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In underground metal mines, goaf brings huge safety risks. It is an important part of mine to evaluate goaf stability and
determine the best goaf handling measures. However, the evaluation and decision are often separated; they need to be
unifed. Meanwhile, stability evaluation and decision for goaf are a complex system engineering of rock masses in
underground mining, and subjectivity exists in the evaluation and decision process. Under these conditions, it is
necessary to minimize subjectivity, and the results of stability evaluation also need to be considered comprehensively in
determining handling measures. In this paper, the fuzzy theory was adopted based on the fact that the goaf stability
evaluation and handling measure decision were fuzziness. Firstly, the goaf stability model was established by a two-layer
fuzzy comprehensive evaluation. It took into account 12-factor indexes of goaf with engineering empirical approaches
and divided them into 3 categories according to their engineering categories. Te model improved the applicability of the
goaf stability evaluation results, and the results were the basis for goaf handling measures as well. Secondly, a decision
model of the goaf handling measures was established by multiobjective fuzzy optimization. It consisted of fve goaf
handling measures and fve evaluation indexes. Te model provided a comprehensive decision and optimal scheme for
goaf handling. Two models were also applied to the Paishanlou gold mine and achieved a good handling result. Te
practical application showed that the two models were feasible.

1. Introduction

In undergroundmetal mines, a goaf is formed.When the ore
is mined and the mined-out area is not flled, especially the
room and pillar mining, it forms many goafs of diferent
sizes, shapes, and buried depths. In 2015, according to the
survey results of 457 large and medium-sized mines in 25
provinces and cities conducted by the State Administration
of Work Safety of China, there are 432 million m3 goaf, 80%
of the goaf is below 10000m3, but the remaining 20% of the
goaf is above 10000m3 and the total volume accounts for
more than 50%. In particular, the number of goafs above
30000m3 is less than 6%, but the volume accounts for 30% of
the total [1].

Te harm of the underground goaf is signifcant to the
mine. Firstly, during the long-term creep and ground-
water action, the strengths of surrounding rock and pillar
decrease, the pillars occur continuously unstable or the
roof suddenly caving, and at the same time, shock gas and
waves are caused. Tese bring huge safety risks to per-
sonnel, equipment, facilities, buildings, etc. On November
6, 2005, a large-scale collapse accident occurred in Xingtai
gypsum mines in China, which caused a large number of
casualties including 37 deaths and 38 injuries, and a total
of 88 living rooms on the surface were destroyed. Te
direct property loss was up to 7.74 million RMB [2].
Secondly, during the process of mining, the surrounding
rock in the goaf is afected by blasting vibration, which
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leads to the development of fractures in the rock mass.
Tis may lead to the formation of fracture connection
networks and water inrush accidents. Accidents may
submerge the tunnel and cause losses. On the afternoon of
March 28, 2009, a water burst accident occurred in the old
goaf of the Xishimen iron mine, which caused 8 people to
die. Terefore, timely and appropriate goaf handling is the
most fundamental measure to eliminate the safety threat.
And the stability evaluation of the goaf is the basis for
determining the goaf handling measures.

Te stability of goaf is restricted by many factors, such
as rock strength, joint conditions, groundwater, goaf
parameters, and engineering factors. Tese factors are
interrelated with each other. Terefore, the stability
evaluation of the goaf is an extremely complex system
engineering. Te evaluation of goaf stability is a com-
prehensive evaluation for the goaf risk degree. Te
evaluation results have important guiding signifcance for
determining goaf handling measures and timing. Swift
and Reddish [3] considered the probabilistic approach to
analyze stability problems. Yavuz [4] proposed a method
for estimating the distance to return of the cover pressure
and the stress distribution in the goaf. Hu and Li [5]
presented a Bayes discriminant analysis method to
identify the risk of complicated goafs in mines. Wang et al.
[6] analyzed the creep failure of a roof stratum seated on
pillars in the mined-out area through a newly developed
visco-elastic model. Zhou et al. [7] proposed an approach
to forecasting large-scale goaf instability that combined
particle swarm optimization and support a vector ma-
chine. Sun et al. [8] proposed a three-zone model to
analyze and evaluate the stability of the goaf. Hu et al. [9]
built the RS-TOPSIS model to predict the hazard degree of
goafs based on the results of the expert investigation.
Zhang et al. [10] developed a susceptibility assessment
system to defne the risk from mine collapse for coalfelds
across the mining area based on the principles of fuzzy
mathematics and the analytical hierarchy process. Li et al.
[11] proposed a method to calculate releasable space in
strata based on the characteristics of pore distribution in
the rock strata above the goaf. Xiao et al. [12] established
the hazard evaluation model of goaf by using information
entropy and unascertained measurement theory. Guo
et al. [13] established a risk assessment model with seven
main assessment factors for expressway construction site
instability based on fuzzy theory. In these studies, the
infuencing factors are considered in detail. However, goaf
stability is afected by many uncertain factors and the
infuence degree of each factor is also diferent. Tese
factors and the evaluation results have certain fuzziness
and subjectivity. Terefore, it is a good way to combine the
fuzzy theory with the classical comprehensive evaluation
method. Tis will make the evaluation results as objective
as possible and obtain more appropriate evaluation
results.

For the goaf left by underground mining, there are
usually four goaf handling measures: closing, caving,

reinforcing, and flling. However, the specifc conditions of
each mine are diferent, the positions and shape charac-
teristics of each goaf are also diferent, and the goaf handling
measures are often diferent. Terefore, it is an important
part of the mine to determine the best goaf handling
measures in terms of technology, economy, safety, and re-
liability according to various factors afecting the decision-
making of handling measures.

In this paper, based on the goaf stability evaluation and
decision-making of goaf handling measures that are fuzzy,
the fuzzy theory is adopted to establish a stability evaluation
model and a decision model for goaf in underground metal
mines. In the establishment process, evaluation and decision
are considered comprehensively. Tese models are applied
to the Paishanlou gold mine.

2. Establishment of Goaf Stability Model

Te two-layer fuzzy comprehensive evaluationmathematical
model (in Figure 1) is adopted for the goaf stability eval-
uation, and the processes are as follows.

2.1. Determination of Factor. Tere were many factors af-
fecting goaf stability, which could be summarized as the
factors of rock mass quality, goaf parameters, and induced
factors. Te factors of rock mass quality could refer to rock
mass classifcation standards, such as Q classifcation
[14, 15], RMR classifcation [16, 17], MRMR classifcation
[18, 19], and engineering rock mass classifcation standard
[20]. Tese factors included rock uniaxial compressive
strength, rock point load strength, rock quality index
RQD, joint spacing, intactness index of the rock mass,
volumetric joint count of the rock mass, and joint oc-
currence. Te uniaxial compressive strength and the point
load strength both represented the rock strength, and the
point load test was a more practical, time-saving, and
economical method compared to the uniaxial compressive
strength [21]. Many studies [22–25] also have shown that
the point load strength has a good correlation with the
uniaxial compressive strength. Terefore, the point load
strength was chosen to represent the strength rock. Te
RQD, joint spacing, intactness index of the rock mass, and
volumetric joint count of the rock mass [26] all repre-
sented the characteristics of the joint, and these factors
were related or the same parameter was refected in dif-
ferent aspects. Considering the convenience of feld
measurement, the intactness index of the rock mass was
determined to represent the joint characteristics. Another
factor was the joint occurrence. Te study [20] has shown
that the angle between the joint occurrence and the goaf
direction afects the stability of the rock mass. Because the
joint occurrence was complex in the actual rock mass, and
it was difcult to study the infuence of each joint oc-
currence, the dominant joint occurrence was selected.

Te goaf parameters mainly included the goaf span, goaf
area, goaf volume, goaf buried depth, goaf height, height
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span ratio, goaf shape, goaf engineering layout, and mine
pillar and layout. Among them, the hydraulic radius could be
used to express the goaf span, goaf area, goaf volume, goaf
height, height span ratio, and goaf shape. Te hydraulic
radius refers to the ratio of area to the perimeter of the goaf.

Te induced factors of the goaf could be summarized as
groundwater, protective measures, mining disturbance, and
infuence of adjacent goaf.

Based on the above analysis, the actual application, and
site conditions of the mine, the factor set U1 was established;
U1 � {U11, U12, U13, U14, U15, U16, U17, U18, U19, U110, U111,
U112}� {point load strength, intactness index of the rock
mass, dominant joint occurrence, hydraulic radius, goaf
buried depth, goaf height, engineering layout, mine pillar
and layout, groundwater, protective measures, mining dis-
turbance, adjacent goaf}.Tese factors are shown in Figure 1.

2.2. Factor Layer and Assessment Ranks. Due to the fact that
many factors afected goaf stability, if a single-layer fuzzy
comprehensive evaluation was adopted, the factor weight
might not be determined, or the weight value was too small,
which led to the distortion of the evaluation results. For this

reason, 12 factors in the frst layer were divided into 3
categories according to their engineering categories, which
were integrated into 3 factors in the second layer; that is,
U2 � {U21, U22, U23}� {rock mass quality factors, goaf pa-
rameters, induced factors}. Te specifc factor layering and
meaning are shown in Figure 1.

Te assessment ranks were a set refecting goaf stability.
Generally, a 4-rank classifcation was used; that is, V� {V1,
V2, V3, V4}� {stable I, basically stable II, understable III,
unstable IV}. Among them, the stable I indicated that the
goaf did not need to be handled andmonitored.Te basically
stable II indicated that the goaf needed to be handled and
monitored to ensure safe production within the afected
area. Understable III indicated that the goaf needed to be
handled and monitored, and emergency plans needed to be
formulated. Te unstable IV indicated that handling mea-
sures needed to be taken immediately and strengthen
monitoring, and personnel and equipment within its af-
fected area must be evacuated immediately.

Based on the factor layer and assessment ranks, each
factor index was divided into 4 levels according to the
stability classifcation of the engineering rock mass. In ad-
dition, the results are shown in Table 1; there are both

Goaf stability
evaluation

Rock mass quality
factors U21

Point load strength U11

Intactness index U12

Joint occurrence U13

Hydraulic radius U14

Buried depth U15

Height U16

Engineering layout U17

Mine pillar and layout
U18

Groundwater U19

Protective U110

Disturbance U111

Adjacent goaf U112

First layer
U1

Second layer
U2

Goaf parameters
U22

Induced factors
U23

Figure 1: Two-layer fuzzy comprehensive evaluation mathematical model.
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qualitative and quantitative factor indexes. Te membership
degree of each qualitative factor index could be obtained by
counting the frequency by several measuring personnel,
such as U13 dominant joint occurrence, U17 engineering
layout, U18 mine pillar and layout, U110 protective measures,
U111 mining disturbance, and U112 adjacent goaf. Te
membership degree of each quantitative factor index could
be determined by measuring the value and membership
function, such as the U11 point load strength, U12 intactness
index of the rock mass,U14 hydraulic radius,U15 goaf buried
depth, U16 goaf height, and U19 groundwater.

2.3. Membership Function. In order to determine the
membership degree of each quantitative factor index and
make the model more efective, the original measured value
was normalized, and the input data were in the [0, 1] in-
terval. Te normalized formula is

f Uij  � qimin +
qimax − qimin

pimax − pimin
Uij − pimin , (1)

f Uij  � qimax −
qimax − qimin

pimax − pimin
Uij − pimin , (2)

where f(Uij) is the normalized value; Uij is the original
measured value; pimax and pimin are the maximum values
and minimum of the original measured value, respec-
tively; qimax and qimin are the maximum values and
minimum of the quantitative range corresponding to the
original measured value, respectively; Formula (1)
shows that the larger Uij is, the more stable of the goaf.
Formula (2) is that the larger Uij is, the more unstable it
is.

After normalizing the original measured value, it was
necessary to establish the membership function of each
quantitative factor index, and the membership degree
could be calculated. According to the conclusion that
diferent membership functions were equivalent by Su
et al. [27], this paper used the fuzzy reasoning method to
establish membership functions based on the character-
istics of fuzzy sets.

In rock engineering, the membership function usually
adopted the intermediate type. Tat was, the membership
degree was 0.5 at the endpoint of the interval range and the
state was the fuzziest. Te membership degree was 1 at the
middle point and the neighborhood of the interval range and
the state was the clearest. Te membership function formula
is

Table 1: Te classifcation of goaf stability.

Factor index Assessment ranks
Stable I Basically II Understable III Unstable IV

Rock mass quality
factors U21

Point load strength
U11

>10MPa 4∼10MPa 2∼4MPa 0∼2MPa

Intactness indexU12 >0.75 0.75∼0.55 0.55∼0.35 0.35∼0
Dominant joint
occurrence U13

Very favorable Favorable General Unfavorable

Goaf parameters
U22

Hydraulic radius
U14

<15m 15∼30m 30∼45m >45m

Buried depth U15 <100m 100∼200m 200∼400m >400m
Goaf height U16 <8m 8∼20m 20∼30m >30m

Engineering layout
U17

Very reasonable Reasonable General Unreasonable

Mine pillar and
layout U18

Pillars and layout
standard

Pillars and layout
not standard

No pillars or layout not
standard, start breaking

No pillars or layout not
standard, serious breaking

Induced factors
U23

Groundwater U19 <35 L•min−1 35∼55 L•min−1 55∼70 L•min−1 >70 L•min−1

Protective measures
U110

Very reasonable Reasonable General Unreasonable

Mining disturbance
U111

No impact Weak Infuence Great infuence

Adjacent goaf U112 No Small Some Many
Quantized range Vr 0.75∼1.00 0.50∼0.75 0.25∼0.50 0.00∼0.25
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A4 f Uij   �

1, f Uij ≤ 0.125 + δ,

f Uij 

2δ − 0.25
+
δ − 0.375
2δ − 0.25

, 0.125 + δ <f Uij ≤ 0.375 − δ,

0, f Uij > 0.375 − δ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A3 f Uij   �

0, f Uij ≤ 0.125 + δ,

f Uij 

0.25 − 2δ
−
δ + 0.125
0.25 − 2δ

, 0.125 + δ <f Uij ≤ 0.375 − δ,

1, 0.375 − δ <f Uij ≤ 0.375 + δ,

f Uij 

2δ − 0.25
+
δ − 0.625
2δ − 0.25

, 0.375 + δ <f Uij ≤ 0.625 − δ,

0, f Uij > 0.625 − δ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A2 f Uij   �

0, f Uij ≤ 0.375 + δ,

f Uij 

0.25 − 2δ
−
δ + 0.375
0.25 − 2δ

, 0.375 + δ <f Uij ≤ 0.625 − δ,

1, 0.625 − δ <f Uij ≤ 0.625 + δ,

f Uij 

2δ − 0.25
+
δ − 0.875
2δ − 0.25

, 0.625 + δ <f Uij ≤ 0.875 − δ,

0, f Uij > 0.875 − δ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 f Uij   �

0, f Uij ≤ 0.625 + δ,

f Uij 

0.25 − 2δ
−
δ + 0.625
0.25 − 2δ

, 0.625 + δ <f Uij ≤ 0.875 − δ,

1, 0.875 − δ <f Uij ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where δ is the neighborhood value centered on the middle
point, and the membership degrees are 1 in the neighbor-
hood range.

2.4. Fuzzy Judgment of First Layer Factor. According to
formulas (1) to (3), the membership degree of each

quantitative factor index was calculated. Combining
the membership degrees of the qualitative factor
index, a fuzzy comprehensive evaluation matrix could be
established. Based on the three categories, three
fuzzy comprehensive evaluation matrixes could be
established:

Advances in Civil Engineering 5



(4)

where Ak(f(Uij)) is the membership degree; R21 is the
evaluation matrix of the rock mass quality; R22 is the
evaluationmatrix of the goaf parameter; R23 is the evaluation
matrix of the induced factor.

After establishing the fuzzy comprehensive evaluation
matrixes, it needed to determine the weight of the frst layer
factor. In the evaluation of goaf stability, each factor index
had a diferent infuence on goaf stability, and it was nec-
essary to determine the weight of each factor index. Weight
was an important part of the comprehensive evaluation.
Among the methods to determine the weight, the analytic
hierarchy process (AHP) was an efective method to de-
termine the weight coefcient.

Te AHP [28, 29] divided a complex system into several
levels and factors. By comparing the importance of the two
factors, the weight coefcient was determined. It was an efective
multiobjective planning method in system engineering. Te
essence of AHP was a kind of decision-making thinking mode,
which combined qualitative analysis and quantitative analysis in
the decision-making process. Te steps of AHP were as follows:
determination of judgment object and factors, establishment of a
judgment matrix, calculation of the order of the relative im-
portance, and consistency check.

Te object was the stability of the goaf, and the factors
had three sets includedU21 � {U11,U12,U13},U22 � {U14,U15,
U16, U17, U18}, and U23 � {U19, U110, U111, U112}. In the
judgment matrix, the value refected the relative importance.
Generally, the judgment matrix was obtained by the scale

method of 1∼9 and its reciprocal. Te judgment matrix can
be established as follows:

(5)
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where P21 is the judgment matrix of rock mass quality, P22 is
the judgment matrix of goaf parameters, and P23 is the
judgment matrix of induced factors.

In the order of the relative importance, the maximum
eigenvalue of P21 with λ21max � 3.04, and the eigenvector X21
is as follows:

(6)

Te fuzzy relative weight coefcient was obtained by
normalizing the eigenvector X21. Te weight vector C21 is

(7)

Te maximum eigenvalue of P22 with λ22max � 5.13; the
eigenvector X22 is as follows:

(8)

Te weight vector C22 is

(9)

Te maximum eigenvalue of P23 with λ23max � 4.01; the
eigenvector X23 is as follows:

(10)

Te weight vector C23 is

(11)

In the consistency check, it was necessary to check
whether the weight was reasonable. Te formula of the
consistency index (CI) is as follows:

CI �
λmax − n

n − 1
, (12)

where n is the number of factors.
Te consistency ratio CR can be obtained as follows:

CR �
CI

RI
, (13)

where RI is the average random consistency index. n is 3, 4,
and 5, and RI is 0.52, 0.89, and 1.12, respectively.

When the CR was less than 0.10, it showed that the
judgment matrix satisfed the consistency test; that is, the
distribution of the weight coefcient was reasonable. Te
results were CI21 � 0.02, CR21 � 0.04, CI22 � 0.033,
CR22 � 0.029, CI23 � 0.003, and CR23 � 0.004. Tese results
showed that the distribution of the weight coefcient was
reasonable.

After the weight vector C2i and the fuzzy comprehensive
evaluation matrix R2i were determined, fuzzy subset B2i
could be obtained through a fuzzy linear change.

(14)

where “◦” is a synthetic operator for weight vector C2i and
fuzzy comprehensive evaluation matrix R2i.

2.5. Fuzzy Judgment of Second Layer Factor. Based on the
fuzzy comprehensive evaluation matrix of the frst layer, the
fuzzy comprehensive evaluation matrix R of the second layer
can be established:

(15)

Te next was to determine the weight of the second layer
factor. AHP was still used to determine the weight of the
second layer factor. Te judgment object was goaf stability.
Te set of judgment factors was U2 � {U21, U22, U23}. When
determining the relative importance value in judgment
matrix P, the main basis was the current research results or
scoring value in the common evaluation methods. Te
judgment matrix P could be obtained.

(16)

In the order of the relative importance, the maximum ei-
genvalue of P with λmax� 3.02; the eigenvector X is as follows:

(17)

Te fuzzy relative weight coefcient was obtained by
normalizing the eigenvector X. Te weight vector is

(18)

In the consistency check, the consistency index CI was
0.01, and the consistency ratio CR was 0.02 and less than
0.10, which showed that the distribution of the weight co-
efcient was reasonable.

Advances in Civil Engineering 7



After the weight vector C and the fuzzy comprehensive
evaluation matrix R were determined, fuzzy subset B could
be obtained through a fuzzy linear change. Tat is,

(19)

According to the principle of maximum membership,
the maximum value bmax �max{bi} was obtained, and the
value of i was 1 to 4. Te rank of bmax �max{bi} was the rank
of comprehensive evaluation.

2.6. Application in Paishanlou Gold Mine. Te Paishanlou
gold mine belongs to the China National Gold Group, which
is the key enterprise in Northeast China. Te Paishanlou
gold deposit is a large-scale hydrothermal gold deposit. Te
surrounding rock is mylonite, and the remote rock is pri-
mary mylonite and mylonitic rock. Te dip angle of the ore
body is 35°∼55°. Te ore body is located between the ele-
vations of 465∼−30m. After open pit mining to +300m, the
mine transferred to underground mining. Due to the slow
dip angle of the ore body and the increase the production
capacity, the open stope method is adopted in the two
middle sections of 300m and 225m, forming large-scale
discontinuous goafs (in Figure 2).

Te horizontal area of the goafs has reached 11250m2 above
the 275m level, and the volume is approximately 500000m3.
Te roof of the goaf obliquely intersects with the surface. In the
section of exploration lineX (in Figure 2(b)), the dip angle of the
goaf roof is 25°–35°, the surface boundary is the open-pit mining
boundary, and the boundary slope angle is 29°–50°.Te thinnest
thickness of the goaf roof is only 36m. Te original open pit is
used to store dry toxic tailings. Te design storage elevation is
+420m. Te locations of the open pit and goaf are shown in
Figure 2(a).

Terefore, it was urgent to evaluate goaf stability in the
Paishanlou gold mine. According to the results of the stability
evaluation and the technical conditions of the mine, the optimal
goaf handling measures were determined. Te ultimate goals

were to achieve safe mining of ore bodies and safe management
of goafs. Ten, stability evaluation of the upper goaf and lower
goaf was carried out by the goaf stabilitymodel.Te indexes and
results are shown in Table 2.

As shown in Table 2, the stability rank of the upper goaf
is unstable IV based on the principle of maximum mem-
bership. However, the membership in unstable IV is close to
membership in understable III, and the stability ranks of the
upper goaf are unstable IV and understable III. Te stability
rank of the lower goaf is basically II. Te results showed that
the goafs need to be handled to ensure safe mining, and these
results were the basis for goaf handling measures as well.

