Shear stress distribution of the damaged interface when
separation occurs near the loading end.
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Figure 8: Relationship of the bolt support strength versus strata
separation width and the bolt support strength versus decoupling
length (the separation is located in the middle).

𝛿J𝑐 = 𝛿1𝑐 + 𝛿2𝑐 = 𝛿1𝑐 + 0 =

𝜏m

𝜏0

Separation

0
3

=

x2
x1

Anchoring strength (Pa)

Anchoring strength (Pa)

2

In view of parameters in Table 1, the three-dimensional
fitting curve of (21) is calculated in MATLAB and plotted in
Figure 10.

Figure 10 shows that strata separations near the loading
end and in the middle of the anchoring body have similar
trends. A minor difference is that the ultimate support
strength reaches 4.8 MPa when separation occurs near the
loading end; this value is greater than those in the previous
two cases, being nearly twice the value of the second case
(2.39 MPa) in particular. This finding demonstrates that
separation near the loading end, or near the surface of
surrounding rock, only slightly disturbs the deeply bolted
rock mass. Here, we introduce the deep-surface ratio, which
is the ratio of the vertical displacement of a point deep within
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Figure 11: Experimental facilities and detailed parameters for the uniaxial bolt tension test. (a) Loading system and data acquisition facilities.
(b) Detailed parameters for the steel cylinder and cross section of anchoring body; note that I represents separation occurring in the middle
of the anchoring body, for which ten strain gauges were installed; II represents separation occurring at the free loading end, for which eleven
strain gauges were installed; and III shows the cross-sectional dimensions of the specimen.

the rock to that of a surface point [33]. This ratio can be
expressed as
𝑘𝑥 =

𝑠𝑥
,
𝑠0

(22)

where 𝑘𝑥 is the deep-surface ratio of the roof, 𝑠𝑥 is the vertical
displacement of a point within the rock, 𝑥 is the distance from
the point to the surface of surrounding rock (in mm), and 𝑠0 is
the vertical displacement of the surface rock mass at the roof
(in mm).
The deep-surface ratio of the roof varies with the depth
of the measured point in the rock mass. In this study, the
separation location is the important factor; hence, three
conditions can be defined:
Situation 1: separation occurs near the free loading
end; 𝑠𝑐𝑥 ≈ 𝑠0 , so 𝑘𝑐𝑥 equals 1.
Situation 2: separation occurs in the middle; 𝑠𝑏𝑥 > 𝑠0 ,
so 𝑘𝑏𝑥 > 1.
Situation 3: separation occurs near the loading end;
𝑠𝑎𝑥 > 𝑠0 , so 𝑘𝑎𝑥 > 1.
The deeper the measured point is, the smaller the displacement will be. Thus, 𝑠𝑎𝑥 > 𝑠𝑏𝑥 > 𝑠𝑐𝑥 , and 𝑘𝑎𝑥 >
𝑘𝑏𝑥 > 𝑘𝑐𝑥 = 1. Separation at any location will have a
negative impact on the long-term stability of the anchoring
system. Nevertheless, separation near the loading end can still
provide stability and sufficient support strength to guarantee
security, whereas separation in the middle provides less
stability. Notably, separation near the free loading end is the
least desirable, being unable to provide long-term stability to
the surrounding rock or guarantee safety; thus, it should be
avoided in underground engineering projects.
The analysis presented above considers one separation,
but the distributions of shear stress have the same patterns

if more than one separation is present. The final distribution
is the sum of the individual cases. When more than one shear
stress peak is present, the overall anchoring system will be less
stable [34].

4. Experimental Calibration
To present a more intuitional explanation for the aforementioned analysis, this section describes an experiment conducted to simulate the relationship between strata separation
and overall bolting stability.
4.1. Materials and Method. The experimental facilities and
detailed parameters for the specimen are shown in Figure 11.
We utilized a steel cylinder slotted with internal screw to
simulate strata, and the rebar was a normal mine bolt with a
diameter of 22 mm. The steel cylinder parameters are shown
in Figure 11(b), and the inner diameter and the total length
are 34 mm and 40 cm, respectively. As for the separation
occurring at the free loading end, the upper cylinder with
a length of 10 cm is used to simulate the strata above the
separation, whereas the lower cylinder with a length of 30 cm
is used to simulate the strata below the separation. The bolt
was inserted into the cylinder and was fully coated by capsule
resin, and the pull-out test was conducted after solidification
of the resin.
In order to obtain accurate shear stress distribution along
the bonding interface, we attached strain gauges on the
interface before inserting the bolt. This way is reasonable
because the relationship between strain and the stress is
positively correlated. The bolt was longitudinally slotted to
adapt the adhesion of strain gauges; the strain gauges used
for separation occurring in the middle of the anchoring body
were distributed as follows: ten strain gauges were attached
along the bolt and five were placed on each side of separation

