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Research on blasting cumulative
dynamic damage of surrounding
rock in step construction tunnel

Yaozhong Cui?, Bo Wu?*/, Guowang Meng* & Shixiang Xu?

In the process of cyclic blasting during tunnel excavation, the reserved surrounding rock sustains
irreparable damage accumulation. For safe tunnel construction, it is imperative to understand

the characteristics of blasting dynamic cumulative rock damage. Sonic wave test and numerical
simulation methods were applied to the research. The JH-2 model was adopted as the damage model
of surrounding rock. Based on the data transfer method between solvers in ABAQUS software, the
cumulative damage was calculated. The damage characteristics were obtained by combining the
sonic wave test results. According to the research findings, the entire reserved surrounding rock has
periodic damage characteristics. Each periodic damage area has a funnel shape along the tunnel’s
longitudinal direction, with a length of 160 cm, and 1.07 times the excavation footage. The latter
excavation footage’s blasting effect on the damaged area of the previous footage rock is 40 cm long,
with three cumulative damage patterns. The three cumulative damage patterns more clearly reveal
the surrounding rock’s additional damage law, the degree of additional damage is greatest with

the distance of 5-20 cm from the latter excavation footage. The research can provide appropriate
theoretical guidance for the design of the step-blasting construction tunnel’s blasting scheme and
lining.

Blasting excavation is widely used in tunnel engineering because of its high efficiency and economic advantages.
When the energy from an explosive explosion breaks and throws the excavated rock mass, it will inevitably
damage the reserved surrounding rock, reducing its integrity and degrading its mechanical properties, affecting
tunnel construction safety. Moreover, additional blasting loads will be applied to the reserved surrounding rock,
causing continual damage accumulation. Therefore, studying the features of blasting cumulative dynamic damage
of surrounding rock is crucial for the safe construction of drilling and blasting tunnels.

The rock blasting damage model has been studied extensively by academics. Langefors' believes blasting
damage is created by explosion stress wave propagation, reflection, and contact. It stimulates and extends rock
fissures, lowering their mechanical characteristics. Based on this understanding, relevant researchers developed
three blasting damage models: the GK model?, TCK model’, and KUS model*. HAMDI’ and LI° utilized the three
blasting damage models and numerical simulation methods to study the damage evolution, measurement, and
evaluation of rock mass under blasting. According to continuum damage mechanics and critical tensile strain
criterion, YANG’ and LIU® proposed a blasting damage model that can comprehensively reflect the correlation
among damage variables, crack density, and strain rate.

Furthermore, rock mass exists in the initial in-situ stress coupled with gravity stress and tectonic stress,
which has a significant influence on the propagation of explosive stress waves, the development of rock cracks,
and the damage to surrounding rock., rock mass exists in the initial in-situ stress coupled with gravity stress and
tectonic stress, which has an significant influence on the propagation of explosive stress waves, and surrounding
rock damage. Therefore, in-situ stress cannot be disregarded when studying the damage caused by blasting, and
many academics have studied it. Through experimental research, HE® and ZHANG!? found that cracks under
blasting load often propagate along the direction of principal stress. In addition, the study of HE® showed that
the rock fracture zone would decrease with the increase of compressive stress. XIE'" and YI'? studied the blasting
damage of rock mass under in-situ stress by numerical simulation and obtained the same crack development rule
as above. TAO" simulated single-hole blasting of rock mass under in-situ stress and found that it could reduce
cracking. In a specific tunneling project, RAMULU used extensometer and pinhole camera tests to investigate
cyclic blasting’s influence on rock damage. The research found that rock damage near the blasting area was caused
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by high-frequency vibration, while rock damage far away from the blasting hole was caused by low-frequency
vibration. LUO' carried out a numerical simulation on the blasting excavation of a diversion tunnel and com-
pared the results with the field-measured values. It was found that the blasting vibration velocity and surrounding
rock deformation were closer to the measured values after considering the accumulated damage of surrounding
rock. The cumulative damage effect of surrounding rock should be considered in the numerical simulation.
The above studies indicate that the appropriate rock damage model should be selected, and the effect of
in-situ stress should be considered to explore the cumulative damage of reserved surrounding rock. However,
the research status focuses on the damage theory of rock under blasting load, on-site monitoring, and safety
evaluation. There are few studies on the cumulative dynamic damage of reserved surrounding rock in the step-
method cyclic blasting construction. The JH-2 rock model built in ABAQUS software was used to conduct a
precise numerical simulation of cyclic blasting excavation of a tunnel. The calculation results were compared
with the field sonic test results to study the cumulative damage characteristics of the reserved surrounding rock.