3. Establishment of the Goaf Decision Model

In the process of the goaf decision model, many uncertain
factors were involved, such as the geological conditions of the
mine, goaf stability, goaf location, goaf shape, and flling of the
goaf. Diferent goaf handling measures had diferent handling
costs, handling efects, and time required for handling.Tey also
depend on the specifc production situations of the mine. Te
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810080007900780077007600

810080007900780077007600

(a)

Hanging wall rock

Upper goaf

Footwall rock

Open pit slope

Lower goaf
Pillar

(b)

Figure 2: Te situation of goafs. (a) Te location of the open pit and goafs. (b) Te section of exploration line X.

Table 2: Stability evaluation of upper goaf and lower goaf.

Index
Goaf

Upper Lower
U11 4.3MPa 5.2MPa
U12 0.20 0.28
U13 General General
U14 32m 26m
U15 36m 175m
U16 75m 75m
U17 General General
U18 Serious breaking Pillars standard
U19 45 L•min−1 32 L•min−1

U110 General General
U111 Weak Great
U112 Small Small
B [0.07 0.21 0.35 0.37] [0.08 0.47 0.15 0.31]
Ranks IV, III II
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feasibility and other indexes were also diferent for the goaf with
diferent stability ranks. Terefore, the advantages and disad-
vantages of goaf handling measures were fuzzy. And multi-
objective fuzzy optimization theory could make a good
comprehensive evaluation of the goaf handling efect and obtain
the optimal handling scheme.

3.1. Multiobjective Fuzzy Optimization. For the goaf han-
dling measures, there were usually four categories: closing,
caving, reinforcing, and flling. Each category also included a
series of subhandling measures, such as flling could be
divided into waste rock dry flling, tailings flling, and
cemented flling, and caving could be divided into induced
natural caving and blasting caving. Considering the mine
situation, the goaf handling measures were preliminarily
determined, which were Ds � {ds1, ds2, ds3, ds4, ds5 }�

{blasting and caving, induced natural caving, waste rock dry
flling, tailings flling, cemented flling}.

Te comprehensive indexes of goaf handling mainly in-
cluded necessity, feasibility, requirements of laws and regula-
tions, treatment efect, handling cost and work efciency, and
handling time. Te necessity of handling was determined
according to the goaf stability evaluation results, the results in
Table 2, and mining status showed that goaf handling was
necessary.Te feasibility mainly considered safety (based on the
goaf stability evaluation) and construction conditions. Tere-
fore, the evaluation index set Ps was determined, Ps� {ps1, ps2,
ps3, ps4, ps5}� {feasibility, requirements of laws and regulations,
handling efect, handling cost, handling time}. According to the
fve goaf handling measures and fve evaluation indexes, the
index characteristic matrix is expressed as

(20)

where xij is the characteristic value of index i and measure j.
In the process of fuzzy optimization or decision-making,

in order to solve the possible objectivity of membership and

the subjective in the process of determination, the relative
membership matrix was established by using the index
relative membership. For larger and better indexes (handling
efect, feasibility, requirements of laws and regulations), the
relative membership formula is

rij �

xij − ∧
j

xij

∨
j

xij − ∧
j

xij

. (21)

For smaller and better indexes (necessity of handling, han-
dling cost, handling time), the relative membership formula is

rij �

∨
j

xij − xij

∨
j

xij − ∧
j

xij

, (22)

where rij is the relative membership degree of index i and
measure j; ∨ and ∧ are the characteristics of taking large and
taking small, respectively.

Te index characteristic matrix X is transformed into the
index relative membership matrix by formulas (21) and (22);
that is,

(23)

Te relative membership degree of the superior measure
is

G � g1, g2, g3, g4, g5( 
T

� (1, 1, 1, 1, 1)
T
. (24)

Te relative membership degree of the inferior measure is

Bs � bs1, bs2, bs3, bs4, bs5( 
T

� (0, 0, 0, 0, 0)
T
. (25)

In the goaf handling system, the weight vector Ws is

Ws � ws1, ws2, ws3, ws4, ws5( 
T
. (26)

Te weight vector Ws was still determined by AHP, and
the judgment matrix is

Table 3: Te index and the relative membership for goaf handling measures.

Goaf Measure
Index

ps1 ps2 ps3 ps4 ps5 uj

Upper

ds1 1.14 1.29 3.43 250 80 0.15
ds2 5.29 1.14 1.57 45 50 0.78
ds3 7.42 6.71 5.86 288 40 0.93
ds4 3.57 7.14 7.86 382 300 0.27
ds5 5.14 9.14 9.14 440 360 0.41

Lower

ds1 1.86 1.14 3.57 160 80 0.20
ds2 6.29 1.86 3.43 45 50 0.94
ds3 5.57 3.71 5.57 390 120 0.66
ds4 5.29 5.46 7.86 424 260 0.50
ds5 6.14 9.14 9.43 517 300 0.65
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Open pit slope

Cemented
borehole

Hanging wall rock
Filling shaft

Cemented backfill

Waste rock backfill
Tunnel

Footwall rock
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Lower goaf

(a)

Open pit slope

Cemented
borehole

Hanging wall rock
Filling shaft

Cemented backfill

Waste rock backfill

Footwall rock

Pillar

Lower goaf

(b)

Open pit slope

Surface subsidence pit

Cemented
borehole

Hanging wall rock

Footwall rock

Waste rock backfill

(c)

Figure 3: Comprehensive handling measure. (a) Filling the upper goaf. (b) Connecting the upper goaf with the lower goaf. (c) Filling the
lower goaf.

Mining truck

Filling shaf

(a)

Loess

Mining truck

(b)

Figure 4: Te flling process by mining truck. (a) Waste rock flling. (b) Loess flling.
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(27)

Calculating the maximum eigenvalue λmax � 5.11 of the
judgment matrix Ps, the consistency index CI was 0.028, and
the consistency ratio CRwas 0.025 and less than 0.10.Tat is,
the weight vector Ws is

Ws � ws1, ws2, ws3, ws4, ws5( 
T

� (0.38, 0.12, 0.09, 0.23, 0.18)
T
.

(28)

In fuzzy theory, the weighted optimal distance Djg is

Djg � ujp

���������������



5

i�1
wsi gi − rij  

p




. (29)

Te weighted inferior distance Djb is

Djb � 1 − uj p

���������������



5

i�1
wsi rij − bi  

p




, (30)

where p is the distance parameter and p� 1 is the Hamming
distance.

Te optimization criterion was that the sum of the
weighted optimal distance square and the weighted inferior
distance square was the smallest. Tat is,

min F uj  � D
2
jg + D

2
jb  . (31)

Finding the derivative of formula (31), and making it
equal to zero, the solution is

uj �
1

1 + 
5
i�1 wsi 1 − rij  

p
/

5
i�1 wsirij 

p
 

2/p. (32)

Formula (32) was a fuzzy optimization theory model of
the goaf handling measures. In the set of measures that meet
the index constraints, the measure with the highest relative
membership degree uj was the satisfactory measure, and the
sequence of uj from the largest to the smallest was the
satisfactory sequence.

3.2. Application in Paishanlou Gold Mine. To determine the
goaf handling measures, a group of nine experts scored and
calculated the feasibility, requirements of laws and regula-
tions, handling efect, handling cost, and handling time for

(a) (b)

(c) (d)

Figure 5: Cover of surface subsidence pit. (a) Surface subsidence pit. (b) Filling process. (c) Covering process. (d) Covering process.
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fve goaf handling measures. Te experts were composed of
mining technicians, mine leaders, material planners, and
university researchers. Ten, the highest and the lowest
scores were removed, respectively, and the mean value of the
remaining results was taken. Among them, the feasibility,
treatment efect, and requirements of laws and regulations
were all scored on the 10-point system. Te fnal score and
calculation results are shown in Table 3. Ten, the relative
membership degree uj is calculated by the multiobjective
fuzzy optimization model (in Table 3).

Te results of fuzzy optimization for the goaf decision
are shown in Table 3, the handling measure of the upper goaf
is waste rock dry flling, and the handling measure of the
lower goaf is induced natural caving. However, considering
the relevance of goafs (in Figure 2) and the urgency of
handling, a comprehensive handling measure is proposed as
shown in Figure 3. Firstly, the flling shaft is drilled in the
open pit slope to fll the upper goaf with waste rock (in
Figure 3(a)). Te mining truck is used to fll the upper goaf
quickly (in Figure 4(a)), and the total amount of waste rock
flling is 372000m3. After the upper goaf is flled, the
cemented flling is carried out at the top of the upper goaf, to
better protect the stability of the slope.

Secondly, the tunnel is excavated in the pillar of the
upper and lower goaf, and blasting medium-length holes are
drilled so that the upper and lower goaf is connected by
blasting and this engineering induces natural caving of the
rock mass above the goaf (in Figure 3(b)). Two days after
blasting, a surface subsidence pit is formed, and it has a
depth of 10 to 43m and a total area of 10451m2 (as shown in
Figure 5(a)).

Finally, the surface subsidence pit is flled with waste
rock and covered with soil (in Figure 5). When the
subsidence pit is stable, the waste rock in the waste rock
feld is transported by mining trucks, and the subsidence
pit is flled from north to south (in Figure 3(c)). By
September 2012, the landform was basically restored, and
the total amount of waste rock flled is 333566m3. After
the completion of waste rock flling, the engineering of
covering with new soil is carried out in layers (in Fig-
ure 5). Te frst layer is covered with 0.5 m loess (in

Figure 4(b)), after leveling, the protection against osmosis
fabric is covered, and then the new soil is covered with a
0.5 m loess layer to protect against osmosis fabric. In the
spring of 2013, soybean, corn, and other crops were
planted on the new soil, to prevent soil erosion and
achieve economic benefts.

4. Conclusions

To comprehensively solve the safety risks from goafs in
underground metal mines, minimize subjectivity in the
evaluation and decision process, and comprehensively
consider diferent handling measures, an evaluation model
of goaf stability and a decision model of handling measures
were provided based on fuzzy theory.

Te goaf stability model was established by the two-layer
fuzzy comprehensive evaluation. It took into account 12-
factor indexes of goafs with engineering empirical ap-
proaches and divided them into 3 categories according to
their engineering categories. Te membership degree of
indexes was determined based on the normalized formula
and membership function, and weights were determined by
the analytic hierarchy process. Tis model improved the
applicability of the goaf stability evaluation results, and the
results were the basis for goaf handling measures. Te model
was applied to the Paishanlou gold mine.Te results showed
that the stability ranks of the upper goaf were unstable IV
and understable III, and the stability rank of the lower goaf
was basically II. In addition, the goaf needed to be handled.

Based on the results of the goaf stability evaluation, the
decision model of the goaf handling measures was estab-
lished by multiobjective fuzzy optimization. It consisted of
fve goaf handling measures and fve evaluation indexes. Te
model provided a good comprehensive decision and optimal
scheme for goaf handling.Tis model was also applied to the
Paishanlou gold mine. Te results showed that the handling
measure of the upper goaf was waste rock dry flling, and the
handling measure of the lower goaf was induced natural
caving. Tese results were integrated with the actual situ-
ation of the mine, and a comprehensive handling measure
was proposed. Tat was, the frst step was to fll the upper

(a) (b) (c)

Figure 6: Te present situation of handling results. (a) Surface subsidence. (b) Surface cracks. (c) Surface cracks.
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goaf with waste rock, and cemented flling was also carried
out at the top of the upper goaf. Te second step was to
connect the upper and lower goaf and induce natural caving
of the rock mass above the goaf. Te third step was to fll the
surface subsidence pit with waste rock and cover it with soil.

By 2020, the change in the covered soil in the surface
subsidence pit was tracked and observed, as shown in Figure 6.
Tere was small subsidence and some cracks only at the corners,
and the integrity of the covered soil was not destroyed. Tis
showed that the comprehensive handling measure was suc-
cessful. It also showed that the results of goaf stability evaluation
and handling measure decisions were correct, and the stability
model and decision model for goafs were feasible.
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In recent years, with the continuous advancement of urbanization in China and the gradual increase in the utilization scale of
underground space, foundation pits may build in a narrow and compact environment. Meanwhile, miscellaneous �ll layers in the
city may cause construction di�culties when new foundation pits are excavated and supported. While we focus on the above
problems, new retaining structure forms which are safe and economical are urgently needed. In this study, based on the excavation
in a deep �lling site in Jinan, the double rowmicropiles and anchors composite retaining structure is monitored under excavation,
loading, and unloading conditions by installing sensors and testing. �e stress and axial force distribution of the front and back
row micropiles and anchors in the composite retaining system under di�erent excavation depths and di�erent loads are analyzed.
�e performance changes of the front and back row micropiles under di�erent conditions and the contribution of anchors at
di�erent depths to the structure resistance during excavation and loading tests are discussed. �e results show that double row
steel piles and anchors composite retaining structure is feasible when excavating deep �ll site in the urban area. In the composite
retaining system, the stress of the front pile is greater than the back pile, the back pile has a lag when it starts working, and the axial
force of the middle and upper anchor is greater than that of the bottom anchor.

1. Introduction

With the continuous progress of urbanization in China, the
scale of underground excavation in urban areas is gradually
increasing, and a large number of deep and complex
foundation pits for new construction projects are emerging
[1]. With the continuous expansion of underground space of
excavation scale, the construction di�culty is increasing.
�e increasingly complex surrounding environment in the
urban area leads to the boundary of excavation construction
close to the existing buildings. �erefore, reinforced con-
crete vertical retaining members with larger sti�ness and
anchor or strut are often used as foundation pit retaining
structures. But these traditional structure type in the ex-
cavation has several problems, such as high cost, low con-
struction speed, and go against to the environmental
protection of the construction industry [2]. It should also be

noted that the new construction site in the city is often
distributed with relatively deep under-consolidated miscel-
laneous �ll.Due to the short back�ll time and the complicated
component, miscellaneous �ll shows some properties of low
strength and poor self-stability. �ese undesirable charac-
teristics cause higher support requirements for excavations.
In order to solve these adverse factors, a new retaining
structure type form with good construction performances
such as rapid construction, low cost, and high bearing ca-
pacity is urgently needed.

As a new kind of retaining structure used in excavation
engineering in recent years, steel pipe pile has been applied
in some excavation and slope engineering. �is structure
form has several advantages, such as good construction
e�ciency, high mechanical performance, low cost, and
environment friendly. However, the research of theoretical
calculation on steel pipe pile retaining structure form lags
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behind the practical application. )is lead to severely re-
stricts the promotion and application of this retaining
structure in building excavation construction.

At present, plenty of research works were carried out on
the retaining system of steel pipe pile and pile-anchor
retaining structures in deep soil-filled excavation engi-
neering. According to the simulation results of some model
tests and finite element analysis, Wang [3] pointed out that
with the increase of excavation depth, the transition point of
pile positive and negative bending moment gradually moved
downward, and the pile load on the top of the slope would
aggravate the damage of the pile-soil system. Shi [4] found
that under the same conditions, the axial force of soil nails in
normal nail walls is smaller than that in steel pipe pile
composite soil nailing wall, the cooperative work of steel
pipe pile and soil nail limits the lateral displacement at the
initial stage of excavation, soil nail material has been fully
used. Wang, et al. [5] introduced a superthick backfill
subgrade instance of Qianjiang-Zhangjiajie-Changde Rail-
way in China and carried out an experimental and numerical
study. Xu [6] revealed the deformation law of steel pipe
micropile composite soil nailing wall and conducted a pa-
rameter sensitivity analysis on steel pipe piles. Han et al. [7]
and Ding et al. [8] investigated the damage constitutive
model of grouting and concrete, respectively. Sun et al. [9]
introduced a new iterative process to find the bending
moment and shear capacity of the micropile section, and
give a new design method for micropiles for earth slope
stabilization. Fu et al. [10] believed that the horizontal
displacement and bendingmoment of cantilever double-row
grouting steel pipe pile support gradually decreased with the
increase of pile row spacing. However, when the row spacing
is too large, pile-soil interaction will decrease. Qi et al. [11]
combined with offshore engineering, tested the vertical static
load test of steel pipe piles by deploying weak reflection
Bragg grating sensors and achieved good results. Shao et al.
[12] monitored deep and miscellaneous fill foundation pit
with a pile-anchor support system and prestressed anchor
cable combined with a channel steel lattice beam, and the
monitoring results showed that both structures could ef-
fectively control the deformation of excavation construction.
)ompson [13] studied the load transfer law of single and
double steel pipe piles under lateral load by using the shear
box model method. Richards and Rothbauer [14] studied the
working performance of micropiles under soil lateral
loading. Prat [15] presents a numerical investigation of a
micropile retaining wall, and discussed the influence of
overestimation soil strength and underestimation loads.

)erefore, it is generally important to obtain a proper
understanding of how the micropile structure works in ex-
cavation construction. Existing researchmainly adopted field
tests, numerical simulations, and model tests to study single-
row or double-row cantilever steel pipe piles. However, the
research of double row micropiles and anchors composite
retaining structure in miscellaneous fill soil is almost blank,
existing results are not suitable for guiding this structure type
construction. To the best of our knowledge, little work has
been done on the working mode of micropile and anchor in
several construction situations of excavation. In addition,

vibrating wire sensors may be interfered by the field con-
struction in the test process, and the survival ratio and data
reliability will be reduced. )erefore, sensors should be
properly selected and arranged during the field test.

In this study, we will first introduce the actual building
excavation project of a deep soil-filled site in Jinan and
explain the structure form of double row steel pipe piles
composite supporting system. After this, introduce the plan
of field tests of this foundation pit in excavation and loading
conditions that were conducted. Based on the measured data
of piles and anchors, the results of field tests will then be
discussed. Finally, some important conclusions from this
work will be presented.

2. Practical Case of Foundation Pit

2.1. Project Overview. )e construction site is located in
Shizhong District, Jinan, Shandong province. )e miscella-
neous fill of this site is mainly silty clay, construction trash,
and domestic garbage.)e thickness of this soil layer filled is
1.10∼18.40m, and the average value is 9.44m. Investigationof
the hydrogeological environment showed that there is no
underground water trace in the depth range of the proposed
site. )e investigation of the engineering environment
showed that the silty clay layer is under the miscellaneous fill
layer of this site. )e foundation type of the proposed main
structure is the pile-raft composite foundation.)e retaining
structure of this excavation project adopts the double row
micropiles and anchors composite retaining structure. )e
construction unit adopts a vertical excavation plan, and the
excavation depth is 5.70∼7.14m. )ere are existing roads to
the east and west of the construction boundary, planning
roads will be built close to the north and south boundary, and
existing residential buildingareaswere located to thewest and
north boundary.)e specific distribution of the construction
area and surrounding environment is shown in Figure 1.

2.2.Design ofCompositeRetainingStructure. )e safety level
of the excavation project retaining structure of this
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Figure 1: Surrounding environment of this excavation
engineering.
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construction project is level 2, and its design work life is
18months. )e distance between the foundation line of the
external wall and the bottom line of the vertical slope is
2.0m. )e schematic diagram of typical section 1-1 (shown
in Figure 1) of the composite retaining structure system of
double row steel pipe micropiles is shown in Figure 2. )e
outer diameter of the steel pipe which the micropile used is
159mm, and the pipe thickness is 8mm. Steel pipes should
be placed in the pre-bored hole, then start cement grout
pouring. Reinforced concrete cast-in-place capping beam
that geometry is 1300× 300mm is set on the double row
micropile top, and the beam is integrated with the sur-
rounding hardened road by the cast-in-place concrete
process. )is excavation section is designed with three
prestressed steel bar anchors, all of them have a dip Angle
of 25° and a locking value of 50 kN. )e horizontal spacing
of each anchor is 1.5m and the vertical spacing is 1.6m.
One steel bar (type is HRB400, diameter� 25mm) is
adopted for the anchor body, and a transverse channel
steel waist beam is arranged at the anchor head. )e
excavation was divided into three stages. After the com-
pletion of each layer of excavation, anchors and 80mm
steel mesh hanging shotcrete surface layer belonging to
this layer are constructed.

2.3. Construction Process. In the field construction of double
row steel pipe micropile composite retaining structure, the
hole sinking and grouting of steel pipe pile are first carried
out. After the construction of steel pipe piles is completed,
the reinforced anchor and shotcrete surface layer are applied
along with the layered excavation of soil until the excavation
reaches the basement. Figure 3 shows the key construction
process of the double row steel pipe micropile composite
retaining structure.

3. Field Test of Foundation Pit Excavation and
Loading Condition

3.1. Field Test Scheme. )e typical double-row steel pipe
micropile composite retaining structure position of 1-1
section which was located on the south side of the excavation
area was selected as the test area. )e supporting structure
layout of the test area is shown in Figure 4. In this field test,
different sensors were installed to double-row steel pipe piles
and steel anchor rods. Continuous monitoring was carried
out for the double row steel pipe pile composite retaining
structure in the excavation process and the loading-
unloading process at the slope top of the foundation pit.
Based on the monitoring data obtained, the working situ-
ation and retaining mechanism of the double row steel pipe
micropile and steel bar anchor in deep miscellaneous fill
excavation are analyzed. To ensure the accuracy of the test
results, sensors were arranged for three groups of adjacent
double-row steel pipe piles (i.e., every single pile from 1# to
6# in Figure 4) and one group of anchors.

Specifically, the steel pipe pile surface along the length of
a certain distance arranged on the surface of the pile, to
sense the deformation and internal force changes of the steel
pipe pile under different working conditions, the sensor
type selected ZX-FBG-S02D steel structure strain sensor
with a range of ±1500με, accuracy 0.5% F.S. )e data ac-
quisition device is TV-200 portable fiber grating demod-
ulation instrument. By getting the central wavelength drift
caused by deformation and temperature of the grating from
this device, the relationship between wavelength drift and
strain or temperature is established according to the fol-
lowing formula:

∆λB

λB

� 1 − Pe( ε +(α + ξ)∆T, (1)
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Figure 2: Typical section of double row steel pipe micropile composite retaining structure.

Advances in Civil Engineering 3



where λΒ andΔλΒ are the central wavelength and its variation
value of FBG respectively, Pe is the effective elastic-optical
coefficient, ε is the strain variable perceived by the fiber
sensor, and α and ζ are the thermal expansion coefficient and
thermal-optical coefficient of the fiber sensor respectively.

)rough the above formula, the change of the perceived
physical quantity can be obtained according to the change of
the central wavelength of the fiber Bragg grating. )e fiber
grating strain sensor layout scheme and testing equipment
are shown in Figure 5.