10

Shock and Vibration
140
25

80
Separation at the
loading end

60
50

15

40

Separation in the
middle part

10

30

Strain gauge (𝜇𝜀)

70

F2 (kN)

F1 (kN)

20

120
100
80
60

20

5

40

10
0

5

10

15

20

25

0

20

Separation

−20 −16 −12

Displacement (mm)

−8 −4
0
4
8
Distance along bolt (cm)

12

16

20

Upper segment
Lower segment
(a)

(b)

80
140

60
Strain gauge (𝜇𝜀)

Strain gauge (𝜇𝜀)

120
100
80
60

40

20

40

Separation

Separation

20

0

−20 −16 −12

−8 −4
0
4
8
Distance along bolt (cm)

12

16

20

Upper segment
Lower segment

−10

−5

0

5
10
15
20
Distance along bolt (cm)

25

30

Upper segment
Lower segment
(c)

(d)

Figure 12: Experimental results for the anchoring body with separation at different locations. (a) Relationship between pulling force and
pulling displacement. (b) Relationship between the strain and distance along the bolt when the interface is in its original intact state and the
separation is located in the middle, (c) the interface is partly damaged and the separation is located in the middle, and (d) the interface is
partly damaged and the separation is located at the loading end.

at distances of 2, 6, 10, 14, and 18 cm from the separation. The
strain gauges used for separation occurring at the loading end
were distributed as follows: total eleven strain gauges were
adopted along the bolt, four of which were arranged on the
shorter segment at 2, 4, 6, and 8 cm from the separation and
seven of which were attached on the relatively longer segment
at 4, 8, 12, 16, 20, 24, and 28 cm from the separation. The
relatively closer interval between two adjacent strain gauges
in shorter segment is to capture more characteristic points for
obtaining the complete curves of strain distribution along the
interface. The distribution of the strain gauges for separation
occurring at the free loading end is essentially identical to that
of the strain gauges for separation occurring at the loading

end because the latter is the inverse of the former. The strain
acquisition device was a TS 3866 distributed static resistance
strain indicator (Yangzhou Taisi Electronics Co., Ltd.), and
the sampling rate was 1 Hz. The testing machine was produced
by MTS Systems Corporation (Eden Prairie, MN, USA), and
the loading rate was 3 mm per minute.
4.2. Results and Discussion. Results from a typical experimental calibration are shown in Figure 12. As illustrated in
Figure 12(a), the overall peak bearing forces of anchoring
body for separations occurring at the loading end and in
the middle are 22 kN and 77 kN, respectively. This finding
confirms the results of the analysis presented in Section 3;
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namely, the damage near the loading end strongly influences
the overall stability of the anchoring system and reduces the
hanging effects of the bolt. Moreover, it can be seen that the
maximum displacements that the bolts can sustain are also
profoundly different, with the displacement of the bolt being
4 times greater in the case of separation in the middle than
in the case of separation at the loading end. This finding
indicates that premature failure of anchoring system may
occur if strata separation occurs near the loading area.
Figure 12(b) shows a situation in which the separation
occurs in the middle and the bonding interface is in its intact
state. The general trend of the curve is strongly consistent
with the conclusion that the shear stress along the interface
decreases exponentially with increasing distance from the
separation point; see Figure 4(b).
Based on the analysis in Section 3.2.2, a captured moment
of strain distribution along the bolt is plotted in Figure 12(c)
for the case in which the bonding interface is damaged
due to excessive separation. A certain degree of deflection
can be clearly observed by comparing this curve trend and
that in Figure 7; nonetheless, the behavior is still somewhat
consistent and variable. These results are thus capable of
calibrating the former theoretical conclusions.
For separation at the loading end, Figure 12(d) outlines
the general curve trend along both directions of separation.
It must be noted that the interface was totally decoupled in the
area ranging from −10 to 0 cm according to our observations
of the final failure morphology of the specimen. This situation
corresponds to the state illustrated in Figure 5.
These laboratory tests certainly differ from real field
conditions for situations in which the separation is located
at the loading end and free loading end. The dead weight
of rock mass is ignored under laboratory conditions; hence,
the stress distribution along both sides of the separation is
mostly affected by the pulling force of the MTS machine,
which maintains a constant loading speed, even when the
interface damage occurs. In contrast, in the field, if separation
occurs at the loading end and the interface damage is present,
then the pulling force applied on the shorter segment mainly
originates from the dead weight of the rock mass during
this stage, and this force is too weak to isolate the interface
bonding stress in most situations. The longer segment is then
still partly encapsulated by resin and can pass through the
aforementioned three stages under the relatively larger dead
weight of the peripheral rock mass. This is why Figure 12(d)
is markedly different from Figure 9.