Project overview

Engineering background. Jinjing Tunnel is located in Sanming City, Fujian Province, China. It is a single-
track tunnel of 7292 m in length. It passes through the surrounding rocks of class I, III, IV, and V, and the length
for the surrounding rock of class II is 1540 m. To lessen the vibration produced by blasting to the nearby struc-
tures, a step-by-step temporary inverted arch construction method was chosen for the shallowly buried part of
class II. The tunnel construction diagram is shown in Fig. 1, and the tunnel dimension plot is shown in Fig. 2.

BIasting scheme. The construction was done in accordance with the “short excavation, weak blasting”
theory, and the micro-difference, division, multi-segment, and multiple weak blasting techniques were used. The
temporary invert method of lower and down steps was used for construction, with a single cyclic excavation of
1.5 m. The cutting hole is compound wedge-shaped, and the layout is shown in Fig. 3. In Fig. 3, the upper part is
the front view, which shows the arrangement of the cutting holes on the tunnel face. The bottom face is the top
view, which shows the position and length of the cutting holes in the rock.
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Figure 1. The tunnel construction diagram.

Figure 2. The tunnel dimension plot (cm).
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Figure 3. Compound wedge-shaped cutting hole layout scheme (cm).

Sonic wave test of the surrounding rock. Changes in sonic wave velocity in a rock mass can better
reflect the degree and range of rock mass damage following blasting and give data for studies from construction
sites'®. The RSM-SY6 detector is used to carry out sonic testing on the surrounding rock, and the test scheme is
shown in Fig. 4. The test holes are arranged at the flat part of the arch waist. The depth of the test holes is 4 m,
and the test holes are tilted downward and at a 5° Angle with the horizontal plane. The test holes are parallel, and
the adjacent spacing is 60 cm. There was no rock debris in the test chamber during the test, and the cavity was
coupled with water. The sonic probe was moved outward by 20 cm for each test, and 21 tests were performed in
each group.

In order to obtain the longitudinal wave velocities of damaged and intact surrounding rock, the sonic wave
velocity of excavated rock mass is tested. The curve of the wave velocity varying along the depth of the test hole
is shown in Fig. 5. In Fig. 5, #2-1 represents the rock sonic wave velocity between hole 2# and hole 1#, #2-3
represents the rock sonic wave velocity between hole 2# and hole 3#. Due to water seepage at the hole opening,
the wave velocity data at the hole opening are incomplete. The wave velocity curve of the reserved surrounding
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Figure 4. Two-hole sonic wave method test plan.
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Figure 5. Sonic velocity-depth curves of surrounding rock.
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rock shows that the wave velocity varies significantly in the depth range of 0.4-2.5 m, with the wave velocity rising
from 2145 to 4845 m-s™!. When the depth is greater than 2.5 m, the variation of sonic wave velocity tends to be
stable. Judging from the variation trend of the wave velocity, The wave velocity of the undamaged surrounding
rock can be taken as the average wave velocity of 4817 m-s™' at a depth of 2.5-4 m of the test hole.

Rock damage model

Since the blasting load is merely a type of force, how the surrounding rock reacts to it depends on its mechani-
cal characteristics and damage model. As a result, the damage model of the surrounding rock is crucial to the
analysis of this work.

In the numerical simulation, HJC model'’, JH-1 model'$, and JH-2 model'® are often used to describe the
dynamic mechanical behavior of brittle materials under considerable strain, high strain rate, and high-pressure
loads. The JH-2 model is an improvement over the JH-1 model. Pressure-dependent strength, damage, fracture,
bulking, strain rate effects, and significant strength after fracture are all taken into account in the JH-2 model®.
The model consists of strength, damage, and pressure. The strength, damage, and pressure state equations of the
JH-2 model are described below?"?2,

119

Strength of model. The strength curve of the continuum model of JH-2 is shown in Fig. 6, where three
different curves describe three states of materials: the intact state, the damaged state, and the fractured state. The
state of the material has its corresponding strength equation, which represents the relationship between normal-
ized equivalent stress and normalized pressure. The equation of normalized equivalent stress is as follows:

o* =0F — D(c* —oF :L
i ( i f ) OHEL (1)

where 0" is the normalized intact equivalent stress; af* is the normalized fracture stress; D is the damage fac-
tor(0 <D< 1); o is the actual equivalent stress; opgr, is the equivalent stress in the Hugoniot elastic limit state, It
represents the net compressive stress including hydrostatic pressure and deviator stress components'®.