)e fiber Bragg grating (FBG) steel bar axial force
sensors are arranged on the free part and the anchor part to

obtain the axial force variation of the anchor body under
different working conditions. ZX-FBG-F100 steel bar axial
force sensors are selected for the anchor monitoring, with
the range of 0∼400MPa and the accuracy of 0.5% F·S. Axial
force sensors are installed by welding, and its basic principle
is the same as that of the fiber Bragg grating strain gauge.)e
difference is that the axial force sensors indirectly calculate
the steel bar stress and axial force through the strain per-
ceived by the grating. In this study, TV-200 portable fiber
Bragg grating demodulation instrument is used for data
collection for both two different sensor types. )e layout
scheme and testing equipment of the FBG reinforcement
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Figure 4: Layout plan of double row micropiles and anchors composite retaining structure test area.
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Figure 3: Double row steel pipe pile composite support construction process. (a)Micropiles and capping beam. (b) Anchor construction. (c)
Excavation completed.
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dynamometer for reinforcement anchors are shown in
Figure 6.

3.2. Sensor Installation. Because the using environment of
geotechnical sensors is generally bad, it is vulnerable to

failure and disturbance. In order to ensure the safety of the
test sensors during the installation and use phase, it is
necessary to protect and encapsulate them. To reduce the
effect on the performance of the sensor installation and
protection measures, patch type grating strain sensor using
bonding agent paste in polishing surface of the steel pipe
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pile, using anhydrous alcohol clean the paste surface before
paste. After being pasted firmly, put all the single fiber Bragg
grating strain sensors in series, and grating position coating
glue to seal sensors. )e transmission fiber was fixed by
adhesive tape and protected by structural adhesive coating
along the length of the fiber.)e fiber end was left on the top
of the slope for data collection.

When fiber Bragg grating reinforcement was arranged
on the anchor body.)e anchor body for this test was cut off
at the predetermined measuring point of the test scheme,
and then the anchor was welded with the sensor connector.
Finally, a layer of structural adhesive was coated on the
surface of the anchor for protection. Sensors installation of
pile body and anchor is shown in Figure 7.

3.3. Field Test of Supporting Internal Force under Excavation
Condition

3.3.1. Stress Variation of Steel Pipe Micropile under Exca-
vation Condition. After all kinds of sensors were set up, the
initial strain value of all sensors was measured as the starting
value before the excavation work started, and the body edge
of the front and back pile strain was monitored during the
excavation. Due to the interference of the construction
process, the data of some measuring points could not be
obtained or the distortion was serious. )erefore, a group of
double-row steel pipe micropiles (1# and 2# piles) with
relatively complete data collection were selected for analysis.

Figure 8 shows the stress distribution of the front and
back steel pipe micropiles when the soil is excavated to 2.5m
and the bottom of the foundation pit (at this time, the
excavation depth is 6.25m and the embedded depth of steel
pipe micropiles is 4.25m). )e stress value is converted by
the strain value, to get strain data, the strains were measured

by the fiber Bragg grating strain gauge and obtained by
conversion according to (2) according to the elastic theory.
)e Es is the elastic modulus of steel, value is 2.06×105MPa.

σs �
∆λB

1 − Pe( λB
· Es. (2)

With the construction of the layered excavation of ex-
cavation project, the stress distribution of the cross-section
of the double row steel pipe micropiles changed significantly,
and the internal force distribution situation of the front and
back micropile was very different. When the soil was ex-
cavated to 2.5m, the front pile stress in the depth range of
0∼4.8m did not change significantly, but there was a mu-
tation point of pile stress at the 6.0mmeasuring point, which
was 161.1MPa.

According to the data of each measuring point below the
mutation point, the pile body stress gradually decreases with
the increase of depth. When excavated to the bottom of the
excavation, the stress distribution in the steel pipe micropile
was similar to that in the 2.5m excavation, and the micropile
stress increased further. )e stress in the upper part of the
micropile increased by about 20MPa in the range of 0∼4.8m,
while the stress increment measured below the depth of 6.0m
is about 81.4∼87.5MPa, the increment range is 90%.

In addition, the stress variation of the back steel pipe
micropile is significantly different from that of the front steel
pipe micropile under the same working conditions. When
the soil was excavated to 2.5m, the stress of the back pile
body changed slightly and was evenly distributed along the
pile length, and the maximum stress of the pile body is only
6.1MPa, which reveals that the back steel pipe micropile has
not fully entered the working state at this time, and the front
steel pipe pile bears most of the soil load. When excavated to
the bottom of the pit, the back row micropile gradually
works and its stress distribution changes. At this time, part of

(a)

(b)

Figure 7: Steel pipe pile and anchor sensor installation.
(a) Installation of FBG strain sensor. (b) Installation of FBG axial
force sensor.

10

8

6

4

2

0

–200 –150 –100 –50 0–120 –80 –40 0

Excavation bottom

Back micropileFront micropile

0.8m

D
ep

th
 (m

)

Plie body stress  (MPa)

Excavate 2.5m

Excavation completed

Excavate 2.5m

Excavation completed

10.0m

7.5m

6.0m

4.8m
4.0m
3.2m
2.4m
1.6m

Figure 8: Stress distribution of pile at different excavation depths.

6 Advances in Civil Engineering



the stress of the steel pipe micropile increased in the depth of
0∼6.0m, and tensile stress occur on the soil side of the steel
pipe micropile at the measuring point 3.2m below the ex-
cavation slope top. Different from the steel pipe micropile in
the front row, the stress value does not abruptly change at the
bottom of the excavation pit, and the position of the abrupt
change moves down to about 1.5m from the bottom of the
pit. Below the abrupt change point, the pile stress gradually
decreases with the increase of the depth. By comparing the
same excavation condition front and back row pile body
stress distribution, in the mass, the change of stress value of
the front steel pipe micropile is greater than the back steel
pipe micropile. It is shown that the front steel pipe micropile
plays a more important role in bearing soil pressure, and
because the front micropile limits the displacement of soil
behind the slope surface, and back row micropile bearing
capacity is limited. When the excavation continues, because
the soil displacement increases further, the back row steel
pipe micropile begins to work and contribute to its capacity,
so there is an obvious lag in the work situation of the back
row steel pipe micropile.

)erefore, some emphasis should be placed on points of
the design composite double row steel pipe micropiles
retaining structure. Considering the large force of the front
row steel pipe micropiles, the section parameters of the front
row steel pipe micropiles may be appropriately increased,
and the section parameters of the back steel pipe micropiles
may be reduced as appropriate, by this way to improve the
mechanical performance and economy of this kind of
composite support structure. In addition, it can be seen from
the deformation and stress distribution of the back row piles
that the micropile body stress above the embedded section
changes little, while the stress value of the micropile below
the foundation pit bottom is large.

3.3.2. Stress Variation of Anchor under Excavation
Condition. Figure 9 shows the axial force test results of the
group of three test anchors from top to bottom. Among
them, the data of measuring points 1-4 of the top anchor and
measuring points 2-3 of the anchor in the second row are
partially missing. According to the test results, when the
construction of the upper anchor was completed, the axial
force of the anchor is small and evenly distributed due to the
shallow excavation depth.With the gradual excavation of the
soil, the axial force of the anchor increases by 45%∼60%, and
the axial force of the anchor along its length is still evenly
distributed.

During the middle anchor was prestressed to excavation
finished, the axial force of the middle anchor is larger than
other anchors in different layers, and its axial peak value is
about 135 kN, )e axial force increases evenly and gradually
with the excavation process.

Axial force values of the bottom anchor at each mea-
suring point are small under different working conditions,
indicating that the double row steel pipe micropiles and the
upper anchor can effectively suppress the deformation of the
supporting soil. In addition, the axial force of the bottom
anchor body attenuated significantly when it was transferred

from the free part to the anchor part, while the axial force
tended to be stable within the measuring point 3-2∼3-3 in
the anchor part, and the axial force of the anchor part was
small, only about 5 kN.

3.4. Experimental Study on Slope Top Loading and Unloading
Test. After the foundation pit was excavated to the design
bottom, in-situ pile foundation testing equipment and
counterweight were used to carry out loading and unloading
tests on the top of the foundation pit slope, and the variation
tendency of pile stress and axial force of anchor in double
row steel pipe micropile composite retaining system with or
without load is analyzed.

In this section, the distance between the load position of
counterweight blocks and the edge line of the foundation pit
top was 2.0m, and the load action was divided into two times
with each stage load 25 kPa (i.e., apply design load and 2 times
design load). Value changes in micropile stress and anchor
axial force were recorded after each load stabilization and
unloading. )e layout of the test site is shown in Figure 10.
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3.4.1. Stress Variation of Steel Pipe Micropile under Loading
and Unloading Conditions. )e change of pile body stress of
front and back steel pipe piles during slope top loading are
shown in Figure 11. )e pile body stress of the front row
micropile increases significantly after the initial loading, and
the pile body stress above the excavation bottom increases
about 115.7%∼205.3%. Loading causes a severe impact on
the working state of front row piles.)erefore, if the bending
stiffness of front row piles is low, the micropile composite
structure may lead to excessive deformation, buckling, or
even damage during service. )ese phenomena will cause
slope collapse and damage to the foundation pit. )e pile
body stress of the front row micropiles under the bottom
also increases, but the relative increment is smaller than the
part above the bottom.

)e stress distribution of the pile body has not changed
significantly under the two loading conditions of the backpile
compared with the unloading condition, and the loading has
little influenceon theworking state of the backpile,which can
be almost ignored.)is phenomenon reveals that thematerial
of this micropile is partially damaged due to loading and
cannot be completely recovered after unloading [8].

Figure 12 shows the comparison of stress distribution of
the front and back steel pipe micropiles before loading (i.e.,
excavation completed), loading stage finished (i.e. apply
50 kPa pressure), and unloading on the foundation slope.
After unloading, the pile body stress of the front steel pipe
pile has not fully recovered to the state before loading, under
the double design load, the unrecoverable plastic defor-
mation occurs in the miscellaneous fill soil, and the pile body
stress of the back steel pipe micropile has slightly changed in
the whole process. )e reason for this phenomenon may be
explained that the under-consolidated miscellaneous fill soil
behind the excavation surface being deformed due to the
loading. )e recoverable deformation of the soil after
unloading is small. After unloading, the front row steel pipe
piles are constrained by the soil and cannot return to the
initial state before deformation. )e back row steel pipe
micropiles are less affected by this factor due to their small
stress and deformation. )ere is no significant change in the
stress of the back row micropile before and after unloading.

3.4.2. Variation of Axial Force of Anchor Rod under Loading
and Unloading Conditions. In the process of unloading, the
distribution of axial force along the anchor body of three test
anchors in the group was tested.)e axial force test results of
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Figure 10: Arrangement of loading and unloading test.
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the anchor body in each layer are shown in Figure 13. )e
axial force of the first row of anchor increased significantly
after the first loading of 25 kPa. After the loading increased
to 50 kPa and the unloaded phase, the axial force of the tested
anchor did not increase or decrease significantly. Similar to
the upper anchor, the axial force of the middle anchor also
increased significantly during the first loading phase, and the
overall stress distribution and values of the anchor changed
little during the subsequent loading and unloading process.
After the first loading phase, the axial force of the free part of
the bottom anchor was decreasing, and the axial force of the
anchor part is similar to that before loading, but there is no
significant floatation in the axial force of the bottom anchor
in the subsequent loading and unloading process.

4. Discussion

4.1. Test Result Analysis. During the whole process of ex-
cavation, the absolute value of stress of the front pile is larger
than that of the back pile, and the maximum value of the
front pile is about 2.16∼2.42 times that of the back pile. With
the excavation of the foundation pit to the bottom, the axial
force of upper anchors presents a sharp change, the

increment percent is about 45∼60%. However, the anchor
axial force of other layers did not change a lot. )is means
during the foundation pit excavation, the proportion of
earth pressure that is resistant by upper anchors is gradually
increased. )us, attention should be paid to the upper an-
chor in the design work.

In the Experimental study on slope top loading and
unloading test, With the increase of the slope top load, the
absolute value of the front pile stress increases obviously,
and the absolute value of pile stress increases with the in-
crease of depth. )e back pile stress increases not obviously.
Under the condition of slope top load, the absolute value of
the front pile is larger than that of the back pile. When slope
top load� 25 kPa, the maximum stress of the front pile is
about 2.45 times that of the back pile. When slope top
load� 50 kPa, the maximum stress of the front pile is about
2.9 times of that of the back pile. It shows the importance of
the front pile in this composite retaining structure. )e
performance of these test anchors in the loading and
unloading test reveals that during the first loading process,
the miscellaneous filling soil behind the excavation is
consolidated, resulting in the redistribution of the stress field
so that the axial force of anchors does not change signifi-
cantly in the second loading and unloading process. At the
same time, the displacement of miscellaneous fill behind the
excavation caused by the loading on the top of the slope is
constrained by double-row steel pipe micropiles and upper
anchor anchors. )e influence range of loading on the
support system is limited to the middle and upper layers of
the excavation slope, so the axial force of the bottom anchor
body is effectively reduced.

4.2. Suitability of Double Row Steel Piles Composite Structure
in Deep Fill Site. Due to the low strength and complex
composition of deep fill soil, the retaining structure form of
the foundation pit excavation is limited. Step-slope exca-
vation and soil nailing wall may cause large deformation
when use in deep foundation pit with poor soil strength. Due
to the large boulder and construction waste in the deep
filling soil, it is difficult to carry out cement soil mixing
reinforcement and high-pressure rotary jet grouting rein-
forcement. )e reinforced concrete pile or wall retaining
structure may lead to high cost, long construction period,
and large consumption of cement materials, using these
structure forms is not helpful for environmental protection.

As a new composite retaining structure, double row steel
piles and anchors composite retaining structure has several
advantages, such as short construction period, low cement
consumption, and better retaining performance (compared
to soil nail and soil reinforcement method). But it needs to
be pointed out that the bending stiffness of this composite
structure is weaker than the large reinforced pile or wall
retaining structure. )erefore, with the increase of foun-
dation pit design depth, its economy gradually decreases,
and its optimal application depth is 6∼10m.

4.3. Other Possible Applications in Civil Engineering. )e
application instance of double row steel piles and anchors
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composite retaining structure in a deep fill site showed that
this retaining structure form is suitable for supporting weak
soil layers. Meanwhile, its good economic property makes it
easier to promote applications. Besides the foundation pit
excavation engineering, this retaining structure form also
has the suitability for slope sliding resistance structure or
reinforced measures, or other engineering projects.

5. Conclusions

In this study, field tests for the double row steel piles and
anchors composite retaining structure in a deep fill site with
excavation and loading conditions were carried out. Based
on these test results, the distribution of double rowmicropile
stress and anchor axial force of piles is revealed. Some main
conclusions can be drawn:

(1) It is feasible to apply the double row steel pipe
micropile composite retaining system to the exca-
vation in the deepmiscellaneous fill area. In addition,
material strength advantages of steel pipe pile and
steel bar anchor can be brought into full play.

(2) During the excavation, the absolute value of stress of
the front pile is larger than that of the back pile, and
the maximum value of the front pile is about
2.16∼2.42 times that of the back pile.)e stress of the
back pile in the double row steel piles and anchors
composite retaining structure system is less than the
front one, the soil load is preferentially borne by the
front pile. )ere is a lag before the back pile starts
working. In loading and unloading tests, the loading
on the top of the slope has a severe impact on the
working state of the front row piles and the influence
on the back pile is relatively small. After unloading,
the stress of the pile body of the front pile does not
completely recover to the initial state, while the stress
of the back pile body has slightly changed. Based on
the above experimental results, the engineering
economy may be improved by reducing the bending
stiffness of the back pile or enhancing the bending
stiffness of the front pile. Meanwhile, it is important
to control the stacking on the top of the slope.

(3) )e field test shows that the axial force of the middle
and upper anchor is greater than the bottom anchor
of the foundation pit. With the excavation of the
foundation pit, the axial force of upper anchors
presents a sharp change, the increment percent is
about 45∼60%. While the axial force value of the
bottom anchor is small under different working
conditions. Resistance redundancy of structure
components like middle and upper anchors should
be increased in the design phase of the excavation
project.

(4) Optimal application depth in deep fill foundation pit
of the double row steel piles and anchors composite
retaining structure is 6∼10m. Based on the perfor-
mance and the good economy of this composite
structure, besides the foundation pit excavation

engineering, this composite structure formmay have
the suitability for slope sliding resistance structure or
reinforced measures, or other engineering projects.
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Based on the TBM tunnel of Red Line of Tel Aviv in Israel, this paper carried out laboratory tests of shield cutting concrete and
reinforced concrete piles and investigated cutting performance of cutter, failure model of rebars, length of damaged rebars, and
cutter vibration. e results indicate that under the condition of low tunneling speed and rotating speed, vibration of the
cutterhead is small, and vibration of the center cutterhead is more obvious in the radial direction of the cutterhead. Cross sections
of broken rebars mainly consist of shear section, tensile-shear section, tensile-compressive section, and bending section.
Considering the tunnel status, it is recommended to adopt excavation speed of 3∼5mm/min, and rotating speed of 1.0∼1.3 r/min.
While cutting RC piles, the principle of “low excavation speed, high rotating speed, and less disturbance” is recommended.
Cutting with disc cutters is e�cient and the torque of which is stable but the length of the rebars got from cutting varies a lot. It is
recommended that majorities of the cutters shall be disc cutters and supplemented with drag bits and tear cutters.

1. Introduction

In order to solve the problem of tra�c congestion and make
full use of the underground space, subway/metro tunnels
have been constructed in cities worldwide. Due to the
complex construction environment in cities and limitations
of alignment planning of the tunnel, tunnels adjacent to the
existing piles of buildings appear frequently [1–4]. In par-
ticular cases, tunnels are passing through the existing piles
[5–7]. e shield tunneling method is widely used in tunnel
engineering, for its advantage of safety, e�ciency, high
mechanization degree, and small disturbance. Compared to
the methods of tunnel rerouting and pile underpinning
[6, 8], cutting the piles directly using the shield cutter is more
economical and e�cient when shield tunnels pass through
the existing reinforced concrete (RC) piles, and it has wide
application prospects. During the process of shield cutting
piles, parameters con¡guration of cutter and shield working
is crucial. erefore, it is important to execute laboratory or
¡eld tests of cutting RC piles by shield cutterhead before
practical engineering application.

In recent years, most studies mainly focus on the e¢ects
of shield tunneling on existing pile foundation [1, 2, 9–14],
and report related to cutting the RC piles by shield is few.
Based on the construction of Suzhou metro in China, ¡eld
test of shield cutting RC piles was carried out, wear and
damage of the modi¡ed rippers were studied by Li et al. [7].
Wang et al. [15–17] presented a ¡eld test on shield cutting of
obstacle piles, and the shield working parameters were
analyzed. Based on the construction of shield cutting of
bridge piles, Yuan et al. [18] studied feasibility of a new style
cutter for shield cutting large-diameter RC Piles. Field test of
shield cutting was presented by Chen et al. [19] to investigate
variation characteristics and cutting parameters. Du et al.
[20] and Xu et al. [21] executed laboratory tests of direct
cutting RC piles by shield cutterhead, combination scheme
of disc and tearing cutters, and reasonable cutting param-
eters were proposed.

Cutting the piles directly using the shield has been used
in some practical engineering. However, as an emerging
technology, cutting the RC piles directly by shield is not
mature yet. e shield cutter which is speci¡cally used to cut
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the obstacle RC piles is still absent. Variation characteristics
of cutter and cutting parameters are still in the exploratory
stage and phenomena of cutter wear and cutterhead wound
by rebar are widespread in practical engineering.

Based on the TBM tunnel of Red Line of Tel Aviv in
Israel, laboratory tests of shield cutting concrete and rein-
forced concrete piles were carried out, cutting performance
of cutter, failure model of rebars, length of damaged rebars,
and cutter vibration were investigated through the TBM
comprehensive experimental platform, thus to provide
reasonable cutting parameters for cutting pile foundation in
the TBM tunnel segment.

2. Project Overview

Red Line of Tel Aviv LRT project (Western Segment) is
located in center of Tel Aviv in Israel. TBM tunnel (Western
Segment) located between Herzl Street and Ben Gurion
station is themajor part of the underground works, as shown
in Figure 1. It consists of twin-bore single-track tunnels with
segmental lining with an inside diameter of 6.5m having a
total length of approximately 5.5 km. ,e shield with a
diameter of 7.54m, a maximum thrust force of 55000 kN, a
nominal torque of 12000 kN·m, and a maximum rotating
speed of 3.8 r/min is adopted to build the tunnel.

TBMs will be launched a Herzl shaft, then bore through
Allenby station, and be lifted out at Karlibach station. ,e
tunnels will underpass the Ayalon river and the railway
tracks (Figure 2) between the Galei Gil shaft and the
Arlozorov station. On both sides of the Ayalon river bed,
Ayalon retaining wall structures are located. ,e eastern
retaining wall is located about 20m from the Galei Gil
launching shaft and supports Ayalon North highway. ,e
western retaining wall supports the railway tracks and is
located about 30m from the Galei Gil launching shaft. ,ese
retaining walls are partially supported by piles, as described
in detail in the next clause. ,e TBM will encounter these
obstacles immediately after launching. On the west bank of
the river, an L-shape reinforced concrete retaining wall on
pile shafts foundations was constructed, the foundation of
this wall consists of two rows of piles with a diameter of 1m
and 12m in depth. And pile foundations intruded into the
tunnel are listed in Table 1.

3. Experiment Design

In order to verify the performance of shield cutter in directly
cutting square and circular piles, disc cutters are installed on
the cutter head and square and circular piles are symmet-
rically arranged in the rock disc.,e pile foundation is made
of C35 grade concrete, and M5 grade cement mortar is filled
between the square and the circular piles.

,e parameters measured in the experiment mainly
include the performance of the cutter in cutting circular and
square piles, the vibration characteristics of the cutters, the
failure form of the steel bars, and the shield tunneling pa-
rameters. On this basis, the feasibility of cutting circular and
square piles by cutter is evaluated.

3.1. Arrangement of Cutters. Fourteen 17-inch cutters with a
constant cross-section are adopted in both working con-
ditions, including six double-edge cutters (1#-6#) and eight
single-edge cutters (7#-14#), as shown in Figure 3.