5. Conclusions
(1) Layered strata occurrence is frequently seen in underground constructions; roof bolt supporting under
the circumstance can suffer dynamic shock wave
due to unexpected strata separation, which generally
induces damage at the resin-rock interface and roof
supporting failure. The damage progression is composed of elastic, slippage, and decoupling stages.
(2) A critical separation width can be defined if the
bonding interface is undamaged, and the distribution
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of the shear stress is not sensitive to the separation
location. Consequently, the stability of the anchoring
system is not affected by the separation location under
these conditions.
(3) If the interface is damaged, the distribution of shear
stress is greatly affected by the separation location. The support strength increases exponentially
with increasing separation width and simultaneously
causes decoupling. However, at some point, the
expansion of the decoupling will decrease the support
strength. This decrease is significantly greater when
the separation is located at the free loading end than
when the separation is located at the loading end or
in the middle. The elongation of the elastic section
is small compared with the total increase of the
separation width and can be ignored.
(4) The adverse effects of interfacial damage are mainly
generated by the induced vibration of the anchoring
force, which will eventually cause the bolting system
to collapse. These effects increase dramatically if the
damage extends from the free loading end to the
loading end but can be moderated if the damage
extends from the loading end to the free loading end.
(5) The experimental calibration testifies aforementioned
theories. Research results of this study reveals a fact
that even a tiny bolting defects can have a huge
influence on the overall stability of bolting system;
this kind of separation in layered strata should be
avoided by applying relatively larger pretension force
during installation process or by cement grouting
in advance, which can tightly compact or bond the
layered strata together to avoid subsequent inner
separation from occurring.

List of Symbols
𝑑:
𝑘:
𝐸𝑟 :
𝐸𝑏 , 𝐸re :
𝑑0 :
𝑟𝑏 , 𝑑𝑏 :
𝑙:
𝑙1 :

Borehole diameter
Constant coefficient
Young’s modulus of the rock mass
Young’s modulus of the bolt (𝑏) and resin (re)
Influence diameter around the bolt
Bolt radius and diameter
Total length of the anchoring body
Length of the anchoring body above the
separation
Length of the anchoring body below the
𝑙2 :
separation
𝐴:
Cross-sectional area of the anchoring body
(0, 𝑥1 ): Decoupling section along the interface
(𝑥1 , 𝑥2 ): Slippage section along the interface
(𝑥2 , 𝑙): Elastic section along the interface
Composite Young’s modulus of the bolt and resin
𝐸𝑐 :
Deep-surface ratio of the roof
𝑘𝑥 :
Vertical displacement of a point within the rock
𝑠𝑥 :
Vertical displacement of the surface rock mass at
𝑠0 :
the roof.
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Greek Symbols
𝜏1 :
𝜏2 :
𝜏(𝑥):
𝜏:
𝜎:
]𝑟 , ]re :
𝜏0 :
𝜏𝑚 :

Ultimate shear stress of the bolt-resin interface
Ultimate shear stress of the resin-rock interface
Shear stress at 𝑥 along the resin-rock interface
Shear stress at the loading end
Axial stress of the bolt at the loading point
Poisson’s ratio of the rock mass and resin
Residual shear stress of the decoupling section
Ultimate shear stress that can be sustained by the
intact interface
𝜎𝑏0 : Maximum axial stress that can be sustained by the
intact interface
𝛿𝐽max : Maximum width of the separation under an intact
interface
Width of the separation above the origin under an
𝛿1 :
intact interface
Width of the separation below the origin under an
𝛿2 :
intact interface
Total width of the separation for separation at the
𝛿𝐽𝑎 :
free loading end
𝛿1𝑎 : Width of the separation above the origin for
separation at the free loading end
𝛿2𝑎 : Width of the separation below the origin for
separation at the free loading end
Total width of the separation for separation in the
𝛿𝐽𝑏 :
middle of the anchoring body
𝛿1𝑏 : Width of the separation above the origin for
separation in the middle of the anchoring body
𝛿2𝑏 : Width of the separation below the origin for
separation in the middle of the anchoring body
Total width of the separation for separation at the
𝛿𝐽𝑐 :
loading end
Width of the separation above the origin for
𝛿1𝑐 :
separation at the loading end
Width of the separation below the origin for
𝛿2𝑐 :
separation at the loading end.
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