0<D< 1, the material is in the damaged state and the normalized equivalent stress o * is calculated by formula
(1), corresponding to the orange curve in Fig. 6. D=0, the material is in the intact state. Substituting D=0 into
formula (1), 0*=0;" is obtained, and o;" is calculated by formula (3), which corresponds to the blue curve in
Fig. 6. D=1, the material is in the fractured state. Substituting D=1 into formula (1), a*:af* is obtained, and af*
is calculated by formula (4), which corresponds to the green curve in Fig. 6.

The calculation formula of ¢ is as follows:

o= \/% [((71 —02)? + (01 —03)* + (03 — ‘73)2} @

where o7 and o, are o3 three principal stresses.
The calculation formula of o and o is as follows:

of = AP* + THN(1 + Clné¥) < oo (3)

of = BPHM(1 4+ Clné*) < o™ (4)

where A, B, C, M, and N are material parameters; o;/"** is the limit value of o;*; P* is the normalized pressure, the
calculation formula of P* is as follows:

p

P = ——
Pygr

(5)

where P is the actual hydrostatic pressure; Pygr is the hydrostatic pressure in the elastic limit state of Hugoniot.
T* is the normalized maximum tensile hydrostatic pressure, and its calculation formula is as follows:

o, =AP +T)(1+Clné")
Intact, D=0 e
o =0, -D(o -0;)

Damaged, 0<D<1

Normalized Equivalent Stress
o

ol =B )(1+Clné)
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Figure 6. Strength model of the JH-2 constitutive model.
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T = T
THEL

(6)

where T is the maximum tensile hydrostatic pressure of the material and T, is the tensile hydrostatic pressure
in the elastic limit state of Hugoniot.
£*1s the dimensionless strain rate, which is calculated as follows:

= @)

where & is the actual equivalent strain rate, & is the reference strain rate, and takes the value of 1 s7%.

The calculation formula of ¢ is as follows:

3
i = \/ {(éx —&) =)+ (8 — &) + E(J?ﬁy +7%+ Vﬁ)} ®)

.. . L . L2 2 2 ;
where Exsty and &, are three principal strain rates; ViV and ¥yz are three shear strain rates.

Damage of model. The damage curve of the JH-2 continuum model is shown in Fig. 7. From Fig. 7, the
material’s damage increases with the fracture’s development, and the damage’s growth presents nonlinear char-
acteristics. The equation is as follows:

AgP Ag?
DZZTS}’ ZZDl(P*+T*)D2 )

where Ag? is the equivalent plastic strain rate;A&” is the equivalent plastic strain at failure; D, and D, are damage
factors, which is determined by the following method.

&) = Dy (P* + T%)P2 (10)

where 5{; is the plastic strain to fracture under a constant pressure. According to formula (10), the curve of the
pressure dependent fracture strain following the normalized pressure can be determined by test, and the damage
factors D1 and D2 can be determined by the curve®'.

The equation of state of pressure. The pressure state equation curve of the JH-2 continuum model is
shown in Fig. 8. The pressure state equation reflects hydrostatic pressure and volumetric strain, including pure
elastic and plastic failure stages. The equation is as follows:

P =K+ Kp® + Kz (D =0,u>0)
P=Kip+Ku?+Ksu®+ AP (0<D < 1,4>0) (11)
P=Kiu (1<0)

where K, K,, and K; are material constants, y can be calculated as follows:

n= L2 (12)
o
where py is the initial density of the material; p is the current density.

Considering bulking energy, the pressure increment AP is taken into account in the state equation. When
the material is damaged, the strength of the material will weaken, and the elastic energy of the material will also
decrease. The reduced elastic energy will be converted into potential energy 2, by increasing the pressure incre-
ment AP. The equation of AP is as follows:

& =D(P +T)™
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Figure 7. Damage model of the JH-2 constitutive model.
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Figure 8. EOS model of the JH-2 constitutive model.

APrsar = —Kipsae + Kitepac + APY? + 28K, AU (13)

where AU is deviator elastic energy; f is the part of the incremental elastic energy that is converted into potential
energy (0<8<1).