3.2. Arrangement of Piles in Rock Disc. In the experiment,
piles are similar to Ayalon River piles that TBM#6 and
TBM# 5 will be encountered. In order to simulate Ayalon
piles, the circle-section pile and the square-section pile are
paralleled and placed to be cast. ,e diameter and rein-
forcement of the circle-section pile and the square-section
pile are approximately the same as Ayalon piles.

,e diameter of the rock disc of the TBM comprehensive
platform [22] is 2500mm, the cutting diameter of the cutter
is 2280mm and the thickness of the simulated rock layer is
500mm. ,e square and circular piles are arranged in
parallel in the same rock disc at a ratio of 1 :1. ,e circular
piles form a structure with a diameter of 1200mm and the
square piles with a size of 450mm× 400mm. ,e two
structures are symmetrically arranged in the disc, spaced at
280mm. ,e main reinforcement bars of the circular and
square piles are made ofΦ25 threaded steel, and the stirrups
are Φ12 plain round bars.

In order to simulate the condition, where the piles are
buried deep and the built-in steel bars extend longer, the
main bars and stirrups are welded and fixed during the
experiment, and the top of the piles is covered with a 50mm-
thick test tunneling layer. ,e circular and square piles are
arranged in the rock disc as shown in Figure 4.

3.3. TBM Comprehensive Experimental Platform. ,e TBM
comprehensive experimental platform [22] of the State
Key Laboratory of Shield Machine and Boring Technology
is adopted in the experiment, as shown in Figure 5. ,e
TBM comprehensive experimental platform mainly
consists of a mechanical structure, hydraulic pump sta-
tion, tunneling device, rotating device, spiral conveyer,
and its control system. It is used either vertically or
horizontally to conduct experiments on various concrete
samples with its cutters made of different materials and at
different cutter spacings, cutting speeds, and feed rates.
Based on these statistics, the cutting efficiency and cutter
service life are analyzed, thus providing cutters of ap-
propriate material with appropriate arrangements for
different projects. ,e experimental parameters of the
TBM comprehensive experimental platform are listed in
Table 2.

4. Experiment Results Analysis

4.1. Parameters of TBM Comprehensive Platform

4.1.1. Initial Value of Force on Cutter. Figure 6 shows the
data of the total thrust and penetration speed of the cutters
before they contact the rock disc (idle thrust). In this stage,
the piles have not been cast by the cutters, and the trends of
the tunneing speed can be divided into two periods: (1) From
the period of 9 : 44 : 03 to 9 : 45 : 21, the maximum
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penetration speed fed back by the cutter head is 53.7mm/
min, and the maximum thrust reaches 1778.2 kN. When the
penetration speed of the cutters is controlled at
50.7–53.7mm/min, it is generally positively correlated with
the total thrust.,e total thrust increases with the increase of
the penetration speed control value and then remains stable
at 1765.6–1778.2 kN. (2) At the period of after time 9 : 45 : 21,
when the penetration speed of the cutters sharply decreases
from 53.7mm/min to zero at the time of 9 : 45 : 21, the total
thrust would not decrease as rapidly. After time 9 : 45 : 21, the
total thrust firstly decreases from 1778.2 kN at the time of 9 :
45 : 21 to 1465.4 kN at the time of 9 : 45 : 47. ,en, it remains
stable at 1595.8–1637.6 kN with increasing penetration
speed of the cutters.

,e cutters stop penetrating forward and are in an idling
state. By controlling the rotating speed at 0.36–0.48 r/min,
the torque fluctuates at 28.4–30.2 kN·m. Figure 7 shows the
torque and rotating speed under idling conditions.

4.1.2. Cutting of Concrete Layer by Cutters. Set the pene-
tration speed of the cutters. ,e average feedback value is
9.47mm/min and the rotating speed is 0.61 r/min. ,e total
thrust and torque when cutting the concrete layer are shown
in Figure 8. It can be seen that the total thrust and torque of
the cutters gradually increase at the constant penetration
speed and rotating speed mentioned above, and the two
parameters are strongly correlated.

Figure 9 shows the variation of the feedback values of
cutter penetration and rotating speed when cutting the
concrete layer. As can be seen from the figure, due to the step
characteristics of the cutter in concrete breaking, the vi-
bration amplitude of penetration varies greatly, ranging
from 0mm/min to 38.78mm/min. Compared with the set
value, the cutter torque varies little, ranging from
0.516 kN·m to 0.662 kN·m.

However, the cutter penetration speed and rotating
speed mentioned above cannot meet the requirements for
stable and efficient concrete breaking, and it is necessary to
increase the rotating speed or change the penetration speed.

Increase the penetration speed,,e average feedback value
is 17.25mm/min. ,e variation of total thrust and torque over
time is shown in Figure 10. It can be found that when the
penetration speed is increased, the total thrust and torque grow
rapidly. ,e instantaneous maximum total thrust reaches
3862.5 kN, and the instantaneous maximum torque reaches
387.1 kN·m. When driving at the maximum penetration speed
for a moment, the cutters get stuck and gradually stop rotating,
and the torque gradually decreases to 0.

Set the penetration speed. ,e average feedback value is
6.47mm/min. After the rotating speed of the cutters is
increased to 1.03 r/min, the variation of the total thrust and
torque over time is shown in Figure 11. As demonstrated in
this figure, when the rotating speed of the cutters is in-
creased, the total thrust and torque first increase rapidly and
then decrease slowly, indicating that compared to a higher
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rotating speed, a lower penetration speed results in lower
efficiency of concrete breaking and a lower rate of energy
utilization.

4.1.3. Cutting of Reinforced Concrete Layer by Cutters.
When cutting the reinforced concrete layer, the average
feedback value for the penetration speed of the cutters is
10.8mm/min, and the rotating speed is 0.54 r/min. Figure 12
shows the variation of total thrust and torque over time. As
can be seen from the figure, the instantaneous maximum
total thrust is 4051.9 kN, and the instantaneous maximum
torque is 380.72 kN·m. When the cutters work stably for a

Table 1: Pile foundations intruded into the tunnel.

Diameter
(m)

Length
(m)

Space
(m)

Concrete
grade

Length of the pile intruded into the tunnel
(m)

Number of the pile intruded into the
tunnel

1.2 12 2.8 B40 7.84 2
1 12 4.7 B40 7.14 1
1 13.5 1.1 B40 1.7 6

Figure 3: Arrangement of cutters.

Figure 4: Arrangement of circular and square piles in rock disc.

Figure 5: TBM comprehensive experimental platform.
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while, the torque reaches its maximum and the cutters get
stuck, causing the torque to decrease to 0.

By comparing the thrust and torque during cutting
concrete and cutting reinforced concrete (Table 3), it can be

found that the thrust and torque needed for cutting concrete
are apparently less than those for cutting the rebar layer.
rough observation (of noise and vibration) during the test
and monitoring of parameters, to ensure e�cient excavation

Table 2: Main performance parameters of TBM comprehensive experimental platform.

Parameters Value
Overall dimensions 6880mm× 4050mm×5176mm
Total weight 120T
Max. Cutting diameter 2280mm
Mould box dimensions φ2500mm× 1000mm
Torque 250 kN·m
Max. Rotating speed 6rpm
rust force 400T
Power 250 kW
Cutter size 431.8mm
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and to avoid stuck of the machine, the most appropriate
parameters for cutting C35 concrete with disc cutters are
9.47mm/min≦ penetration speed≦ 17.25mm/min and ro-
tating speed ≦0.61 r/min; for the reinforced concrete, the
penetration speed shall be around 8.36mm/min and no
more than 13.30mm/min. Certainly, increasing the rotating
speed could make a higher penetration speed, so it is sug-
gested to set the rotating speed to slightly more than 1.0 r/
min.

4.2. Failure Modes of Rebars

4.2.1. Bending Forms of Rebars. Figure 13 shows some of the
rebars in the reinforced concrete cut by the cutters. As can be
seen from the ¡gure, there are many long rebars in the cut

ones, and some of them are severely bent. is is due to the
following three reasons: (1) the rebars are not welded ¡rmly
at the ends and the welded points break apart under tensile
force when cut by the cutters; (2) the concrete strength is low
and is in complicated stress state, which causes the cutter
force on the rebars to be transferred to the concrete,
resulting in the breaking of the concrete directly under the
rebars [23]. Meanwhile, the rebars deform greatly due to
compression but their loss of tensile strength is small; and
(3) after the ends of the rebars are broken, the rebars are
continuously twisted and deformed under the rotation of the
cutters.

4.2.2. Cross Section of Broken Rebars. Cross-section types of
the rebars broken by the cutters mainly include shear
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section, tensile-shear section, tensile-compressive section,
and bending section, as shown in Figure 14. Among them,
the shear section is caused by the relative displacement
between the rebar directly under the cutter and the one on its
side under compression of the cutter. is type of cross
section is smooth and reªective, with an obvious sign of one-
way movement and accounting for 20% of the total
countable sections. e tensile-shear section is caused by the
combined action of the tensile stress of the rebar and the
shear stress of the cutter. With a sign of one-way movement,
it is granular and not smooth, accounting for 30% of the total
countable sections.e tensile-compressive section is caused
by the combined action of compression and tensile stress on

the rebar. Featured by a smaller section area and a granular
surface, it accounts for 10% of the total countable sections.
e bending section is caused by brittle fracture of the weak
surface such as cracks due to bending of the rebar under
rotation of the cutter. is type accounts for 40% of the total
countable sections.

4.2.3. Length of Damaged Rebars. Statistics of damaged
rebars from the testing of cutting C35 reinforced concrete
with disc cutters are shown in Figure 15.e damaged rebars
include (1) the rebars on both sides damaged by disc cutters,
and (2) the rebars damaged by disc cutters on one side and
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damaged between the welded points on the other side. Both
sides of the rebars damaged by disc cutters shall be deemed
as countable.

It could be concluded from the ¡gure that countable
rebars with a length within 0–600mm constitute 76.92% of
the total amount. Countable rebars with a length of more
than 1000mm are of 14.29% of the total amount, which
could be argued that after cutting one side of the rebar, stress

is released and thus disc cutters make less damage to the
rebars. e rebars are not cut o¢ but twisted, so the shrink of
the cross-section is less, making it harder to cut.

4.3. Vibration of Cutters. Table 4 shows the vibration of
cutters during the test. It can be seen that when cutting the
concrete layer at low excavation speed and low rotating
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Table 3: Test results for cutting C35 reinforced concrete layer with disc cutters.

Position of cut Penetration speed (mm/min) Rotating speed (r/min)
Total thrust

(kN)
Torque
(kN·m) Evaluation of test results

Ave. Max. Ave. Max.

Concrete layer
9.47 0.61 1942 — 72 — No stuck, low e�ciency
17.25 0.61 — 3862 — 387 Stuck
6.47 1.03 — 2500 — 200 No stuck, low e�ciency

Reinforced concrete layer 8.36 0.57 2980 3512 206 275 Relatively stable
13.30 0.51 3200 4052 200 381 Stuck

Figure 13: Rebars in the reinforced concrete cut by the cutters.
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(a) (b)

(c) (d)

Figure 14: Cross section of broken reinforcement. (a) Shear section; (b) Tensile-shear section; (c) Tensile-compressive section; and (d)
Bending section.
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Figure 15: Length of damaged rebars.

Table 4: Vibration of the cutters.

Position of cut
Center cutter holder 9# cutter holder

Axial vibration acceleration of
cutter (g)

Radial vibration acceleration of
cutter (g)

Circumferential vibration acceleration of
cutter (g)

Concrete layer −0.563–0.495 −0.929–1.077 —
Reinforced concrete
layer −0.952–1.272 −3.714–3.084 −2.188–1.556
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speed, the vibration acceleration of the center cutter holder is
-0.929∼1.077 g in the radial direction of the cutter and
-0.563∼0.495 g in the axial direction of the cutter.

When cutting the reinforced concrete layer, the center
cutter holder vibrates violently with an acceleration of
-3.714∼3.084 g in the radial direction of the cutter, and an
acceleration of -0.95 g∼1.272 g in the axial direction of the
cutter. ,e vibration acceleration of the 9# cutter holder is
-2.188∼1.556 g in the circumferential direction of the cutter.
Based on the analysis abovementioned, it can be concluded
that for the structural design of the TBM comprehensive
platform, when cutting the reinforced concrete layer, the
vibration of the center cutters is strongest and then weakens
as it goes outward.

4.4. Wear of Cutters. As the C35 reinforced concrete layer
cut by the cutters is only 500mm thick, the wear of the
cutters cannot be measured. ,e cutters used in the test are
brand new 27-inch cutters provided by China Railway
Engineering Equipment Group Co., Ltd. Figure 16 shows the
cutters after cutting the C35 reinforced concrete layer.

5. Conclusions

Based on the TBM tunnel of Red Line of Tel Aviv in Israel,
laboratory tests of shield cutting concrete and reinforced
concrete piles were carried out, cutting performance of
cutter, failure model of rebars, length of damaged rebars, and
cutter vibration were investigated through the TBM com-
prehensive experimental platform. Based on the results, the
following conclusions could be summarized.

(1) Under the condition of low tunneling speed and
rotating speed, vibration of the cutterhead is small,
and vibration of the center cutterhead is more ob-
vious in the radial direction of the cutterhead.

(2) Long rebars exist in the cut rebars, and some of them
are severely bent. Cross sections of broken rebars
mainly consist of shear section, tensile-shear section,
tensile-compressive section, and bending section.

(3) Considering the tunnel status, it is recommended to
adopt an excavation speed of 3∼5mm/min, rotating
speed of 1.0∼1.3 r/min. While cutting RC piles, the
principle of “low excavation speed, high rotating
speed, less disturbance” is recommended to increase
the capability of cutting rebars.

(4) Cutting with disc cutters is efficient and torque of
which is stable but the length of the rebars got from
cutting varies a lot. It is recommended that major-
ities of the cutters shall be disc cutters and supple-
mented with drag bits and tear cutters.
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Aiming at the fuzziness and randomness of goaf stability classi�cation, to obtain goaf stability classi�cation more objectively, an
entropy weight-normal cloud model for goaf stability classi�cation is proposed. Based on the geological conditions and en-
gineering conditions, 14 indexes that a�ect the stability of a goaf are selected to establish an evaluation index system, and the
weight of each index is determined using the entropy weight method, which makes the weight distribution more objective. Based
on the cloud model theory, the cloud numerical characteristics of each evaluation index belonging to goaf stability level are
calculated, and a corresponding cloudmodel is generated. Combined with the entropy weight, the comprehensive certainty degree
is calculated, and the evaluation results are obtained. Taking 25mined-out areas in Xishanmine of Shandong GoldMining and the
Dabaoshan mine as examples, the model is used for stability evaluation, and the evaluation results are basically consistent with the
actual situation, which proves the feasibility of the method and provides a new and e�ective method for stability evaluation of
mined-out areas.

1. Introduction

With the rapid development of the economy, the demand for
mineral resources is increasing. �is demand can only be
met by increasing the mining volume of mineral resources.
Currently, the main way to obtain mineral resources is
through underground mining. �is process will inevitably
lead to mined-out areas [1], and most shallow resources will
be close to depletion after long-term mining. �e depth of
underground mining is increasing [2], and the stability of
goafs is becoming an increasingly prominent problem.
Accidents such as goaf collapse, surface collapse, and roof
caving often occur [3] and have become one of the main
hazard sources of underground mines. �erefore, correctly
evaluating the stability of a goaf is very important for safe
mine production.

Much research has been performed on the stability of
goafs, and results related to accurate detection [4, 5] and

stability evaluation have been achieved. �ere are mainly
two methods used for research on the stability evaluation of
goafs: numerical simulations and mathematical statistics. In
terms of numerical simulations, Li and Lu [6] initiated the
use of ANSYS for goaf stability evaluation, and the evalu-
ation results were mostly consistent with the actual situation.
Luo et al. [7] used Surpac to build a three-dimensional
model of a mine and Phase2 software to analyse the stability
of the goaf, and good results were achieved. Du et al. [3] used
GTS-MADIS software to model and analyse the goaf in the
Laoyachao Mine. �e results were compared with the
evaluation results of matter-element analysis and were
similar. Kou et al. [8] accurately obtained the spatial shape
information of a goaf using CMS and successfully simulated
the stability of a goaf using Dimine-FLAC3D. Zhang et al.
[9] used Midas-GTS to establish a four-dimensional model,
simulated the stability of complex goaf groups based on the
improved FLAC3D software, and achieved good results.
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Some results have been achieved using the above methods,
but a numerical simulation is often limited by assumptions,
and the influencing factors of goaf stability are uncertain and
complex. ,erefore, many researchers have begun to use
mathematical statistics to evaluate goaf stability. Based on
the unascertained measurement theory, Gong [10] et al.
established a goaf risk grade evaluation model, and the
evaluation results were consistent with engineering practice.
Wang et al. [11] evaluated the stability of a goaf based on the
principle of fuzzy mathematics, and the results were con-
sistent with engineering practice.Wang et al. [12] established
a support vector machine mining area stability evaluation
model, and the grading results were highly consistent with
the results of the unconfirmed measurement method. Wang
et al. [13] applied the theory of physical element analysis to
establish an improved physical element topologizable model
for the evaluation of the stability of a mining area and
obtained more accurate evaluation results. Tang et al. [14]
constructed a neural network model applicable to the
evaluation of the stability of a mining area, and the evalu-
ation results obtained were consistent with the actual sit-
uation. Jiang et al. [15] established an improved grey target
model for the evaluation of the stability of a mining area,
considering the influence of the evaluation indicators, which
made the evaluation results more accurate. Ding et al. [16]
made great contributions to the strength criterion, which has
guiding significance for the stability evaluation of goafs.

,e above methods have evaluated and graded the
stability of goafs using different approaches, and some re-
sults were achieved. However, these methods cannot
overcome the problem that the influencing factors are very
complex and uncertain. However, a cloud model can be used
to comprehensively solve the two uncertainty problems of
randomness and fuzziness in an evaluation. ,erefore, it is
very important to introduce a cloud model to evaluate the
stability of a goaf. In this paper, combined with the entropy
weight method to determine the weight of each evaluation
index, the cloud model is used to evaluate goaf stability, and
the entropy weight-normal cloud model of goaf stability is
established, which provides a new idea for goaf stability
evaluation.

2. EntropyWeight-Normal CloudGoaf Stability
Evaluation Model

2.1. Cloud Model ,eory. A cloud model, which is a
mathematical model proposed by Professor Li [17], is used to
realize the qualitative and quantitative transformation of
uncertainty concepts. It has been successfully used in data
mining, simulation prediction, decision analysis, intelligent
control, and other fields.

2.1.1. Definition of a Cloud. Let M be a set represented by
exact numerical values, M� {x}, which is referred to as the
universe. C is a qualitative concept in universe M. If the
quantitative value x ∈M is a random realization of quali-
tative concept C, the uncertainty of any element x in
qualitative concept C μ (x) ∈ [0, 1] is a random number with

stable tendency; then, the distribution of x in universe M is
called a cloud, and each x is called a cloud drop:

μ：M⟶ [0, 1]∀x ∈ Mx⟶ μ(x). (1)

If x～N(Ex, E′2n), is satisfied, where En
′～N(En, H2

e), the
uncertainty of C meets the following requirements:

μ(x) � e
− x− Ex( )

2/2E′2n , (2)

where μ(x) is the degree of certainty; x is the variable value;
Ex is the expectation; and En

′ is the entropy. ,en, the
distribution of x in universe M is called a normal cloud
distribution. A normal cloud model is the most commonly
used and universal cloud model. Many relevant studies have
shown that the expectation curves of cloud models with
qualitative knowledge in a large part of natural science
approximately obey a normal or seminormal distribution
[18]. ,erefore, this paper uses a normal cloud to evaluate
the stability of a goaf.

2.1.2. Digital Characteristics of a Cloud. ,e digital char-
acteristics of a normal cloud are determined by the ex-
pectation Ex. Entropy En and hyperentropy He as a whole
reflect the quantitative characteristics and qualitative con-
cepts of the research object, and expectation Ex is the central
value of the qualitative concept in the domain of discourse,
that is, the most typical sample of the quantitative concept.
Entropy En is the measure of the fuzziness of the qualitative
concept, which reflects the value range acceptable to the
qualitative concept in the domain. Hyperentropy He is the
measure of uncertainty of entropy, which reflects the dis-
persion degree of cloud droplets. According to the above
cloud model concept, the cloud digital characteristics of the
goaf stability evaluation index S for a certain level standard
can be calculated according to the following formula [19]:

Ex �
Cmax + Cmin

2

He � K

En �
Cmax − Cmin

6

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (3)

where Cmin and Cmax are the minimum and maximum
boundary values of the corresponding grade standards,
respectively, and k is a constant that can be adjusted
according to the fuzzy threshold of different variables, which
is taken as 0.01 in this paper. For variables with unilateral
boundaries, such as (−∞, Cmax] or [Cmin, +∞), the default
boundary parameters can be determined according to the
lower or upper limit of the variable, and then the parameters
of the cloud model can be calculated according to equation
(3).

2.1.3. Cloud Generator. A cloud generator mainly includes a
forward cloud generator and reverse cloud generator. A
forward cloud generator can realize the transformation from
a qualitative concept to a quantitative value. In other words, a
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certain number of cloud droplets are generated according to
the three digital characteristics of the cloud model. In con-
trast, a reverse cloud generator is used to realize the trans-
formation from a quantitative value to a qualitative concept.
Since the stability evaluation of a goaf is from qualitative to
quantitative, a positive cloud generator is adopted in this
paper. ,e specific algorithm steps are as follows:

(1) Calculation of entropy En and hyperentropy He

based on specific grading metrics
(2) According to the calculated entropy En and hyper-

entropy He, a random number e of normal distri-
bution En

′～N(En, H2
e) are generated

(3) Based on specific input value x and expected value
Ex, the uncertainty is calculated according to
equation (1)

2.2. Goaf Stability Evaluation Index System. ,ere are many
factors affecting goaf stability, and the correlation is com-
plex. Based on the perspective of influence significance,
relative independence, ease of obtaining, and ease of
quantifying, 14 factors affecting goaf stability are selected as
evaluation index factors in this paper [20]. ,ese factors are
the influence of the rock mass structure, geological structure,
rock quality index, influence of underground visible water
and underground water on the surrounding rock, influence
of surrounding mining, situation of adjacent goaf, engi-
neering layout, span, area, height, size and layout of the ore
pillar, burial depth, and goaf specification, which are
expressed as S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12,

S13, and S14, respectively. ,e rock quality index, span, area,
height, and buried depth are divided into grades I, II, III, and
IV, which represent extremely stable, stable, unstable, and
extremely unstable classifications, respectively, according to
the actual measured data. ,e classification standards are
shown in Table 1. ,e rock mass structure, geological
structure, underground visible water, influence of an un-
derground water body on the surrounding rock, influence of
surrounding mining, situation of an adjacent goaf, engi-
neering layout, size and layout of the ore pillar, and spec-
ifications of the goaf are determined using a semiquantitative
method. ,e values 1, 2, 3, and 4 correspond to grades I, II,
III, and IV, respectively. ,e classification standards are
shown in Table 2. Classification criteria refer to relevant
research results [21].

2.3.Determinationof theWeightof theEvaluation IndexBased
on the Entropy Weight Method. ,e weight reflects the role
of an evaluation index affecting the stability of the goaf in the
overall evaluation. In this paper, the entropy weight method
is used to determine the weight. Generally, the smaller the
information entropy of an index is, the greater the degree of
variation, the greater the amount of information it provides,
and the more significant its role in the comprehensive
evaluation. ,e weight of the corresponding index is also
larger [22], so the weight of each index can be calculated
through the variation degree of the index. ,e specific
calculation steps are as follows:

(1) Build a judgement matrix. If there are m evaluation
objects and n evaluation indexes, the value of the j-th
index corresponding to the i-th object is xij, and the
original information evaluation matrix X can be
constructed:

X �

x
11

x
12

· · · x
1j

x
21

x
22

· · · x
2j

⋮ ⋮ ⋮ ⋮

x
i1

x
i2

· · · x
ij

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

(2) Normalize the matrix Xwhen the indicator is as large
as possible:

yij �
xij−minj xij 

maxj xij  − minj xij 
. (5)

When the index is as small as possible,

yij �
maxj xij  − xij

maxj xij  − minj xij 
. (6)

(3) Calculate the contribution of the j-th index and the
i-th object:

Pij �
yij


m
i�1 yij

. (7)

If Pij � 0, define lnPij � 0.
(4) Calculate the information entropy of each index.,e

information entropy of the j-th index is calculated as
follows:

Ej � −ln(m)
− 1



m

i�1
Pij lnPij. (8)

(5) Calculate the weight of each indicator. ,e weight of
the j-th indicator is calculated as follows:

ωij �
1 − Ej

n − 

Ej

. (9)

2.4. Comprehensive Uncertainty. ,e cloud droplets of each
evaluation index are generated using a forward cloud
generator, and specific data x are input to obtain the
membership degree μ(x) of each evaluation index. ,en,
combined with the weight of each evaluation index calcu-
lated using the entropy weight method, the comprehensive

Table 1: Classification and assignment of quantitative indexes for
goaf stability evaluation.

Indicator
Stability level

Level I Level II Level III Level IV
Rock quality (S3), % >60 50∼60 40∼50 <40
Span (S9), m <40 80∼40 80∼120 >120
Area (S10), m

2 <800 800∼1200 800∼1200 >2700
Height (S11), m <8 8∼20 20∼30 >30
Depth (S13), m <100 100∼200 200∼400 >400
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uncertainty is calculated according to equations (1) and (6).
fd6

U � 
m

j�1
μ(x)ωj, (10)

where μ(x) is the uncertainty of each index and ωj is the
weight of the evaluation index.

2.5. Specific Implementation Process. ,e basic idea of
establishing a goaf stability evaluation model based on an
entropy weight cloud model is to select evaluation indexes
and corresponding classification standards according to the
actual goaf situation and relevant data, determine the cor-
responding weight of each index with the entropy weight
method for specific goaf data, and determine the cloud
digital characteristics according to the classification stan-
dards of each index. A cloud model of each index and each
grade is generated based on a forward cloud generator, and
the membership degree of each index corresponding to each
grade is calculated according to the measured data. Finally,
the stability evaluation results of the goaf are obtained
according to the maximum membership degree principle.
,e specific process is shown in Figure 1.

3. Engineering Application Examples

,e Xishan mine of Shandong Gold Mining and the
Dabaoshan mine are taken as examples. Based on the actual
situation, a total of 25 goafs, 12 goafs [12] in the Xishan
mine, and 13 goafs [10] in the Dabaoshan mine are selected.
,e value of each evaluation index is taken. ,e specific
situation of each goaf is shown in Table 3.

3.1. Determination of theWeight of Each Index. According to
the above steps, the entropy weight method is used to de-
termine the weight of each index. When normalizing the
data, the larger the rock quality (S3) index is, the better,
which is calculated using equation (5), and the smaller the
other 13 indexes are, the better, which is calculated using
equation (6).,e weight calculation results of each index are
shown in Table 4.

3.2. Cloud Model Generation. Based on the theory of a
normal cloud model, the numerical feature expectation Ex,
entropy En and superentropy He of the cloud model are
determined according to the grading criteria of the stability
evaluation index of the mining area and equation (3), and a
sufficient number of cloud drops are generated using
MATLAB 2016a with a forward cloud generator to generate
the cloud model corresponding to each index. ,e cloud
models for five of the rock mass indicators, span, area,
height, and depth of burial are shown in Figure 2.

3.3. Goaf Stability Evaluation Results. ,e goaf stability
evaluation results are determined by the membership degree
of each evaluation index and the weight of each index in the
cloud model. Goaf No. 17 is taken as an example to dem-
onstrate the calculation process. First, according to the cloud
model and the 14 corresponding index data of the goaf, the
uncertainty of each index value belonging to goaf stability
level 4 is generated. ,e comprehensive uncertainty is cal-
culated using the weight sum equation (10) of each index
determined in Table 4. ,e results are UI � 0.5808,
UII � 0.2693, UIII � 0.0378, UIV � 0.0005, and UI>UII>UIII
>UIV; see Table 5 for the specific data. According to the
maximum comprehensive certainty value, it can be con-
cluded that the evaluation result of the goaf is grade I, which
represents an extremely stable goaf, and is consistent with
the actual situation.

According to the above process, the stability evaluation
results of the 25 goafs are calculated and compared with their
actual situations, as shown in Table 6. ,e results show that
the evaluation results are essentially consistentwith the actual
situation, which shows that the application of the entropy
weight cloud model to evaluate goaf stability is effective and
feasible. At the same time, there are many complex factors
affecting goaf stability. Using the entropy weight method to
determine the weight can reduce the influence of subjective
factors and make the evaluation results more objective.
Moreover, goaf stability is a qualitative concept. ,e use of a
cloud model can realize the qualitative and quantitative
transformation of the uncertainty concept and can convert
the fuzziness and randomness of a goaf into a quantitative

Select the evaluation index and
establish the evaluation system

Caculate the ucertainty of each
evaluation index

Calculation of
comprehensive uncertainty

Evaluate the stability of
goaf

Determine the digital characteristics
of the cloud model according to the

classification criteria

Generate cloud model

Entropy weight method to
determine the weight of

each index

Figure 1: Stability evaluation process of goaf.
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Table 3: Measured data of influencing factors and indicators of goaf stability.

Sample serial number
Goaf stability evaluation index

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

Xishan mine of Shandong gold mining

1 1 1 59 2 3 3 2 3 125 896 170 1 71 2
2 4 4 39 3 3 4 4 2 75 703 30 1 160 2
3 2 2 38 3 3 1 4 3 185 852 145 4 298 2
4 4 4 39 2 3 1 2 4 115 734 100 4 396 4
5 4 4 58 2 3 4 4 1 445 1705 140 1 82 1
6 3 3 51 3 4 1 3 1 65 221 35 2 439 1
7 4 4 46 3 3 2 4 2 30 34 30 3 66 1
8 1 1 54 1 3 3 2 2 45 67 15 4 63 2
9 1 1 57 3 1 2 3 4 60 87 40 4 225 3
10 4 4 36 2 4 3 2 3 80 110 25 1 129 3
11 3 3 38 2 2 3 3 2 65 82 30 2 152 4
12 3 3 47 1 3 2 4 2 25 40 45 1 125 3

Dabaoshan mine

13 3 1 38 2 2 4 4 2 85 5190 15 4 260 2
14 2 2 56 2 2 4 4 1 60 1230 8 3 260 2
15 3 3 35 2 2 4 4 2 62 2560 14.5 4 290 3
16 3 3 47 2 2 4 4 3 160 6890 26.3 4 305 4
17 2 1 55 1 1 1 1 1 26 2870 15.8 2 305 1
18 2 1 57 2 2 4 4 1 96 2260 21 3 335 2
19 1 1 67 2 2 1 1 1 60 1200 10 1 335 1
20 1 2 53 3 3 4 4 2 85 3970 60 4 240 2
21 1 2 59 1 1 1 1 1 40 2260 15 1 305 2
22 1 1 62 2 2 1 1 1 35 1450 13 1 290 1
23 1 1 52 2 2 3 3 1 35 2590 6 1 201 1
24 1 1 55 1 1 3 3 1 65 2430 12 1 208 1
25 1 1 54 1 1 3 3 1 68 1800 10 1 208 2

Table 4: Entropy of evaluation indices.

Evaluating indicator S1 S2 S3 S4 S5 S6 S7

Entropy weight 0.1151 0.0953 0.0055 0.0302 0.0596 0.1249 0.2028
Evaluating indicator S8 S9 S10 S11 S12 S13 S14
Entropy weight 0.0609 0.0090 0.0241 0.0268 0.1363 0.0328 0.0834
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Figure 2: Continued.
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Area Cloud Model (c)
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Figure 2: Each evaluation index belongs to the cloud model of the goaf stability level.

Advances in Civil Engineering 7



value of certainty. ,erefore, the use of a cloud model has
advantages in representing the uncertainty of goaf stability
and makes the evaluation results more accurate.

4. Conclusion

In this paper, a cloud model is used to evaluate goaf stability.
Taking 25 goafs as samples, 14 factors affecting their stability
are selected. According to the actual data, the hierarchical
model of each influencing factor is established and solved.
Combined with the actual data from the Xishan and

Dabaoshan mining area of the Shandong gold mining in-
dustry, the cloud model is used to evaluate 25 mined-out
areas, and the classification results are compared with the
actual situation.

,e accuracy of model forecast is 96% with high accu-
racy. In addition, the predicted results of No. 2, 3, 7, 12, and
18 samples are of high risk level, which indicates that the
predicted results are conservative and are beneficial to
prevent goaf collapse. ,is method provides a new idea for
mine safety production and goaf treatment and has im-
portant theoretical and practical significance.

Table 5: Calculation data of stability evaluation of sample 19 goaf.

Evaluating indicator Weighting
Degree of certainty

I II III IV
S1 0.1151 0 1 0 0
S2 0.0953 1 0 0 0
S3 0.0055 0 0 1 0
S4 0.0302 1 0 0 0
S5 0.0596 1 0 0 0
S6 0.1249 1 0 0 0
S7 0.2028 1 0 0 0
S8 0.0609 1 0 0 0
S9 0.0090 0.6672 0 0 0
S10 0.0241 0 0 0.005261 0.03494
S11 0.0268 0 0.6682 0 0
S12 0.1363 0 1 0 0
S13 0.0328 0 0 0.9894 0
S14 0.0834 1 0 0 0

Table 6: Evaluation results of goaf stability and comparison with the actual situation.

Sample
Comprehensive uncertainty

Discrimination results Actual level
U (I) U (II) U (III) U (IV)

1 0.2663 0.3237 0.2460 0.1224 II II
2 0.1374 0.1725 0.1887 0.4429 III∼ IV III
3 0.1251 0.1998 0.1868 0.4702 III∼ IV III
4 0.1254 0.2361 0.1553 0.5175 IV IV
5 0.2858 0.0333 0.0610 0.5826 IV IV
6 0.2831 0.1431 0.3516 0.1820 III III
7 0.1207 0.1905 0.2298 0.4133 III∼ IV III
8 0.2816 0.3716 0.1894 0.1363 II II
9 0.1888 0.1949 0.3252 0.2925 III III
10 0.2457 0.2501 0.2963 0.1750 III III
11 0.0139 0.3924 0.4433 0.0835 III III
12 0.1901 0.1992 0.2585 0.2996 III∼ IV III
13 0.0954 0.2613 0.1318 0.4779 IV IV
14 0.0611 0.3965 0.1570 0.3278 II II
15 0.0004 0.1884 0.3260 0.4642 IV IV
16 0 0.0958 0.3240 0.5614 IV IV
17 0.5808 0.2693 0.0379 0.0005 I I
18 0.1562 0.3276 0.1732 0.3278 II∼ III II
19 0.8189 0.1058 0.0190 0.0027 I I
20 0.1152 0.1777 0.1029 0.4759 IV IV
21 0.7335 0.2023 0.0390 0.0000 I I
22 0.8197 0.1168 0.0328 0.0011 I I
23 0.5008 0.0934 0.3299 0.0000 I I
24 0.5843 0.0229 0.3362 0.0000 I I
25 0.5008 0.0915 0.1426 0.0000 I I
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�e nonlinear vibrations of an axially moving viscoelastic beam under the transverse harmonic excitation are examined. �e
governing equation of motion of the viscoelastic beam is discretized into a Du�ng system with nonlinear fractional derivative
using Galerkin’s method. �e viscoelasticity of the moving beam is described by the fractional Kelvin–Voigt model based on the
Caputo de�nition. �e primary resonance is analytically investigated by the averaging method. With the aid of response curves, a
parametric study is conducted to display the in�uences of the fractional order and the viscosity coe�cient on steady-state
responses. �e validations of this study are given through comparisons between the analytical solutions and numerical ones,
where the stability of the solutions is determined by the Routh–Hurwitz criterion. It is found that suppression of undesirable
responses can be achieved via changing the viscosity of the system.

1. Introduction

�emodel of axially moving systems that play essential roles
is always observed in a wide range of engineering devices,
such as power transmission belts, magnetic tapes, paper
sheets, chains, pipes conveying �uids, aerial tramways, and
�ber textiles. �erefore, research on the dynamic behaviors
of such systems has been conducted in the past decades and
is still of interest today [1–3]. Especially, the problems of
axially moving beams and micro/nano scaled beams axially
loaded have widely been tackled in the analysis of some
aspects, such as free vibration [4], stability analysis [5, 6],
discretization approaches [7], modeling techniques [8],
di¡erent solution methods [9, 10], and nonlinear dynamics
[5–20]. In the architectural design and construction in-
dustry, the materials that exhibit excellent damping char-
acteristics have been widely utilized to fabricate structures to
enhance their performance from the viewpoint of vibration
control. A growing body of research activities has therefore
been appearing to explore the nonlinear vibrations of axially
moving viscoelastic beams [4–18]. To better understand the

damping mechanism, some classical constitutive models
such as Kelvin–Voigt [5–19] and three-parameter Zener
model [20] are adopted to e¡ectively describe the dynamical
responses of the viscoelastic materials. Although the classical
models contain combinations of elastic and viscous ele-
ments, they do not have su�cient parameters to handle the
di¡erent shapes of the hysteresis loops re�ecting the nature
of viscoelastic materials and structures. Consequently, the
fractional calculus [21] has been introduced in constitutive
relations to obtain a satisfactory solution for the real vis-
coelastic responses of the materials over a large range of
frequency [22, 23]. Although there remain some mathe-
matical issues unsolved, the fractional calculus-based
modern viscoelasticity problems are becoming the focus of
attention [24–32].

�is research is devoted to investigating the dynamic
behavior of an axially moving viscoelastic beam under a
transverse harmonic excitation. It is assumed that the ma-
terial of the beam obeys the Kelvin–Voigt model based on
the fractional Caputo de�nition. Remarkably speaking, by
one-term Garlerkin’s technique, the governing equation of
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the beam is discretized into a nonlinear Duffing type
equation that has the nonlinear fractional operator [26–29].
'e first order averaging method is utilized to derive the
modulation equations governing the steady state amplitudes
and phases of the system.'en, the stability of the solution is
studied by the Routh–Hurwitz criterion [33]. Finally, the
results of representative calculations are described and
briefly discussed from the vibration control point of view.

2. Equation of Motion

'e present study considers a uniform axially moving visco-
elastic beam, shown in Figure 1, with density ρ, cross-sectional
area A, and moment of inertial I. 'e initial tension is repre-
sented by P0. 'e beam travels at a constant axial speed v

between two motionless ends separated by distance L and is
subjected to an external transverse force F(x, T). Here, it is
assumed that the excitation is spatially uniform and temporally
harmonic: F(X, T) � F cos (WT), where T and X represent
the time and the axial coordinate, respectively. Only the bending
vibration described by the transverse displacement U(X, T) is
considered here, and Newton’s second law of motion yields

ρA
z
2
U

zT
2 + 2v

z
2
U

zXzT
+ v

2z
2
U

zX
2  �

z

zX
P0 + Aσ(X, T)( 

zU

zX
 

−
z
2
M(X, T)

zX
2 + F cos (WT),

(1)

where σ(X, T) and M(X, T) are the disturbed axial stress
and bending moment, respectively.

'e viscoelasticity of the beam material obeys the
fractional Kelvin–Voigt model [27, 28, 30] and its consti-
tutive relationship is given as follows:

σ(X, T) � E0εL(X, T) + E1D
α
C εL(X, T) . (2)

InwhichE0 represents the Young’smodulus andE1 denotes
the viscoelastic coefficient. To reveal the geometric nonlinearity
owing to the small but finite stretching of the beam, we adopt the
Lagrangian strain εL(X, T), which is defined by

εL(X, T) �
1
2

zU(X, T)

zX
 

2

. (3)

In equation (2), Dα
C denotes the α-order fractional dif-

ferentiation operator with respect to time T in the Caputo
sense given by [21].

D
α
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1
Γ(m − α)


T

0

f
m

(τ)

(T − τ)
α+1−m

dτ, m − 1< α<m,
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dT
m f, α � m(a positive integer),

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(4)

where Γ is the well-known gamma function. Moreover, for a
slender beam, the linear moment-curvature relation is
adopted.

M(X, T) � E0 + E1D
α
C( I

z
2
U(X, T)

zX
2 . (5)

Substitution of equations (2), (3) and (5) into equation
(1), yields the governing equation of transverse motion of the
axially viscoelastic beam
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(6)

In the present investigation, the boundary conditions are
taken to be simply supported, i.e.,

U(0, T) � U(L, T) � 0,

z
2
U(0, T)

zX
2 �

z
2
U(L, T)

zX
2 � 0.

(7)

Using the following dimensionless scheme,
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Equation (6) becomes
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With boundary conditions

u(0, t) � u(1, t) � 0,

z
2
u(0, t)

zx
2 �

z
2
u(1, t)

zx
2 � 0.

(10)

3. Steady State Responses and Stability Analysis

In this study, one term Galerkin’s method is applied to dis-
cretize equation (9), and its solution is assumed to be as follows:

u(x, t) � q(t) sin (πx), (11)

where q(t) is the modal coordinate of the beam. 'en, a
nonlinear fractional ordinary differential equation is derived
as follows:

q + π4ηD
α
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(12)

For simplicity in the following analysis, equation (12) is
rewritten as follows:

€q + μ1D
α
Cq + μ2qD

α
C q

2
  + ω2
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3

� p cos (ωt). (13)
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μ1 � π4η,
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2
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(14)

Remarkably, equations (12) or (13) is a nonlinear Duffing
type equation having a nonlinear fractional operator Dα

C(q2)

[26–28].
In what follows, the primary resonance of the fractional

system described by (13) will be investigated by the linear
averagingmethod.Wemainly focus on examining the effects
of the damping parameters and the fractional order on the
steady state response of the beam. 'e stability of the sta-
tionary solutions is examined by the Routh–Hurwitz cri-
terion [33].

To obtain the primary resonance of the fractional os-
cillator (equation (13)), we introduce a small parameter ε.
We detune the primary resonance by setting ω2

0 � ω2 + εσ.
'en, equation (13) is rewritten as follows:

€q + ω2
q � −ε μ1D

α
Cq + μ2qD

α
C q

2
  + σq + knq

3
− p cos (ωt) ,

(15)

where the parameter εmerely serves to indicate the assumed
smallness of the terms without any physical meaning. 'e
solution at ε � 0 can be written in the form as follows:

q � A cos θ, θ � ωt + φ, (16)

where A and φ are integration constants determined by the
initial conditions. When ε≠ 0 the approximate solution near
the primary resonant frequency region can be viewed as a
perturbation of the solution given by (16). In this case, A and
φ are slowly varying functions of time t such that their
derivatives are of o(ε). According to the averaging method,
we assume that the solution of the system takes the following
form:

q � A cos θ and _q � −Aω sin θ, (17)

which implies

X

Z

v

F (X,T)

L

Figure 1: Schematic of an axially moving beam.
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_A cos θ − A _φ sin θ � 0. (18)

Differentiating the second equation in equation (17) with
respect to t gives the following equation:

€q � −ω( _A sin θ + A _φ cos θ) − ω2
q. (19)

Substituting equations (17) and (19) into equation (14)
leads to the following equation:

_A �
ε
ω
sin θG(x, t),

_φ �
ε

Aω
cos θG(x, t),

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(20)

where G � μ1Dα
Cq + μ2qDα

C(q2) + σq + knq3 − p cosωt.
Based on the averaging method, the right-hand side of

equation (20) can be replaced by its averages over one period
when G is a periodic function with respect to t. However,
owing to the presence of the fractional derivative in equation
(20), an infinite interval should be considered, and we have
the following equation:
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(21)

Since we consider the steady state only, the fractional
order derivative of q can be easily derived approximately
based on the fractional definition given in equation (4)
[21, 27, 32], as follows:
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A cos θ +
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 ,

qD
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C q
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4
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 .

(22)

Subsequently, the average in equation (21) can also be
integrated over one period, when the fractional derivative of
q is replaced by the respective approximation in equation
(22). 'en, we have the averaged equation (20) as follows:
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ε
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where

G � σA cos θ + Aωα μ1 + 2α− 2μ2A
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A direct calculation yields
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where

f11 � μ1ω
α sin
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α cos
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α cos
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3
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kn.