Relationship between surrounding rock damage and sonic wave velocity. The relation equation
between the rock damage variable and sonic wave velocity before and after rock damage can be obtained:*

Y
D=1-(-2 (14)
Vo
where V), is the sonic wave velocity of rock mass subjected to blasting load; V,, is the sonic wave velocity of rock;

D is the damage variable of rock after blasting.
The calculation formula of the change rate of sonic wave velocity is as follows:

ky=1-—= (15)

Criteria for judging the damage of surrounding rock under blasting load by sonic wave test**: when the change
rate of sonic wave velocity is not more than 10%, the damage of surrounding rock is minimal. When the change
rate of sonic wave velocity is more than 10% but less than 15%, the surrounding rock is considered to be slightly
damaged by blasting. When the change rate of sonic wave velocity is greater than 15%, the surrounding rock
is considered to be damaged by blasting. When the change rate of sonic wave velocity is 10%, the rock damage
variable is 0.19. When the change rate of sonic wave velocity is 15%, the rock damage variable is 0.28.

Simulation of cumulative damage of surrounding rock in cyclic blasting

Taking the step-blasting construction in the Jinjing tunnel as an example, the numerical model is established.
The model size is 40 m x 37 m x 37 m, and the C3D8R element is used for the rock and lining. The beam element
is used for the anchor. The data transfer method between solvers in ABAQUS software is used to realize the tun-
nel cyclic blasting excavation construction. During the simulation of cyclic blasting, the blasting load is applied
to the excavation boundary. Before beginning the blasting operation, the rock elements of the cyclic blasting
excavation are deleted. The next cyclic blasting is calculated based on all the calculation results of the previous
cyclic blasting. The schematic diagram of the numerical model is shown in Fig. 9.

Material parameters. Since the blasting mainly causes vibration to the tunnel’s anchors, primary lining,
and secondary lining, damage cannot be considered. Only the material elasticity parameters are considered, as
shown in Table 1.

The JH-2 model is used for the rock mass, and its specific parameters are shown in Table 2 according to the
literature® and engineering geological survey data.

Blast load. The calculation cost can be greatly decreased by applying the equivalent blasting load on the
elastic boundary instead of modeling the explosion and the gun hole. The triangular equivalent blast load will be
adopted in this paper. The blast load curve is shown in Fig. 10.
Charge amount and hole arrangement determine the value of blasting load, and footage determines the range
of blasting load. As the influencing factors of blasting load, they affect the damage of the surrounding rock.
The initial detonation pressure on the hole wall can be calculated for uncoupled charges by the following
formula®.
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Figure 9. Schematic of numerical model.

anchor 7800 210 0.2
Primary lining 2200 26 0.21
Secondary lining | 2500 29.5 0.21

Table 1. The physical parameters of anchor, primary lining, and secondary lining.

2550 17.8 1.01 0.68 |0.83 |0.005 0.83 1.0 1.0 45
Efpmin s}’max Puer(GPa) | Dy D, | Ki(GPa) | Ky(GPa) | K3(GPa) | HEL (GPa)
0.001 1.0 2.6 0.005 | 0.7 |19.5 -23 2980 4.5

Table 2. The material parameters of the rock materials.

Blasting Equivalent Pressure

0 Time

Figure 10. Curve of blasting load.
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peD? dc)zy
Pp= -2 [z 16
0 2(V+1)(db (16)

where P, is the initial detonation pressure;p, is explosive density; D is the detonation velocity of the explosive;
y is the isentropic index of explosives, taking the value of 3.0; d_ is charge diameter; d, is the diameter of the
hole.For the detonation of a group of holes, the equivalent blast load applied on the elastic boundary can be

calculated as follows?!:
2+ 2— &
P, =kpo(i°) ‘ (L‘) g (17)
n 2

where k is the influence coefficient of cut hole initiation, which is taken as 10; r( is the radius of the hole; r; is the
radius of the crushing zone; r; is the radius of crushing area; 4 Poisson’s ratio of surrounding rock.

2# emulsion explosive is used in the building of the Jinjing tunnel blast, its density is 1100 kg/m?, and detona-
tion velocity is 4000 m/s; according to the relevant engineering data, the equivalent blasting load P, at the elastic
boundary is 200 Mpa, as calculated by Eq. (17).

Cumulative damage characteristics of the surrounding rock. A single blasting operation will dam-
age a certain range of adjacent rocks in this excavation area. As the frequency of blasting operations rises, the
damage to the surrounding rocks in the cyclic blasting construction section will accrue based on the damage
produced by each individual blasting operation, exhibiting the traits of overall surrounding rock damage. The
damage caused by blasting in this section will be exacerbated by subsequent blasting. This section analyzes and
discusses the cumulative damage characteristics of the single blast building section and the surrounding rock of
the cyclic blast.