(26)

'e small parameter ε is reduced in equation (25) by
introducing a slow time scale t � εt, and we have the fol-
lowing equation:

A′ � −
1
2ω

f11A + f12A
3

+ p sinφ ,

φ′ �
1

2ωA
f21A + f22A

3
− p cosφ .
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(27)

where A′ � dA/dt. 'e steady state conditions A′ � φ′ � 0
give the following equation:
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tanφ � − f11 + f12A
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(28)

'en, the variation of the amplitude A and phase φ of the
steady state primary response as a function of the fractional
order. External excitation as well as other control parameters
can be determined by these two equations.

In what follows, the stability of the solutions of the
system in the neighborhood of the equilibrium state is
approximately analyzed by exploring the eigenvalues of the
Jacobianmatrix of equation (27) evaluated at the fixed points
of interest. In order to do that, the small disturbances of the
response amplitude and phase ΔA � A − A and Δφ � φ − φ,
are introduced and substituted into equation (27). 'en, the
linearized equation is obtained as follows:

dΔA
dt

dΔφ
dt
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'e eigenfunction of the linearized equation (29) is as
follows:

λ2 + aλ + b � 0, (32)

with

a � −
1
ω

f11 + 2f12A
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4ω2 f11 + 3f12A
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(33)

From the Routh–Hurwitz criterion [33], the steady-state
response is asymptotically stable if and only if the real parts
of the eigenvalues are negative. It can be obtained by the
following equation:

a< 0 and b> 0. (34)

4. Verifications and Numerical Simulations

In the following, a parametric investigation in primary
resonance conditions has been conducted to reveal the in-
fluences of the control variables on the steady state responses
of the beam from the vibration control point of view. 'e
approximate results have been achieved and illustrated by
frequency- and forcing amplitude-response curves, in which
the solid lines stand for the stable results and the dotted ones
correspond to the unstable results. 'e distinction between
the stable solutions and unstable ones is determined by the
inequalities (equation (34)) using the Routh–Hurwitz cri-
terion [33]. In calculations, the system parameters in
equation (12) have been taken as follows [14]: k1 � 33.526,
k2 � 0.05, kf � 0.173, and c � 0.6.

4.1. Effects of Fractional Order on System Response. In Fig-
ures 2 and 3, the forcing frequency ω near the natural
frequency (ω0 ≈ 3.038) has been chosen as a bifurcation
parameter. 'e forcing amplitude-response curves are
depicted in Figure 4.

'e influence of the fractional order α on the dynamic
behavior of the viscoelastic system is firstly investigated. 'e
response curves for several cases: α � 0.6, 0.8, and 1.0 are

plotted with a frequency range near the natural frequency of
the system in Figure 2. It is seen apparently that when
α � 0.6, as the forcing frequency grows gradually from 4 the
stable responses increase until a saddle node bifurcation
occurs at P(ω ≈ 9.592) and another saddle node happens at
Q(ω ≈ 7.547), by which a bistable interval or the hysteresis
area can be calculated. For this bistable interval, there are
two stable attractors and one unstable attractor in between.
'is is a typical characteristic of Duffing oscillator due to its
cubic nonlinearity in primary resonance [33]. As the forcing
frequency increases gradually from point P, the response
jumps down from the resonance branch to the non-
resonance branch and the system experiences a saddle node
bifurcation at point P. Correspondingly, starting at a high
forcing frequency on the nonresonance branch, the response
undergoes a conversion to the resonance branch again
through a jump up at another saddle node bifurcation point
Q. In the response curve for α � 0.8, although the jump
phenomena exist, the positions of the jumps P′(ω ≈ 7.192)

andQ′(ω ≈ 7.096) are shifted to the left, and the width of the
jump region (i.e., the hysteresis area) is shrunk obviously.
Additionally, the response amplitudes of the system are
attenuated at the same time. With the further increase of the
fractional order, the hysteresis domain decreases. Eventu-
ally, as α increases beyond a certain critical value, the jumps
can be eliminated, which is manifested in Figure 2 when
α � 1. It means that the fractional order can stabilize the
system.

In addition, the amplitude-response curves are also
depicted in Figure 4 to verify the above conclusions, where
the response amplitudes are plotted as the function of
forcing amplitude. Similar conclusions can easily be
drawn.
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4.2. Effects of Viscoelastic Coefficient on the Dynamic
Behaviors. 'e influence of the viscoelastic coefficient η on
the dynamic behavior of the viscoelastic system is then
investigated and graphically presented by the frequency-
response curves for different coefficients, that is
α � 0.5, 0.7, and 0.9 in Figure 3. It is found that the influ-
ences of the parameter η are much similar to those of the
fractional order α. When η � 0.02 for example, with the
excitation frequency is gradually growing, the amplitude of
the stable response continuously rises until the first limit
point P(ω ≈ 9.821), at which the solution becomes unstable
through a saddle node bifurcation. Contrarily, as the forcing
frequency decreases, the amplitude exhibits a saddle node
bifurcation at the jump-up point Q(ω ≈ 7.288). Moreover,
the hysteresis area is shrunk and eventually eliminated as the
viscoelastic coefficient η increases. At the same time, the
response amplitudes are attenuated for the cases having a
relatively large viscoelastic coefficientη.

4.3. Verifications. To verify the previous discussions, the
analytical results have been compared with the numerical
solutions achieved from the direct numerical integration
technique. 'e primary resonance of the system is shown in
Figure 5, in which the control parameter-set adopted is
chosen as η � 0.04, k1 � 33.526, k2 � 0.05, kf � 0.173,
c � 0.6, α � 0.6, and p � 0.6. Depicted in Figure 5, the
stability of the dynamic solutions, such as the “stability
limit,” is shown by the conditions that are given in (34). Also,
one can observe that the analytical results achieve good
agreement with the solutions by the numerical technique.

5. Conclusions

By the averaging technique, in the present investigations, the
primary resonant response of the axially moving viscoelastic
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beam system has been analytically investigated from the
viewpoint of vibration control. 'e influences of different
system parameters, such as fractional order and the visco-
elastic coefficient, on the dynamic responses of the visco-
elastic beam are graphically illustrated. From the
investigation, the following conclusions have been made:

(1) It has shown that the hysteresis or jump phenom-
enon occurs owing to the existence of multiple so-
lutions on response curves, while the hysteresis area
contracts with the increase of the fractional order or
viscoelastic coefficient.

(2) A critical value of these two parameters exists, be-
yond which the hysteresis region can be eliminated.
'e increase in them reduces the vibration
amplitudes.

(3) Both the fractional order and viscoelastic coefficient
are powerful factors in stabilizing the system.
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Lindstedt–Poincaré method for nonlinear vibration of axially
moving beams,” Journal of Sound and Vibration, vol. 306,
no. 1-2, pp. 1–11, 2007.

[10] L. Q. Chen and H. Ding, “Steady-state responses of axially
accelerating viscoelastic beams: approximate analysis and
numerical confirmation,” Science in China - Series G: Physics
Mechanics and Astronomy, vol. 51, no. 11, pp. 1707–1721,
2008.

[11] X. D. Yang and W. Zhang, “Nonlinear dynamics of axially
moving beam with coupled longitudinal transversal vibra-
tions,” Nonlinear Dynamics, vol. 78, no. 4, pp. 2547–2556,
2014.

[12] X. D. Yang and L. Q. Chen, “Non-linear forced vibration of
axially moving viscoelastic beams,” Acta Mechanica Solida
Sinica, vol. 19, no. 4, pp. 365–373, 2006.

[13] H. Ding and L. Q. Chen, “Approximate and numerical
analysis of nonlinear forced vibration of axially moving vis-
coelastic beams,” Acta Mechanica Sinica, vol. 27, no. 3,
pp. 426–437, 2011.

[14] M. H. Ghayesh, “Nonlinear forced dynamics of an axially
moving viscoelastic beam with an internal resonance,” In-
ternational Journal of Mechanical Sciences, vol. 53, no. 11,
pp. 1022–1037, 2011.

[15] X. Y. Mao, H. Ding, and L. Q. Chen, “Forced vibration of
axially moving beam with internal resonance in the super-
critical regime,” International Journal of Mechanical Sciences,
vol. 131-132, pp. 81–94, 2017.

[16] H. Ding, G. C. Zhang, L. Q. Chen, and S. P. Yang, “Forced
vibrations of supercritically transporting viscoelastic beams,”
Journal of Vibration and Acoustics, vol. 134, no. 5,
pp. 4825–4829, 2012.

[17] H. Ding, X. Y. Mao, and L. Q. Chen, “Periodic response of an
axially high-speed moving beam under 3:1 internal reso-
nance,” Journal of Physics: Conference Series, vol. 744, Article
ID 012117, 2016.

[18] Y. H. Li, Y. H. Dong, Y. Qin, and H. W. Lv, “Nonlinear forced
vibration and stability of an axially moving viscoelastic
sandwich beam,” International Journal of Mechanical Sci-
ences, vol. 138-139, pp. 131–145, 2018.

[19] X. Y. Mao, H. Ding, C. Lim, and L. Q. Chen, “Super-harmonic
resonance and multi-frequency responses of a super-critical
translating beam,” Journal of Sound and Vibration, vol. 385,
pp. 267–283, 2016.

[20] K. Marynowski and T. Kapitaniak, “Zener internal damping
in modelling of axially moving viscoelastic beam with time-
dependent tension,” International Journal of Non-linear
Mechanics, vol. 42, no. 1, pp. 118–131, 2007.

[21] I. Podlubny, Fractional Differential Equations: An Introduc-
tion to Fractional Derivatives, Fractional Differential

Advances in Civil Engineering 7



Equations, to Methods of Eeir Solution and Some of Eeir
Applications, Academic Press, San Diego, CL, USA, 1999.

[22] M. Francesco, Fractional Calculus and Waves in Linear
Viscoelasticity: An Introduction to Mathematical Models,
Imperial College Press, London, 2010.

[23] Y. A. Rossikhin and M. V. Shitikova, “Application of frac-
tional calculus for dynamic problems of solid mechanics:
novel trends and recent results,” Applied Mechanics Reviews,
vol. 63, no. 1, Article ID 010801, 2010.
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 e ground motion records obtained by the CDSMON during the Ms6.4 earthquake in Yangbi, Yunnan Province, on May 21,
2021, were subjected to routine processing such as baseline correction and �ltering.  e nonstationary time-frequency char-
acteristics of ground motion signals were analysed by the wavelet transform, and the acceleration response spectrum charac-
teristics of typical stations under di�erent epicentral distances, magnitudes, and site conditions were analysed. Finite element
software was used to establish a model to analyse the seismic response of a typical three-span continuous beam bridge.  e
maximum peak ground acceleration (PGA) of this earthquake (720.29 gal) was obtained from 53YBX in the NS direction at the
epicentral distance of 8.6 km.  e energy at station 53YBX was mainly concentrated in 0–15Hz range, and the low-frequency
component energy caused great damage to buildings with natural frequencies in this frequency band. e Sa value near the origin
of the earthquake is relatively large, as the distance from the epicentre increases, the predominant period of Sa also gradually
increases, and the high-frequency component diminishes. With the increase in earthquake magnitude, the Sa peak increased, and
the long-period component became more obvious.  e soil station had more obvious long-period components than the bedrock
station, which is consistent with the ampli�cation result of the response spectrum of overburden thickness to surface acceleration.
 e earthquake had little in¢uence on the pier displacement of the three-span continuous beam bridge with a fundamental period
of 0.77 s but had a great in¢uence on the bending moment at the bottom of the piers.

1. Introduction

According to the measurement of the China Earthquake
Networks Center, at 21 : 48 on May 21, 2021, an Ms6.4
earthquake occurred in Yangbi County, Dali Prefecture,
Yunnan Province.  e epicentre was located at 25.67°N and
99.87°E, and the focal depth was 8 km.  e earthquake
belongs to a typical foreshock-mainshock-aftershock event.
More than 350 seismicities occurred before the mainshock,
including �ve earthquakes with a magnitude of Ms4.0 or
above. e largest foreshock was theMs5.6 earthquake at 21 :
21 on May 21, 2021, with the epicentre at 25.67°N and
99.87°E, a focal depth of 10 km, and a distance from the

Ms6.4 mainshock of 6 km. After the mainshock, the Yunnan
regional seismic network recorded rich sequences of after-
shocks. As of May 26, 2021, 2426 aftershocks above mag-
nitude 0 have been recorded.  e largest aftershock was the
Ms5.2 earthquake at 22 : 31 on May 21, 2021, with the
epicentre at 25.59N and 99.97°E) and a focal depth of 8 km
[1].  e seismogenic fault of this earthquake was a NW-
trending secondary fault on the west side of the Weixi-
Qiaohou fault, which is dominated by dextral strike-slip
motion [2, 3]. On May 25, the Yunnan Provincial Seis-
mological Bureau issued the intensity map of the Ms6.4
Yangbi earthquake in Yunnan Province, which shows that
the maximum intensity of this earthquake was VIII and that
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the area of intensity VI and above was approximately
6600 km2, involving 6 counties and cities of Dali Prefecture.

*e China Digital Strong Motion Observation Network
(CDSMON) captured abundant records of strong ground
motions after the earthquake. Chen and Li [4] conducted
conventional processing such as filtering on the ground
motion records, analysed the attenuation patterns and du-
ration characteristics of the ground motion amplitude, and
compared the recorded acceleration response spectra of
stations with different epicentral distances. Tian et al. [5]
compared and analysed the acceleration response spectra of
6 stations with the nearest epicentral distances and largest
amplitudes. *e aforementioned studies analysed the fre-
quency domain characteristics of ground motion mainly
based on acceleration response spectra.

Ground motion records belong to nonstationary time-
varying signals, and their energy and frequency will change
greatly with time [6]. Conventional signal processing methods
cannot well reflect the time dependence of frequency com-
ponents, while the wavelet transform and wavelet packet
transform are time-frequency analysis methods suitable for
nonstationary signals [7, 8]. *erefore, based on the con-
ventional processing of ground motion records such as
baseline correction and filtering, the wavelet and wavelet
packet transforms are introduced to analyse their time-fre-
quency characteristics. In the analysis of acceleration response
spectra, in addition to the comparative analysis of the response
spectrum characteristics of different epicentral distances, the
response spectrum characteristics of different earthquake
magnitudes at the same stations and the response spectrum
characteristics of stations with similar epicentral distances but
different site conditions, such as soil and bedrock, are com-
paratively analysed. In addition, a typical finite element model
of a continuous beam bridge is established to analyse the stress
of the model under the Ms6.4 earthquake in Yangbi, Yunnan
Province. *is study further explores the influence pattern of
the nonstationary ground motion signal on the time-fre-
quency characteristics of the structure, which has more in-
depth research value and significance.

2. Collection and Processing of Strong
Motion Records

Baseline correction, filtering, and other conventional data
processing [9] were conducted on the uncorrected accel-
eration records. (1) *e average value of acceleration
recorded 20 s before the time of recording the original ac-
celeration was calculated and subtracted from the recorded
original acceleration, and then, the recorded zero drift was
adjusted. (2) *e acceleration records after zero-line ad-
justment were subjected to bidirectional high-pass filtering
through a digital filter (4th-order Butterworth) in the cutoff
frequency range of 0.01–100Hz selected according to the
Nyquist sampling rate. (3) *e corrected acceleration rec-
ords were filtered according to the Interim Code for com-
puting the instrumental seismic intensity in the cutoff
frequency range of 0.1–10Hz, and the instrumental seismic
intensities were computed. *e basic information and re-
lated parameters of typical strong earthquake records

corresponding to the strong motion stations of the Ms6.4
earthquake are shown in Table 1. *e maximum peak
ground acceleration (PGA) of this earthquake (720.29 gal)
was obtained from 53YBX (Yangbi Station that is 8.6 km far
from the epicentral distance) in the NS direction. *e
records obtained in this earthquake were mostly far-field
records and rarely near-field records.

3. Wavelet and Wavelet Packet Analysis

*e wavelet transform and wavelet packet transform are
tools of signal analysis and time-frequency analysis methods
suitable for nonstationary signals [10]. *e wavelet trans-
form inherits and develops the idea of localization in the
short-time Fourier transform (STFT) [11], which makes up
for the shortcomings that the window width cannot be
applied to any frequency and provides a time-frequency
window that changes with frequency [12]. As a general-
ization and extension of the wavelet transform, the wavelet
packet transform can provide a more refined signal analysis
method [13]. Compared with the conventional Fourier
transform and wavelet transform, the advantage of the
wavelet packet transform is that it divides the time-fre-
quency plane more finely and improves the resolution of the
high-frequency component of the signal [14].

3.1. Wavelet Transform Analysis. Considering that the
waveform of a Daubechies wavelet is very similar to that of a
ground motion velocity pulse in terms of high compactness,
smoothness, and approximate symmetry [15], Daubechies 8
was used as the wavelet basis in this study. *e time-fre-
quency analysis of the ground motion signal of the Ms6.4
earthquake is carried out using a one-dimensional contin-
uous wavelet transform [16]. *e strong motion records in
three directions (EW, NS, and UD) obtained at station
53YBX were selected for wavelet analysis. *e analysis re-
sults are shown in Figure 1. In the frequency domain, the
overall low-frequency signal energy is strong, the high-
frequency signal energy is weak, and the energy in three
directions is mainly concentrated in the 0–15Hz range. In
the time domain, there are two energy peaks in the EW and
NS directions at 32–34 s and 36–38 s and one energy peak in
the UD direction at 36–38 s. In general, the energy peak in
the UD direction has a larger width and lower wavelet
coefficients than those in the EW and NS directions.

3.2. Wavelet Packet Transform Analysis. In this study,
Daubechies 8 was still used as the wavelet base for wavelet
packet decomposition. *e sampling rate of the strong
seismograph was 200Hz. Considering the requirements of
resolution and refinement, five-layer wavelet packet de-
composition was selected, so the minimum frequency
bandwidth was 1.5625Hz. In addition, the sequence number
sorting disorder occurs in wavelet packet decomposition. *e
MATLAB programwas written using themethod proposed in
a past study [17] to realize the function of frequency sorting
with a node sequence number. *e frequency band energy
ratio was intercepted within 0.1, and Figures 2–4 show the
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distribution of the seismic energy spectrum of the Ms6.4
earthquake at stations with di�erent epicentral distances.

 e energy in the EW and NS directions at 53YBX
(8.6 km from the epicentre), which was closest to the
epicentre, is mainly distributed in the �rst 8 modes
(0–12.5 Hz), the energy in the UD direction is more
widely distributed in the �rst 13 modes (0–20.3 Hz), the
energy in the EW direction peaks in the 0–1.6 Hz range,
and the energy in the NS direction peaks in the 4.7–6.2 Hz
range.  ere is no sudden increase in energy in the
frequency band in the UD direction, and the width of the
dominant energy band accounts for a large proportion.
For 53DLY (31.3 km from the epicentre), the energy in
the EW and NS directions is mainly distributed in the �rst
10 modes (0–15.6 Hz), the energy in the UD direction is
distributed in the �rst 11 modes (0–17.2 Hz), the energy
in the EW and NS direction peaks in the 0–1.6 Hz range,
and the energy in the UD direction peaks in the
9.4–10.9 Hz range. For 53BCJ (72.6 km from the epi-
centre), the energy in the EW and NS directions is mainly
distributed in the �rst 3 modes (0–4.7 Hz), the energy in
the UD direction is distributed in the �rst 5 modes

(0–7.8 Hz), and the energy peaks in the 0–1.6 Hz range is
distributed in all three directions. It is found that the
width of dominant energy band at stations with di�erent
distances from the epicentre of the same earthquake is
greater in the UD direction than in the EW and NS di-
rections. With the increase in epicentral distance, the
width of the characteristic energy frequency band be-
comes narrower, the dominant energy is more concen-
trated in low-frequency bands, and the high-frequency
energy decreases.

4. Characteristics of the Acceleration
Response Spectra

 e acceleration response spectrum is an important basis
and method for engineering seismic design. Calculating and
analysing the acceleration response spectra are helpful to
understand the frequency-domain characteristics of strong
earthquake acceleration near the epicentre and directly show
the maximum response of structures with di�erent natural
periods to earthquakes [18].

Table 1: Typical strong motion records and some related parameters of the Ms 6.4 earthquake at epicentral distances of less than 200 km.

Station code Station type Epicentral distance (km)
PGA/cm/s/s PGV/cm/s

Instrumental intensity
EW NS UD EW NS UD

53YBX Soil 8.6 −379.88 −720.29 −448.36 30.26 −29.4 −7.32 8.9
53DLY Soil 31.3 −116.41 −108.25 −91.02 −8.45 11.48 2.24 6.95
53YPX Soil 40.0 −44.94 −65.16 — 3.43 −7.39 — —
53BTH Rock 67.7 7.36 6.97 −6.05 0.53 −0.74 0.64 3.29
53BCJ Soil 72.6 −22.5 −24.3 −18 −2.7 2.47 1.37 5.12
53LKT Rock 103.5 −10.15 9.66 −12.84 −0.53 −0.48 −0.32 3.51
53SDX Soil 124.0 19.06 −27.34 9.61 3.25 −4.49 0.78 5.39
53YRH Soil 145.1 −6.2 −4.41 3.12 −0.64 0.57 0.24 3.09
53LLP Soil 160.0 −2.41 −3.17 −1.56 −0.34 0.23 −0.11 2.23
51PZF Soil 184.6 −2.39 2.74 −1.11 0.33 −0.34 0.18 2.17
53MST Soil 190.2 −5.1 4.8 2.49 0.48 1.02 −0.26 3.2
51PZT Soil 198.9 −4.95 4 −1.2 −0.26 0.26 0.08 2.41
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Figure 1: Wavelet time-frequency analysis of earthquake records at 53YBX: (a) east-west; (b) north-south; and (c) vertical.
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4.1. Acceleration Response Spectra of Stations at Di�erent
Epicentral Distances. Acceleration response spectra (Sa) of
three soil stations (53YBX, 53DLY, and 53BCJ) with dif-
ferent distances from the epicentre of the Ms6.4 earthquake
were selected and compared with the seismic design re-
sponse spectra of the areas where the stations are located
(Code for Seismic Design of Buildings (GB 50011–2010)).
Station 53YBX is located in Yangbi Yi Autonomous County.
For station 53YBX, the seismic forti�cation intensity is VIII,
the design basic seismic acceleration is 0.20 (m/s2), and the
design ground motion group is the third group.  e seismic
forti�cation intensity for stations 53DLY and 5BCJ is VIII.
As can be seen from Figure 5, there is similarity between the
Sa spectra in the three directions of 53YBX (EW, NS, and
UD), the predominant period of which is around
0.04–0.09 s.  e Sa value in the directions of EW and NS is
higher compared with the design spectrum of intensity VIII
rare earthquake within 0.1 s. When the period is smaller than

1.2 s, the Sa is higher than the design spectrum of intensity
VIII forti�cation earthquake; in the UD direction, the Sa is
higher than the design spectrum of intensity VIII rare
earthquake within 0.2 s, and after 3 s, the Sa attenuates to
near 0 g.  e 53DLY three direction predominant periods of
Sa are approximately 0.05–1.1 s, and the Sa is lower than the
design spectrum of intensity VIII rare earthquake. When the
period is smaller than 1.2 s, the Sa in the EW and NS di-
rections is higher than the design spectrum of intensity VIII
frequent earthquake, and in the UD direction, the Sa is
higher than the code design spectrum of intensity VIII
frequent earthquake within 0.1 s.  e Sa in the three di-
rections at station 53BCJ is lower than the design spectrum
of intensity VIII frequent earthquake, and the predominant
period of Sa is approximately 0.15–1.5 s.  e comparison
shows that the Sa value near the origin of the earthquake is
relatively large. As the distance from the epicentre increases,
the predominant period of Sa is also gradually increasing,
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Figure 2: Energy probability distribution of earthquake records at 53YBX (8.6 km from the epicentre): (a) east-west; (b) north-south; (c) and
vertical.
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the high-frequency component diminishes, and the Sa
spectrum shifts to the long period on the whole, which is
attributed to the attenuation of the ground motion through
the propagation medium. Consequently, the maximum
response of the structure is reduced as well.

4.2. Acceleration Response Spectra of Di�erent Earthquake
Magnitudes at the Same Station.  ree earthquakes (Ms6.4,
Ms5.6, and Ms5.2) at the 53YBX station were selected, and
their Sa was comparatively analysed (Figure 6). e Sa values
of Ms6.4 in three directions within 0.09 s are higher relative
to the design spectrum of intensity VIII rare earthquake,
while those of Ms5.6 in the directions of EW and NS within
0.1 s are higher compared with the design spectrum of VII
rare earthquake, the Sa values in the direction of UD is lower
than the design spectrum of intensity VIII rare earthquakes
and higher than the design spectrum of intensity VII rare
earthquakes with this period and those of Ms5.2 within
0.09 s are higher in comparison with the design spectrum of
intensity VIII rare earthquake in the direction of NS. As

revealed by the comparison, the Sa spectra of the three
earthquakes are consistent in the same direction, and the Sa
values in the direction of NS at the same station with dif-
ferent magnitudes of earthquake are greater than in the
directions of EW and UD. With an increase in magnitude of
the earthquake, the Sa peak value rises and the long-period
component becomes more signi�cant.

4.3. AccelerationResponse Spectra of Soil andBedrock Stations
with Similar Epicentral Distances. A soil station 53BCJ
(epicentral distance is 72.6 km) and a bedrock station
53BTH (epicentral distance is 67.7 km) with similar dis-
tances from the epicentre of the sameMs6.4 earthquake were
selected. According to the intensity values of the two stations
(Table 1), the instrument intensity of the two stations rea-
ches 3.29 and 5.12, respectively.  erefore, the intensity VI
frequent and forti�cation seismic design spectrum is
adopted for comparison. As shown in Figure 7, the Sa tri-
directional value curve of 53BCJ is lower compared with the
intensity VI forti�cation seismic design spectrum, with the
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Figure 3: Energy probability distribution of earthquake records at 53DLY (31.3 km from the epicentre): (a) east-west; (b) north-south; and
(c) vertical.

Advances in Civil Engineering 5



values after 0.2 s in the directions of NS and EW reaching a
level that is higher than the intensity VI frequent seismic
design spectrum, and the Sa tri-directional values curve of
53BTH is lower compared with the intensity VI seismic
design spectrum. According to the comparison, the soil
station (53BCJ) has a high peak Sa value and long-cycle
component relative to the bedrock station (53BTH), the
process of Sa attenuation is slowed, and the overall response
spectrum curve shifts to the right.  e analysis reveals that
site conditions tend to have a signi�cant impact on ground
motion and that soil �eld causes a more evident ampli�-
cation e�ect on the acceleration response of ground surface
than bedrock. Such ampli�cation is not con�ned to being
manifested in the long-cycle part. Instead, the Sa amplitude

of the short-cycle part also increases, which exerts a wide-
spread in¢uence on buildings.  e speci�c ampli�cation
factor is related to the thickness of soil overburden [19–21],
which is worthy of further study.

5. Seismic Response Analysis of
Typical Structures

As the lifeline project of urban construction, the seismic
safety of road and bridge structures is of great signi�cance to
ensure the normal operation of social, political, and eco-
nomic life, as well as post-earthquake rescue and recon-
struction [22]. In this section, the �nite element model of a
typical three-span reinforced concrete continuous beam
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Figure 4: Energy probability distribution of earthquake records at 53BCJ (72.6 km from the epicentre): (a) east-west; (b) north-south; and (c) vertical.
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bridge is established to simulate the stress on the bridge
under an earthquake, analyse the in¢uence of the parameters
of the bridge in the seismic response, and lay a foundation
for future seismic research [23].

5.1. Project Overview. A continuous girder bridge is char-
acterized by large structural sti�ness, small deformation, few

expansion joints, and a smooth and comfortable surface for
driving, so it is widely used in the development of modern
bridges. In this study, a three-span (40 + 70 + 40) m con-
tinuous beam bridge was selected as the model [24].  e
bridge elevation is shown in Figure 8.  e bridge super-
structure is a reinforced concrete continuous box girder, and
the substructure consists of rectangular gravity piers [25].
 e size of each pier is 8m× 3.5m× 5.0m.  e diameter of
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Figure 5: Comparison of acceleration response spectra (Sa) and code design spectra among stations with di�erent epicentral distances: (a)
east-west; (b) north-south; and (c) vertical. Note: all acceleration response spectra involved in this section are acceleration response spectra
(Sa) with a damping ratio of 5%.
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the main reinforcement of a pier is 28mm, the diameter of
the other reinforcement is 16mm, the foundation is pile cap
foundation, and the foundation conditions were added
according to the geological survey data.  e pier helps to
ensure ductility and higher bearing capacity. Considering
the E1 and E2 stages, the response of the pier of the bridge
structure under the earthquake is studied and analysed [26].

5.2. De�ne the Constitutive Relationship of Reinforced
Concrete. During the seismic analysis of the bridge, the

M − φ curve shall be de�ned according to the require-
ments of the speci�cation. For the reinforced concrete
pier, the concrete in the core area shall be calculated as
constrained concrete [27], and the concrete within the
thickness of the protective layer shall be calculated as
unconstrained concrete.  e corresponding ultimate
compressive strain of concrete is calculated according to
the Mander constitutive relationship, and the reinforce-
ment and section data are imported.  e hysteretic model
of reinforcement constitutive relationship is based on the
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Figure 6: Comparison of acceleration response spectra (Sa) and code design spectra among the MS6.4, MS5.6, and MS5.2 earthquakes: (a)
east-west; (b) north-south; and (c) vertical.

8 Advances in Civil Engineering



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Ac

ce
le

ra
tio

n 
Re

sp
on

se
 S

pe
ct

ru
m

 (g
)

Design spectrum of intensity VI fortification earthquake
Design spectrum of intensity VI frequent earthquake
53BCJ-EW
53BTH-EW

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Ac
ce

le
ra

tio
n 

Re
sp

on
se

 S
pe

ct
ru

m
 (g

)

Design spectrum of intensity VI fortification earthquake
Design spectrum of intensity VI frequent earthquake
53BCJ-NS
53BTH-NS

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Ac
ce

le
ra

tio
n 

Re
sp

on
se

 S
pe

ct
ru

m
 (g

)

Design spectrum of intensity VI fortification earthquake
Design spectrum of intensity VI frequent earthquake
53BCJ-UD
53BTH-UD

(c)

Figure 7: Comparison of acceleration response spectra (Sa) and code design spectra between a soil station (53BCJ) and a rock station
(53BTH): (a) east-west; (b) north-south; and (c) vertical.
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double broken line model, in which Fy is 345MPa, E1 is
210 Gpa, and E2 is 1% of E1 (Figure 9).

5.3. Finite ElementModel andModal Analysis. *e dynamic
calculation model of the bridge was established by Midas
Civil software [28]. A total of 113 nodes were established
for the whole bridge and divided into 96 units. *e beam
end and beam bottom were simplified as general support
constraints [29], the superstructure and substructure were
elastically connected, and the parts of the substructure were
also elastically connected (Figure 10). *e method was used
to calculate the stiffness of the pile foundation in all di-
rections. *e structural load was converted into mass. *e
eigenvectors were computed using the Lanczos method,
and the number of vibration modes was 110 [30]. *e first
10 natural frequencies of the bridge structure and the
cumulative participation mass of the first 110 modes were
considered (Tables 2 and 3). *e fundamental period of the
bridge was 0.77 s, which is relatively small. *e period
basically changed in the first 5 modes. *e cumulative
participation mass of the first 67 modes exceeded 90% in
the X and Y directions but did not exceed 90% in the Z
direction until the 105th mode. *e distribution of the

three-dimensional cumulative participation rate of the first
110 modes is shown in Figure 11.

5.4. Time History Conversion Response Spectrum.
Consider that the time history analysis results are lower than
the response spectrum results, to better reflect the impact of
the earthquake on the bridge structures [31]. *is study uses
Midas Civil software to convert the three-dimensional

σ (Mpa)

fy

fy

ε0
ε

E1

E2

Figure 9: Constitutive relation of reinforcement.

Figure 10: Finite element division of bridge elements.

Table 2: First 10 natural frequencies and natural periods of the
bridge structures.

Mode Natural angular
frequency (rad/sec)

Natural frequency
(cycle/sec)

Natural
period (sec)

1 8.213 1.307 0.765
2 8.737 1.391 0.719
3 11.445 1.822 0.549
4 14.957 2.380 0.420
5 15.356 2.444 0.409
6 17.089 2.720 0.368
7 20.840 3.317 0.301
8 25.400 4.043 0.247
9 34.298 5.459 0.183
10 40.157 6.391 0.156
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seismic wave of the Ms6.4 earthquake at 53YBX into the
response spectrum, hereinafter referred to as the converted
response spectrum, and then compares the converted re-
sponse spectrum with the displacement and internal force of
the response spectrum under E1 and E2 in the Speci�cations
for Seismic Design of Highway Bridges [32].

 e seismic forti�cation intensity of the area where the
earthquake was located (Yangbi Yi Autonomous County,
Yunnan Province) is VIII, the Ci values are 0.5 and 1.7,
respectively, under the seismic importance factors E1 and
E2, the zoning characteristic period is 0.45 s, the PGA is
0.2 g, the bridge type is class B, the damping ratio is 0.05, and
other relevant parameters were selected according to the
Speci�cations for Seismic Design of Highway Bridges
(2020).  e response spectra are �tted (Figure 12).

Using the Midas Civil software, the maximum bending
moment and displacement of the pier top and bottom of the
bridge under E1 and E2 stages were solved according to the
Speci�cations for Seismic Design of Highway Bridges, and
the results were compared with the calculation results based
on the time history seismic wave conversion response
spectrum (Tables 4 and 5).  e results show that the
earthquake has little e�ect on the displacement of the bridge
piers, which is much smaller than those at E1 and E2 stages.

 e maximum bending moment generated at the top of the
bridge piers exceeds the E1 design bendingmoment by 5.5%,
which is 53.1% lower than the E2 design bending moment.
 e maximum bending moment generated at the bottom of
the piers exceeds the E1 design bending moment by 58.2%
and exceeds the E2 design bending moment by 11.2%, in-
dicating that the earthquake had a greater impact on the
bottom of the bridge piers and that the pier bottom might
have entered the plastic stage.  e speci�c checking calcu-
lation needs further investigation of the boundary con-
straints and pier reinforcement design.

6. Conclusion

 e ground motion records obtained in Yangbi, Yunnan
Province, on May 21, 2021, were processed by �ltering and
other conventional processing.  e time-frequency analysis
of ground motion signals was carried out using wavelet,

Table 3: Cumulative participation mass of the �rst 110 vibration
modes of the bridge structures.

Mode
Vibration mode

participation mass/
X (%)

Vibration mode
participation mass/

Y (%)

Vibration mode
participation
mass/Z (%)

1 0 70.47 0
2 0 70.47 25.89
3 75.74 70.47 25.89
4 76.62 70.47 25.89
5 76.62 70.47 73.97
6 76.62 70.47 73.97
7 77.83 70.47 73.97
8 77.83 70.47 73.97
9 77.83 70.47 74.05
10 77.83 70.47 74.05
. . . . . . . . . . . .
67 90.17 92.87 77.69
. . . . . . . . . . . .
105 90.17 92.87 94.35
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Figure 12:  ree-dimensional cumulative mode participation rate:
(a) E1 and (b) E2.
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Table 4: Bending moment of pier (unit: kN m).

Pier E1 E2 Conversion response spectrum
Pier top 53290.7 104141.3 56216.8
Pier bottom 30877.6 43904.3 48833.0

Table 5: Pier displacement (unit: mm).

Pier E1 E2 Conversion response spectrum
Pier top 22.01 39.2 12.1
Pier bottom 17.8 33.7 10.4
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wavelet packet, and acceleration response spectra. A model
was established to analyse the seismic response of a typical
three-span continuous beam bridge, which provides im-
portant reference materials for the investigation of ground
motion characteristics and engineering seismic damage in
Southwest China. *e following conclusions can be drawn:

(1) *e maximum PGA of the Ms6.4 earthquake oc-
curred at station 53YBX. *e low-frequency signal
energy is strong, and the energy is mainly concen-
trated in the 0–15Hz range.

(2) With the increase in epicentral distance, the char-
acteristic frequency bandwidth of an energy spec-
trum becomes narrower, the dominant energy is
more concentrated in the low-frequency band, and
the high-frequency energy decreases.

(3) *e Sa value near the origin of the earthquake is
relatively large. With an increase in magnitude of the
earthquake, the Sa peak value rises and the long-
period component becomes more significant; the site
conditions tend to have a significant impact on
ground motion and that soil field causes a more
evident amplification effect on the acceleration re-
sponse of ground surface than bedrock.

(4) *is earthquake has little effect on pier displacement,
which is far less than the design response spectrum of
E1 and E2 stages. *e maximum bending moment
generated at the top of the pier is less than the E2
design bending moment, and the maximum bending
moment generated at the bottom of the pier is
greater than the E2 design bending moment, indi-
cating that the earthquake has a greater impact on
the bottom of the bridge pier, and the bottom of the
pier may have entered the plastic stage.
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A large number of sinusoidal fractures exist in the open-pit slopes of mines, and the mechanical properties of shear failure are of
great signi�cance to the stability of the open-pit slope. Sandstone specimens containing sinusoidal fractures with di�erent
undulated heights were prefabricated by the CNC sand-wire-electrode cutting technology to explore the e�ect of sinusoidal
fractures on the mechanical properties of shear failure of rock masses. �e TFD-20H/50J rock shear testing machine was used for
shear tests on sinusoidal-fracture sandstone with di�erent undulated heights. In the shear loading process, the prefabricated-
fracture sandstone specimens with di�erent undulated heights have the fracture-compacting stage, linear-elastic changing stage,
bottom-up stage, and residual strength stage. Before peak strength, the sinusoidal prefabricated-fracture rock masses with
di�erent undulated heights have the precursory characteristics of decreased stress, which can provide an early warning for the
instability and failure of rock masses. �e undulated height of sinusoidal fractures signi�cantly a�ects the fracture initiation and
propagation of specimens. Fractures occur and develop from the prefabricated fractures at low undulated height (≤10mm) to
multiple ways under the high undulated height (>10mm); that is, fractures occur at the prefabricated fractures and the end of
specimens simultaneously. With the increased undulated height, the fractures expand from parallel to the slope of the pre-
fabricated fractures to perpendicular to the prefabricated fractures. �e fracture propagation direction of sinusoidal-fracture rock
masses with di�erent undulated heights is mainly from themiddle of the slope surface of prefabricated fractures to the end. It is the
main direction of the shear failure of sinusoidal prefabricated fractures, and themonitoring of weak planes should be strengthened
in the actual slope engineering.

1. Introduction

�e sloped rock masses of an open-pit mine usually have a
large number of irregular structural planes, among which
fractures are particularly critical to the physical and me-
chanical properties of rock masses. �e shear-failure me-
chanical property of rock masses is a vital index, widely used
in studying the stability of rock engineering. In slope en-
gineering, the landslides of rock masses are usually closely
related to the shear strength of slopes, with various fractures,
joints, interlayers, sliding surfaces, and faults in rock masses.
In the process of landslides of rock masses, the physical and

mechanical properties of fractures play a crucial role in
fracture initiation, expansion, and damage, and the stability
of the slope is also a prerequisite for the safe production of
open-pit mines. �erefore, it is vital to study the in�uence
mechanism of fracture geometries on shear failure in
fractured rock masses to explore the engineering stability of
rock masses [1–3].

�e material and structure of rock masses play a decisive
role in the mechanical properties and law of rock-mass
failure [4–8]. �e common shear failure modes of rock
masses along the structural plane are as follows in practical
engineering: slipping damage to dam foundations [5],
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unstable slipping of the sloped rock masses under low stress
[6], disasters caused by static force, fault-slip earthquakes
[7], and structural-plane slipped rock burst under high stress
[8].

)erefore, the shear-failure mechanical properties and
failure laws of structural planes of rock masses have attached
great importance to rock mechanics. Scholars have studied
them using indoor shear tests and numerical simulation
methods [9–15]. Li et al. used cement mortar to make zigzag
fractures with different undulated heights [16, 17]. Direct
shear tests are performed to analyze the shear-failure me-
chanical properties and failure laws of zigzag fractures with
different undulated heights. Zhang et al. [18] also used
cement mortar to produce regular zigzag-fracture specimens
with different undulated heights. )e shear test studied the
effects of different normal stress on the failure mechanical
properties of specimens.

Foreign scholars have also studied zigzag fractures.
Patton proposed a formula for calculating the shear strength
of zigzag-fracture specimens [19], which has considerable
limitations. Only extreme states under high/low normal
stress can be investigated, and the failure of specimens
cannot be well expressed under moderate normal stress.
Zhang et al. used PFC2D (discrete-element, particle-flow
software) for numerical simulations on the specimens with
different structural-plane values to analyze the strength
characteristics of isotropic and heterogenic structural planes
[20]. V. Sarfarazi et al. used PFC2D to study the failure modes
of square specimens with two horizontal fractures under the

shearing action [21]. )e failure modes are mainly affected
by the overlap of joints, while shear strength is closely related
to the failure mode.

At present, studies on irregular fractures in indoor
shear tests and numerical simulations mostly consider
regular zigzag fractures. A large number of sinusoidal
fractures exist on the surface of the fractured rock masses of
the open-pit mine slope in practical engineering, e.g., Hebei
Heishan iron mine, Xigou limestone mine stope slope, and
Yuebao open-pit mine. )erefore, the work prefabricated
the rock masses with sinusoidal fractures and different
undulated heights for shear tests. )e test results have a
certain reference for the safety of open-pit mines and other
projects.

2. Materials and Methods

2.1. SpecimenPreparation. In this test, sandstone was used as
the sample material, and the geometric size of the rock
masses with prefabricated fractures was 100×100× 30mm.
)e SK7740 CNC sand-wire-cutting machine was used to
prepare sinusoidal fractures, and the undulated heights of
fractures were 5, 10, 15, 20, and 30mm (see Figure 1).

2.2. Test Equipment and Loading Conditions. )e TFD-20H/
50J rock shear testing machine was used in the test (see
Figure 2), and the normal load was first applied to speci-
mens. )e load was applied to 0.5 kN by the displacement
control of 3mm/min and then applied to 3 kN by the load
control of 0.1 kN/s. Normal stress was kept stable at 3 kN,
and tangential stress was loaded at a loading rate of 0.5mm/
min.

DIC equipment was used to monitor the surface de-
formation of specimens after pretreatment to analyze the
deformation properties of specimens in the shearing process.
)e surface of the test piece was marked before the DIC test.
First, spray a uniform layer of white primer on the side of the
sample, and then spray uniform and irregularly distributed
black paint speckles. A CCD camera was used to monitor the
displacement changes of speckle images on the side of
specimens in the shearing process. )e image acquisition
rate was 23 frames per second, which was used to obtain the
instantaneous process of the shearing failure of specimens.

Figure 1: Specimens of fractures with different undulated heights.

Figure 2: Shear testing machine of rocks.
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After the test, the monitoring images in acquisition cards
were input into the computer for data processing. )e
monitoring range of strain could reach 0.005–2000%, which
could meet the monitoring needs of shear tests. Surface-
marked specimens are presented in Figure 3 for monitoring
with DIC.

3. Results and Discussion

3.1. Analysis of Shear Stress-Shear Displacement Properties of
Specimens under Direct Shearing. )e work only analyzed
the specimens with the prefabricated-fracture undulated
heights of 5 and 30mm due to the manuscript’s length limit

(a) (b) (c)

(d) (e)

Figure 3: Specimens after marking. (a) Undulation of 5mm. (b) Undulation of 10mm. (c) Undulation of 15mm. (d) Undulation of 20mm.
(e) Undulation of 30mm.
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Advances in Civil Engineering 3



to analyze the shear stress-shear displacement properties
of specimens under direct shearing. )e details are as
follows.

Figure 4 shows the shear stress-shear displacement
curves of specimens with a prefabricated-fracture undulated
height of 5mm under the direct shear test as well as the
development process of fractures. )e characteristics of the
shear stress-shear displacement curves are divided into four
stages: the fracture-compacting stage, linear-elastic changing
stage, bottom-up stage, and residual strength stage. )e
properties of each stage are as follows.

Fracture-compacting stage (ab): the shear stress-shear
displacement curve is concave upward. )e increment of the
shear displacement decreases with increased shear stress,
indicating that the prefabricated fractures of specimens and
the internal fine original fractures close and compact under
shear stress.