The sonic wave velocity of the reserved surrounding rock obtained from the sonic test is substituted into
Eq. (14) to get the damage variable in the field, which is compared with the damage variable in the simulation,
as shown in Fig. 11. The damage vaule of numerical simulation is extracted by the post-processing function of
ABAQUS software. It can be seen from Fig. 11 that the simulation value is consistent with the field measurement
value. When the damage variable is 0.19, the damage depths in numerical simulation, field test 1, and field test 2
are 130 cm, 143 cm, and 144 cm, respectively. When the damage variable is 0.28, the damage depths in numerical
simulation, field test 1, and field test 2 are 110 cm, 117 cm, and 115 cm, respectively. The average depth deviation
for the two damage variable groups is 13.5 cm and 6 cm, respectively. Clearly, the numerical simulation method
utilized in this research has a degree of trustworthiness.

Cumulative damage characteristics of the overall surrounding rock.  Figure 12 depicts the distribution of damage
factors along the longitudinal direction of the tunnel during the seven excavation cycles of blasting construc-
tion. Figure 12 is the damage cloud image of JH-2 model, which was obtained by the post-processing function.

In accordance with Fig. 12, along the tunnel’s longitudinal axis, the damage distribution of the reserved
overall surrounding rock is uniform and symmetrical, exhibiting periodic damage features. The single blasting
construction range is the main damage area in each damage period. The length of the periodic damage area is
160 cm, which is slightly longer than the length of the single blasting excavation footage. The vault’s periodic
damage depth is 202 cm, and the bottom’s periodic damage depth is 217.5 cm. Along the longitudinal direction
of the tunnel, the periodic damage area of the reserved surrounding rock exhibits a funnel shape. The damage
variable value and damage depth at the hole’s ends are less than those in the hole’s center. The surrounding rock’s
shallow depth damage variable value is more significant, and the degree of damage is higher. With the increase of
depth, the damage variable of surrounding rock gradually decreases. Figure 13 shows the relationship between
the damage variables at the edge and center of the periodic damage area and the depth.

According to Fig. 13, when the surrounding rock depth grows, the damage variable demonstrates nonlinear
attenuation, and the degree of attenuation increases continually. The damage variable of the vault surrounding
rock attenuates faster than the damage variable of the bottom surrounding rock, and the damage degree of
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Figure 11. Comparison of field test and numerical simulation results.
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Figure 12. Damage variables of the overall reserved surrounding rock along the tunnel longitudinal.
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Figure 13. The curve between the damage variable at the edge and center of the periodic damage area and the
depth.

the arch bottom surrounding rock is slightly higher than that of the vault. The attenuation rate of the damage
variable in the periodic damage margin is significantly greater than that in the middle rock, which correlates
to the funnel-shaped damage distribution features. The above guidelines show that charge blasting will have a
substantial impact on the surrounding rock in the middle region of the hole.

Cumulative damage characteristics of surrounding rock in a single excavation section. To visually observe and
analyze the damage in the cross-section of the single excavation and to obtain the cumulative damage character-
istics, the view section function in ABAQUS post-processing was used to cut the first excavation. The damage
distribution of the cut sections at different distances from the bottom of the hole for the upper and lower steps
is shown in Figs. 14 and 15.

As shown in Figs. 14 and 15, the value and depth of the damage variable will grow as the view section
approaches the hole’s center, corresponding to the tunnel’s funnel-shaped damage. The blasting force of the lat-
ter excavation footage will have an apparent cumulative effect on the damage of the earlier excavation footage’s
reserved surrounding rock. The length of the affected area is 40 cm, accounting for 26.7% of the excavation
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(b) Damage distribution of surrounding rock on the upper step of the first excavation footage after the second cyclic blasting

Figure 14. Damage distribution of surrounding rock in different sections of the upper step of the first
excavation footage.

footage. As illustrated in Figs. 16, 17, and 18, the increment of damage depth and damage vale in various sections
of the upper step vault and lower step bottom are determined.

According to Fig. 16, the blasting of the latter structure will have a considerable impact on the damage depth
of surrounding rock within 15 cm of the bottom of the prior excavation’s hole. The upper step’s maximum damage
depth increase is 30.7 cm, while the lower step’s maximum damage depth increment is 41.7 cm. When the dis-
tance from the bottom of the hole exceeds 15 cm, the surrounding rock’s damage depth falls significantly. When
the distance from the bottom of the hole exceeds 40 cm, the damage depth of the surrounding rock does not rise.

According to Figs. 17 and 18, the damage increment of surrounding rock is greatest within 5 cm of the bottom
of the hole, and the maximum increment of the upper and lower steps is 0.958. In the range of 5-40 cm from the
bottom of the hole, the cumulative damage increment of surrounding rock reduces consistently, from 0.74 to
0.021 for the upper step and from 0.502 to 0.023 for the lower step. The accumulated damage of surrounding rock
will not occur if the distance from the bottom of the hole is greater than 40 cm. The depth range of accumulated
damage of surrounding rock within 0-5 cm of the hole’s bottom is limited. The upper step’s average depth of col-
lected damage is 33.4 cm, and the lower step’s average depth of accumulated damage is 40.5 cm. The depth range
of accumulated damage within 5-20 cm of the hole’s bottom is vast. The upper step has an average accumulative
damage depth of 81.5 cm, while the bottom step has an average accumulative damage depth of 75.6 cm. The
depth range of accumulated damage within 20-40 cm of the hole’s bottom is limited. The upper step’s average
accumulative damage depth is 26.8 cm, and the bottom step’s average accumulative damage depth is 49.8 cm.

The aforementioned occurrence reflects the three cumulative damage patterns observed in prior excavation
footage. The cumulative damage mode of the surrounding rock in the range of 0-5 cm from the bottom of the
hole is that the damage increment is greatest at shallow depths. The cumulative damage pattern of the surround-
ing rock within 5-20 cm of the hole’s bottom indicates that the greater damage increment occurs at greater depths.
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(a) Damage distribution of surrounding rock on the lower step of the first excavation footage after the second cyclic blasting
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(b) Damage distribution of surrounding rock on the lower step of the first excavation footage after the third cyclic blasting
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Figure 15. Damage distribution of surrounding rock in different sections of the lower step of the first
excavation footage.
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Figure 16. Increment of surrounding rock damage depth in different sections of vault and bottom.

The accumulated damage mode of surrounding rock within 20-40 cm of the hole’s bottom is a little damage
increment in a shallow depth of surrounding rock.

The damage depth increment and the distribution law of the damage increment of the cross-sectional sur-
rounding rock reveal that the previous excavation’s funnel-shaped damage is intensified.
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Figure 17. Damage increment distribution along the depth of surrounding rock in different sections of vault.

Conclusion

In this study, the method of sonic wave test and numerical simulation is used to compute and analyze the
cumulative damage characteristics of reserved surrounding rock following cyclic blasting. The results can offer
pertinent theoretical direction for step blasting tunnel construction’s blasting scheme design and lining support
design. The following is the conclusion:

The cumulative damage value of cyclic blasting based on the JH-2 rock damage model is compatible with
the results of the sonic test, and the damage model can more accurately represent the dynamic mechanical
behavior of rock materials.

The entire reserved surrounding rock in the cyclic blasting excavation section has periodic damage character-
istics, and the length of each periodic damage region is 160 cm, 1.07 times the excavation footage, and takes
the shape of a funnel along the tunnel’s longitudinal direction. The damage depth is 202 cm at the vault and
217.5 cm at the bottom. Each periodic damage region is generated by the combined action of this footage
section’s blasting construction and the later footage section’s blasting construction.

The blasting effect of the latter excavation footage construction on the damaged area of the preceding excava-
tion footage’s reserved surrounding rock is 40 cm long, accounting for 26.7% of the excavation footage. In
the 40 cm influence area, there are three cumulative harm patterns. The surrounding rock has the greatest
damage increment at a shallow depth of 0-5 cm from the hole’s bottom. At a large depth, the surrounding
rock has a greater damage increment between 5 and 20 cm from the bottom of the hole. The surrounding
rock shows a slight damage increment at a small depth between 20 and 40 cm from the bottom of the hole.
The three cumulative damage patterns show the additional damage law of the surrounding rock in the prior
excavation footage caused by the blasting activity in the subsequent excavation footage more clearly. Con-
trary to common belief, the closer the distance to the latter excavation footage is, the greater the cumulative
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Figure 18. Damage increment distribution along the depth of surrounding rock in different sections of the
bottom.

Da

damage to nearby rock will be. This discovery has implications for tunnel blasting design and tunnel support
design.

ta availability

The datasets generated during and/or analyzed during the current study are not publicly available but are avail-
able from the corresponding author on reasonable request.

Received: 19 October 2022; Accepted: 27 January 2023
Published online: 03 February 2023
References
1. Langfors, U. & Kihlstroam, B. The Modern Technique of Rock Blasting (Wiley, 1963).
2. Grady, D. E. & Kipp, M. E. Continuum model of explosive fracture in oil shale. Int. J. Rock. Mech. Min. 17, 147-157. https://doi.
0rg/10.1016/0148-9062(80)91361-3 (1986).
3. Taylor, L. M., Chen, E. & Kuszmaul, J. S. Microcrack-Induced damage accumulation in brittle rock under dynamic loading. Comput.
Meth. Appl. Mech. Eng. https://doi.org/10.1016/0045-7825(86)90057-5 (1986).
4. Kuszmaul, J. S. A new constitutive model for fragmentation of rock under dynamic loading. in Proceedings of the 2nd International
Symposium on Rock Fragmentation by Blasting. 55, https://www.osti.gov/biblio/6527538 (1986).
5. Hamdi, E., Romdhane, N. B. & Le Cleach, J. M. A tensile damage model for rocks: application to blast induced damage assessment.
Comput. Geotech. https://doi.org/10.1016/j.compge0.2010.10.009 (1987).
6. Li, H. et al. Rock damage control in bedrock blasting excavation for a nuclear power plant. Int. J. Rock Mech. Min. Sci. https://doi.
org/10.1016/j.ijrmms.2010.11.016 (2010).
7. Yang, R., Bawden, W. F. & Katsabanis, P. D. A new constitutive model for blast damage. Int. J. Rock. Mech. Min. https://doi.org/10.
1016/0148-9062(95)00064-X (1995).
8. Liqing, L. & Katsabanis, P. D. Development of a continuum damage model for blasting analysis. Int. J. Rock Mech. Min. Sci. https://
doi.org/10.1016/S0148-9062(96)00041-1 (1997).
9. Chenglong, H., Jun, Y. & Qi, Y. Laboratory study on the dynamic response of rock under blast loading with active confining pres-
sure. Int. J. Rock Mech. Min. Sci. https://doi.org/10.1016/.ijrmms.2018.01.011 (2018).
Scientific Reports | (2023) 13:1974 | https://doi.org/10.1038/s41598-023-28900-w nature portfolio


https://doi.org/10.1016/0148-9062(80)91361-3
https://doi.org/10.1016/0148-9062(80)91361-3
https://doi.org/10.1016/0045-7825(86)90057-5
https://www.osti.gov/biblio/6527538
https://doi.org/10.1016/j.compgeo.2010.10.009
https://doi.org/10.1016/j.ijrmms.2010.11.016
https://doi.org/10.1016/j.ijrmms.2010.11.016
https://doi.org/10.1016/0148-9062(95)00064-X
https://doi.org/10.1016/0148-9062(95)00064-X
https://doi.org/10.1016/S0148-9062(96)00041-1
https://doi.org/10.1016/S0148-9062(96)00041-1
https://doi.org/10.1016/j.ijrmms.2018.01.011

www.nature.com/scientificreports/

10. Fengpeng, Z. et al. Rock-like brittle material fragmentation under coupled static stress and spherical charge explosion. Eng. Geol.
https://doi.org/10.1016/j.enggeo.2017.02.016 (2017).

11. Xie, L. X. et al. Analysis of damage mechanisms and optimization of cut blasting design under high in-situ stresses. Tunn. Undergr.
Sp. Tech. https://doi.org/10.1016/j.tust.2017.03.009 (2017).

12. Changping, Y., Daniel, J. & Jenny, G. Effects of in-situ stresses on the fracturing of rock by blasting. Comput. Geotech. https://doi.
org/10.1016/j.compgeo.2017.12.004 (2017).

13. Tao, J. et al. Effects of in-situ stresses on dynamic rock responses under blast loading. Mech. Mater. 145, 103374. https://doi.org/
10.1016/j.mechmat.2020.103374 (2020).

14. Ramulu, M., Chakraborty, A. K. & Sitharam, T. G. Damage assessment of basaltic rock mass due to repeated blasting in a railway
tunnelling project—a case study. Tunn. Undergr. Space Technol. https://doi.org/10.1016/j.tust.2008.08.002 (2009).

15. Luo, Y, Li, X. P, Xu, P. C,, Dong, Q. & Hong, J. S. Characteristic study of surrounding rock mass deformation considering accu-
mulative damage effect. Rock Soil Mech. 35, 3041-3048. https://doi.org/10.16285/j.rsm.2014.11.002 (2014).

16. Changbin, Y., Guoyuan, X. & Fei, Y. Measurement of sound waves to study cumulative damage effect on surrounding rock under
blasting load. Chin. J. Geotech. Eng. 29, 88-93 (2007).

17. Islam, M. ], Swaddiwudhipong, S. & Liu, Z. S. Penetration of concrete targets using a modified holmquist-Johnson-cook material
model. Int. J. Comput. Methods. 09, 1250056. https://doi.org/10.1142/50219876212500569 (2013).

18. Holmquist, T. J. & Johnson, G. R. A computationai constitutive modei for giass subjected to large strains, high strain rates and
high pressures. J. Appl. Mech. https://doi.org/10.1115/1.4004326 (2011).

19. Holmquist, T. ], Johnson, G. R. & Gerlach, C. A. An improved computational constitutive model for glass. Philos. Trans. R. Soc.
A. https://doi.org/10.1098/rsta.2016.0182 (2017).

20. Wang, J., Yin, Y. & Luo, C. Johnson-holmquist-Ii(Jh-2) constitutive model for rock materials: Parameter determination and
application in tunnel smooth blasting. Appl. Sci-Basel. 8, 1675. https://doi.org/10.3390/app8091675 (2018).

21. Holmaquist, T. J., Templeton, D. W. & Bishnoi, K. D. Constitutive modeling of aluminum nitride for large strain, high-strain rate,
and high-pressure applications. Int. J. Impact. Eng. 25, 211-231. https://doi.org/10.1016/S0734-743X(00)00046-4 (2001).

22. Johnson, G. R., Holmquist, T. J. & Beissel, S. R. Response of aluminum nitride(including a phase change) to large strains, high
strain rates, and high pressures. J. Appl. Phys. 94(3), 1639-1646. https://doi.org/10.1063/1.1589177 (2003).

23. Lu, G. P. & Zhou, C. B. Damage characteristics of grouted tunnel rock mass in fault zones induced by blasting. Chin. J. Rock Mech.
Eng. 40, 2038-2047. https://doi.org/10.13722/j.cnki.jrme.2021.0390 (2021).

24. Hongtao, X., Wenbo, L. & Xiacheng, Z. An equivalent approach for acting blasting load in dynamic finite element simulation of
blasting vibration. Eng. J. Wuhan Univ. 41, 67-71 (2008).

Acknowledgements

This work was supported by the Natural Science Foundation of China (Grant No.: 52168055); the Natural Science
Foundation of Jiangxi Province (Grant No.: 20212ACB204001);the “Double Thousand Plan”Innovation Leading
Talent Project of Jiangxi Province (Grant No.: jxsq2020101001).

Author contributions
Y.C.: Conceptualization, Methodology, Sofware, Formal analysis, Writing-original draft. B.W.: Data curation,
Methodology, Supervision. G.M and S.X.: Investigation.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:1974 | https://doi.org/10.1038/s41598-023-28900-w nature portfolio


https://doi.org/10.1016/j.enggeo.2017.02.016
https://doi.org/10.1016/j.tust.2017.03.009
https://doi.org/10.1016/j.compgeo.2017.12.004
https://doi.org/10.1016/j.compgeo.2017.12.004
https://doi.org/10.1016/j.mechmat.2020.103374
https://doi.org/10.1016/j.mechmat.2020.103374
https://doi.org/10.1016/j.tust.2008.08.002
https://doi.org/10.16285/j.rsm.2014.11.002
https://doi.org/10.1142/S0219876212500569
https://doi.org/10.1115/1.4004326
https://doi.org/10.1098/rsta.2016.0182
https://doi.org/10.3390/app8091675
https://doi.org/10.1016/S0734-743X(00)00046-4
https://doi.org/10.1063/1.1589177
https://doi.org/10.13722/j.cnki.jrme.2021.0390
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Research on blasting cumulative dynamic damage of surrounding rock in step construction tunnel
	Project overview
	Engineering background. 
	Blasting scheme. 
	Sonic wave test of the surrounding rock. 

	Rock damage model
	Strength of model. 
	Damage of model. 
	The equation of state of pressure. 
	Relationship between surrounding rock damage and sonic wave velocity. 

	Simulation of cumulative damage of surrounding rock in cyclic blasting
	Material parameters. 
	Blast load. 
	Cumulative damage characteristics of the surrounding rock. 
	Cumulative damage characteristics of the overall surrounding rock. 
	Cumulative damage characteristics of surrounding rock in a single excavation section. 


	Conclusion
	References
	Acknowledgements