Linear-elastic changing stage (bc): the shear stress-shear
strain curve presents a straight-line shape and obeys Hooke’s
law. With increased shear stress, fractures 1 and 2 occurred
and gradually extended under stress (see Figures 4 (a) and
(b)). Since the tiny fractures produced are not enough to
reduce the overall shear strength of specimens, shear stress
continues to increase.

Bottom-up stage (cd): this stage is characterized by the
tendency of specimens’ shear stress to decrease first and then
increase. )e stress value at point d is greater than that at
point c, indicating that point d is the peak shear stress of
specimens. )at increased shear stress makes the fractures
expand continuously, resulting in local damage to speci-
mens; therefore, shear stress decreases immediately.

However, local damage is not enough to reduce the overall
bearing capacity, and specimens still have a high bearing
capacity. )us, the shear stress of specimens continues to
increase. Figure 4(e) shows new fractures that appear in
specimens and develop in this process.
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Residual strength stage (de): fractures are further expanded
under shear stress during this period. Damage occurs at the
prefabricated sinusoidal fractures, causing large-scale fractures
to penetrate each other and the specimens to lose most of their
bearing capacity. At this time, the strength of the specimens is
provided by internal friction force, and Figure 4(f) shows the
final failure of the specimens.

Figure 5 shows the shear stress-shear displacement curve
of the specimen with the prefabricated-fracture undulated
height of 30mm in the direct shear test as well as the de-
velopment process of fractures. According to the properties
of the shear stress-shear displacement curve, it is divided
into five stages: the fracture-compacting stage, linear-elastic
changing stage, first and second bottom-up stages, and
residual strength stage.

Fracture-compacting stage (ab): the shear stress-shear
displacement curve is concave upward. )e increment of the
shear displacement decreases with increased shear stress,
indicating that the prefabricated fractures of specimens and
the internal fine original fractures close and compact under
shear stress.

)e linear-elastic changing stage (bc): the shear stress-
shear displacement curve presents a straight-line shape and
obeys Hooke’s law. Fractures occur and expand. In
Figure 5(a), fractures 1, 2, 3, 4, and 5 occur and expand with
the large undulated height due to compression of shear
stress.

)e 1st bottom-up stage (cd): this stage is similar to the
bottom-up stage with an undulated height of 5mm. How-
ever, the specimens with an undulated height of 30mm rise
more after the curve descends. Figure 5(c) shows that local

fractures occur at the top and middle of sinusoidal fractures,
which decreases the bearing capacity and descends the curve.
However, the fractures are small, and no major penetration
occurs. )ere is still a strong bearing capacity, so the curve
continues to rise.

)e 2nd bottom-up stage (de): this stage is different from
the 1st bottom-up stage, and its bottom and up sections are
located after the shear stress peak. With the further ex-
pansion and penetration of fractures, the strengthening of
the squeezing action near the top of the sinusoidal fracture
causes the entire part of the specimen to be damaged. As a
result, the specimen is unstable, and shear failure occurs,
which decreases shear stress instantaneously. However, the
deformation diagram shows that the damaged specimen still
has bearing capacity under the squeezing action and friction,
which increases shear stress again.

)e residual strength stage (ef ): fractures extend and
penetrate under shear stress, and the overall strength of the
specimen is seriously affected and eventually destroyed. In
Figures 5(f) and 5(g), fractures 9 and 10 penetrate, and so do
fractures 11 and 13, which significantly affect the overall
strength of the specimen, and the specimen is gradually
damaged.

)e shear stress-shear displacement curves of the
specimens with different undulated heights (see Figure 6) are
used to explore the effect of prefabricated fractures with
different undulated heights on the shearing effect of the
specimens. Under the shearing action, the initiation and
propagation of fractures are reflected in the shear stress-
shear displacement diagram, and the shear stress-shear
displacement curves show that the sandstone specimens

(a) (b) (c)

(d) (e) (f )

Figure 7: Failure process of the specimen with an undulated height of 5mm under DIC monitoring.
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with prefabricated fractures and different undulated heights
have experienced the fracture-compacting stage, linear-
elastic changing stage, bottom-up stage, and residual
strength stage. At the first bottom-up stage, it rises from a
relatively small stress value to peak strength. Before reaching
peak strength, the rock masses with prefabricated fractures
experience a brief local failure, which has few effects on the
overall strength of specimens. )e rock masses still have a
strong bearing capacity.

)e first decrease of shear stress can provide an early
warning for the failure and instability characteristics of the
subsequent rock masses. According to the analysis of the
shear stress-shear displacement curves, shear stress does not
rapidly decrease to a minimum value after the specimens
reach peak strength. Instead, it goes through multiple
bottom-up stages and enters a stable stage, indicating that
the specimen still has certain strength after peak strength
and can maintain a certain bearing capacity.

3.2. Fracture-Extension Process of Specimens in the Direct
ShearTest. Figure 7 shows the fracture-expansion process of
the specimen when the undulated height of the prefabricated
fracture is 5mm. Under shear stress, the fracture-develop-
ment position is the stress concentration area inside the
prefabricated fracture. Figure 7(a) shows that fracture 1
occurs at the bottom of the sinusoidal fracture and expands
along the slope to the middle of the next sloped fracture. At
the initial stage of the shear loading, the main force direction
of the specimen is approximately parallel to the slope surface
and prone to failure. Meanwhile, fracture 2 expands with
further increased shear stress, parallel to shear stress. It
eventually penetrates with the tip of the prefabricated
fracture and suffers failure (see Figures 7(b) and 7(c)). )e
prefabricated fracture has a major influence on the fracture
propagation direction of specimens.

)en fracture 3 occurs, and its position is farther from
fractures 1 and 2. As stress concentration appears, fracture

(a) (b) (c)

(d) (e) (f )

(g) (h)

Figure 8: Failure process of the specimen with an undulated height of 10mm under DIC monitoring.
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initiation begins. Fracture 3 and prefabricated fractures
penetrate with increased shear stress. Meanwhile, pre-
fabricated fracture 4 in the connecting parts of fractures 1, 2,
and 3 also occurs and expands rapidly (see Figures 7(d) and
7(e)) because fractures penetrate each other. Finally, the four
fractures are fully expanded and penetrated, and the spec-
imen suffers a shear failure. Figure 7(f ) shows the final
failure.

Figure 8 shows the fracture-expansion process of the
specimen when the undulated height of the prefabricated
fracture is 10mm.)e fracture-development location is still
the stress concentration area inside the prefabricated
fracture. However, compared with the specimen with an
undulated height of 5mm, there are obvious differences in
stress concentration parts. )e squeezing effect on the top
of the prefabricated fracture is more intense and stress
concentration is more obvious due to the “climbing” effect
in the shearing process. )erefore, fracture 1 expands from

the top of the prefabricated fracture to the end of the
specimen under stress, and fracture 2 also expands (see
Figures 8(a) and 8(b)). As shear stress gradually increases,
fractures 3 and 4 also develop. However, Figures 8(c) and
8(d) show that fractures 3 and 4 both occur from the top of
the sinusoidal fracture and expand to the middle, parallel to
the wave direction of the sinusoidal fracture. Meanwhile,
fracture 3 and the prefabricated fracture penetrate each
other under the influence of fracture 2, so the specimen
loses part of the bearing capacity. Sinusoidal fractures
under the shearing action play a leading role in the de-
velopment, expansion, and penetration of the fractures in
the specimen.

With the action of shear stress, fracture 5 occurs from the
bottom of the sinusoidal fracture and expands to the middle,
which has the same expansion characteristics as fractures 3
and 4. At this point, the specimen has lost most of its bearing
capacity (see Figures 8(e) and 8(f )). Finally, fractures 6 and 7

(a) (b) (c)

(d) (e) (f )

(g) (h)

Figure 9: Failure process of the specimen with an undulated height of 15mm under DIC monitoring.

Advances in Civil Engineering 7



gradually develop to the failure of the specimen in the same
way (see Figures 8(g) and 8(h)).

)e above fracture propagation process shows that when
the undulated height of the prefabricated fracture is 10mm,
the development direction of fractures is mainly parallel to
the “climbing” section of the sinusoidal fracture. It is the
dominant direction of the failure of the specimen, and the
monitoring of this direction should be strengthened in the
actual slope engineering.

Figure 9 shows the fracture-extending process of the
specimen with an undulated height of 15mm. Fractures 1
and 2 still occur from the stress concentration zone in the
middle of the sinusoidal fracture, and fracture 3 is also
generated at the end of the specimen (see Figure 9(a)). With
gradually increased shear stress, fractures 4, 5, and 6 expand
(see Figures 9(b) and 9(c)). )e above three fractures appear
from the middle and lower parts of the sinusoidal fracture
and develop perpendicular to the fracture, which is ap-
proximately parallel to the shearing direction. )e increased

undulated height of the prefabricated sinusoidal fracture
changes the direction of the weak planes of rock masses. At
this time, fractures 1 and 2 penetrate each other under stress,
forming a penetrated fracture, which affects the bearing
capacity of the specimen. After occurring from the top of the
sinusoidal fracture, the fracture develops in the middle and
gradually penetrates the existing fracture. Some secondary
cracks also occur in the specimen. )e final specimen is
damaged under shear stress (see Figures 9(f )–9(h)).

Figure 10 shows the fracture-expansion process of the
specimen with an undulated height of the prefabricated
fracture of 20mm. )e fracture development is in the stress
concentration area. Fractures occur and expand from the
middle of the prefabricated fracture to the end, and some are
also generated at the end of the specimen. With increased
shear stress, fractures 1, 2, 3, 4, 5, 6, and 7 occur and expand
from the stress concentration area inside the fracture;
fracture 8 appears from the end of the specimen (see
Figure 10(a)). Under shear stress, fractures 1 and 2, fractures

(a) (b) (c)

(d) (e) (f )

(g) (h)

Figure 10: Failure process of the specimen with an undulated height of 20mm under DIC monitoring.
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3 and 4, and fractures 5 and 6 further expand and penetrate
each other.

Fracture 7 also penetrates with the prefabricated frac-
ture, and the strength of the specimen is affected (see
Figure 10(b)). )en, the tip of the prefabricated fracture is
partially destroyed, and fracture 9 occurs at the end of the
specimen and penetrates with the prefabricated fracture.
After arising, fracture 10 penetrates with fracture 6 under
shear stress (see Figure 10(c)). Multiple fractures gradually
penetrate each other under stress. Fractures 12, 13, and 14
occur and expand, and fractures 12 and 13 penetrate each
other after rapid extension; fractures 5 and 10 also penetrate.
At this time, the shear resistance of the specimen is greatly
reduced (see Figures 10(d) and 10(e)). Finally, fracture 11
penetrates with the prefabricated fracture. )e specimen
generates a large number of tiny fractures, which eventually
causes the failure of the specimen (see Figures 11(f )–11(h)).

Figure 11 shows the fracture-extension process of the
specimen with an undulated height of the prefabricated

fracture of 30mm. )e undulated height is the maximum
explored in the work. Figures 11(a) and 11(b) show that the
fractures occur near the end of the sinusoidal prefabricated
fracture and extend to the other end. When the undulated
height increases, stress concentration near the tooth tip is
more obvious in the shearing process, and the bearing ca-
pacity is weak. )erefore, it causes the first fracture there.
Fractures 1, 3, 4, 5, 6, 7, 8, and 9 arise from the internal stress
concentration areas of the prefabricated fractures. Fractures
2 and 10 are generated at the left and right ends of the
specimen, respectively, and fracture 2 quickly penetrates
with the prefabricated fracture and causes partial failure of
the specimen. )e expanded direction of fractures is per-
pendicular to the prefabricated fracture (see Figures 11(a)
and 11(b)).

With increased shear stress, fractures 8 and 10 gradually
form the penetrated path between the end and prefabricated
fracture, and fractures 11 and 12 occur and expand (see
Figure 11(c)). Fracture 11 generates secondary fracture 13

(a) (b) (c)

(d) (e) (f )

(g) (h)

Figure 11: Failure process of the specimen with an undulated height of 30mm under DIC monitoring.
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and penetrates with the prefabricated fracture (see
Figure 11(d)). Fractures 5 and 6, fractures 5 and 9, and
fractures 11 and 13 penetrate under stress. According to the
stress cloud diagram, fractures 5, 9, 11, and 13 are located in
the stress concentration area. At this time, the strength of the
specimen is seriously affected, and a new fracture 14 occurs
(see Figures 11(e) and 11(f)). Finally, the specimen is
damaged under shear stress (see Figures 11(g) and 11(h) for
results).

To sum up, with the increased undulated height of
prefabricated fractures, fractures expand from the stress
concentration area inside the prefabricated fracture to the
stress concentration area and the end of specimens. For
specimens with undulated heights of 5 and 10mm, fractures
only develop from the stress concentration area inside the
prefabricated fracture. For the specimens with the undulated
heights of 15, 20, and 30mm, the fracture occurs and ex-
pands from the end of the specimen except for the stress
concentration area.With the increased undulated height, the
fracture expands from parallel to the slope of the pre-
fabricated fracture to perpendicular to the prefabricated
fracture. For the specimen with an undulated height of
5mm, the fracture propagation direction is parallel to the
slope of the prefabricated fracture.

For those with undulation heights of 10, 15, 20, and
30mm, the fracture-expansion direction is approximately
perpendicular to the prefabricated fracture. Fractures in-
crease with the increased undulated height. Based on DIC
monitoring, specimens with the undulated heights of 5, 10,
and 15mmhave 4, 7, and 11 fractures, respectively; when the
undulated heights are 20 and 30mm, there are 15 and 14
fractures, respectively. Although the undulated height of
prefabricated fractures changes, fractures expand from the
middle to the end of the slope surface of the prefabricated
fracture. )is direction is the main fracture direction in the
shear failure of the sinusoidal prefabricated fracture, and the
monitoring of the weak plane should be strengthened in the
actual slope engineering.

4. Conclusions

Taking sandstone as the research object, the work performed
the direct shear test of sinusoidal fractures with different
undulated heights to study the influences of the undulated
heights on the shear stress-shear displacement characteris-
tics of the sinusoidal-fracture specimens and the fracture-
evolving process. )e following conclusions were obtained
by the comparative analysis of the results:

(1) During the shear test, the prefabricated-fracture
sandstone specimens with different undulated
heights had the fracture-compacting stage, linear-
elastic changing stage, bottom-up stage, and residual
strength stage.

(2) Under the shearing action, the rock masses with the
sinusoidal prefabricated fractures of different un-
dulated heights had the precursory characteristics of
decreased stress before peak strength. However, it
had little effect on the overall strength of the

specimen, so the feature could be used for early
warning of instability and failure of rock masses.
After the peak, the stress of the specimen appeared
several times at the bottom-up stage and finally
entered a stable stage, indicating that the specimen
still had a certain bearing capacity after failure.

(3) )e undulated height of the sinusoidal fracture
significantly affected the fracture initiation and
propagation of the specimen. )e fracture occurred
and developed from the prefabricated fracture at a
low undulated height (≤10mm) to multiple ways at a
high undulated height (>10mm); that is, the fracture
occurred at the prefabricated fracture and the end of
the specimen simultaneously. With the increased
undulated height, the fracture expands from parallel
to the slope of the prefabricated fracture to per-
pendicular to the prefabricated fracture.

(4) On the whole, the fracture development of rock
masses of sinusoidal fractures with different undu-
lated heights had commonalities.)at is, the fracture
expanded from the middle slope of the prefabricated
fracture to the end, which was the main fracture
direction in the shear failure of the sinusoidal pre-
fabricated fractures. In the actual slope engineering,
the monitoring of the weak plane should be
strengthened.
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In this study, a contact surface constitutive model with zero-thickness unit and variable shear sti�ness was improved based on the
statistical damage constitutive model. �e model parameters were derived by means of the shear stress-shear displacement curve
of the pile-soil contact surface, and the model parameters under di�erent normal stresses were obtained by the linear interpolation
method. At the same time, the in�uence of the interpolation interval range on the model parameters was explored. �e shear
sti�ness adjustment factor was introduced, and the improved pile-soil contact surface constitutive model was applied to the
numerical simulation of pile-soil contact surface shear calculations using the �sh language embedded in FLAC 3D, and the
variation of monopile bearing characteristics and ultimate bearing capacity were investigated and analyzed. �e results show that
the improved contact surface constitutive model is able to re�ect the nonlinear variation of shear sti�ness, and that di�erent
normal stresses correspond to di�erent �tting parameters, demonstrating the depth e�ect of the model.�e accuracy of the model
parameters reduces as the interpolation interval increases, and the interpolation results are more accurate when the interval range
is smaller. �e numerical model accurately simulates the pile-soil contact surface shear calculation and the monopile bearing
calculation, and the simulation results of the ultimate pile bearing capacity are closer to the results computed by the equations in
the Chinese code. At the same time, the variation law of pile axial force and pile lateral frictional resistance along the depth
direction and the variation of pile ultimate bearing capacity under di�erent working conditions are reasonable, which shows the
validity of the contact surface principal structure model and the reasonableness of numerical calculation in this study.

1. Introduction

Pile foundations have a long history and a wide range of
applications in the �eld of civil engineering. Whether a
bridge erection is being built, a foundation pit is being
supported, or a housing is being constructed, a pile foun-
dation will be used. Scholars currently employ a variety of
research methods, including �eld tests [1, 2], model tests
[3, 4], numerical simulations [5–7], and others, to investigate
numerous macroscopic problems of pile foundations, in-
cluding settlement [8–10], deformation [11, 12], and bearing
characteristics [13–15], and various explanations are put
forward for pile-soil interactions [16–18]. Due to the con-
siderable di�erences in soil properties, the mechanical
properties of the contact surface are also complicated and
variable. At the same time, since the pile-soil contact surface

has a signi�cant e�ect on pile foundation bearing capacity
and bearing characteristics, it is required to conduct an in-
depth analysis of the pile-soil contact surface.

A contact surface implies the presence of two di�erent
materials in touch and interacting, so that their mechanical
properties are determined by the combined in�uence of the
two materials [19]. Coulomb proposed an Earth pressure
theory as early as the 18th century, based on the friction
between soil and walls in practical engineering, which es-
sentially represents the strength attributes of the contact
surface within the soil. Since piles are made of concrete, early
pile-soil contact surface studies were mainly carried out
through soil-concrete contact surface shear tests. Potyondy
[20] conducted hundreds of tests to determine the magni-
tude of contact surface friction and discovered that soil type,
moisture content, roughness, and normal stress signi�cantly
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affect the contact surface. Shi et al. [21] utilized large cyclic
load direct shear tests to evaluate the shear characteristics of
the contact surfaces of red clay and concrete under a dif-
ferent number of cycles. Xiong et al. [22] conducted a shear
test at the concrete-frozen soil interface and found that the
initial moisture content and temperature had a substantial
effect on the shear behavior of the frozen pile-soil interface.
In addition, experimental studies on pile-soil contact surface
shear have been undertaken to determine the soil particle
size [23, 24], roughness [25], shear rate [26], and shear path
[27].

According to the stress-strain relationship during shear,
several conventional contact surface instantiation models
have been developed, including the hyperbolic model [28],
the elasto-plastic model [29], the rigid-plastic model [30],
and the damage model [31]. In response to the results of
contact surface experimental studies, the contact surface
element theory was proposed to better explain the me-
chanical behavior of contact surface shear. )e contact
surface element theory is mainly divided into two types:
contact surface element without thickness [32] and element
with thickness [33]. Numerous scholars have proposed the
contact surface constitutive models under a variety of
conditions based on the early investigations [34–37], and
numerous studies on contact surface units have been done
[38–40]. With the help of continuous strength theory, Yang
[41] developed the statistical damage constitutive model of
the soil-structure interface from the randomness of the
internal damage distribution. )is study will expand on the
research using this model.

With the advancement of measurement technology and
test equipment, related scholars have conducted in-depth
studies of the pile-soil contact surface [42–45]. Aldaeef and
Rayhani [46] introduced a roughness factor to study the
characteristics of the pile-soil interface in permafrost and
found that the residual strength of the interface was pri-
marily due to residual interfacial friction and that the
roughness factor decreased with decreasing temperature.
Zhang et al. [47] employed direct shear tests to determine the
mechanical properties of the pile-soil interface in clay soils.
)ey found that roughness, water content, and shear rate
were the main influencing factors. For the precast concrete
pile-hydraulic soil interface friction problem, Zhao et al. [48]
found that the interface friction capacity is highly dependent
on the hydraulic soil strength. Additionally, numerical
simulations have become a critical tool for investigating pile-
soil contact surfaces [49–52]. For example, Wang et al. [53]
developed a finite element model based on shear test data to
explore the effect of thermal loads and the pile-soil interface
on the thermo-mechanical behavior of piles. González et al.
[54] developed a BEM-FEM equivalent linear model to
analyze the horizontal load response of piles in the case of
pile-soil interface degradation.

)e majority of the literature on the above-mentioned
research focuses on the factors influencing the mechanical
properties of the pile-soil interface [46–48, 53, 54], whereas
the thickness of the contact surface itself receives less at-
tention. In addition, it is difficult to determine the thickness
of the contact surface, which complicates practical

application. At the same time, to facilitate modeling and
computation, the model and contact surfaces are typically
simplified by using the software’s built-in model and setting
the shear stiffness of the pile-soil interface to a constant value
[50–52]. However, the contact surface shear stiffness is not
constant in practice, which significantly impacts the accu-
racy of the pile-soil numerical simulation. )erefore, it is
necessary to develop new contact surface intrinsic structure
models.

In order to accurately simulate the pile-soil contact
surface unit and its interaction, the effect of contact surface
thickness is eliminated, which accounts for the nonlinear
variation of shear stiffness at the pile-soil interface. )is
study develops a new contact surface constitutive rela-
tionship independent of the contact surface thickness using
the statistical damage constitutive model proposed by Yang
and Liu [41]. )e first section of the study reviews the lit-
erature and analyzes pile-soil contact surface tests, as well as
the constitutive model and the pile-soil interface. In the
second section, mathematical treatment is used to get the
improved contact surface constitutive equations. )e fol-
lowing section describes the calculation of the model pa-
rameters. )e fourth section programs the improved contact
surface constitutive model using the FISH language in
FLAC3D and applies it to pile-soil contact surface shear
numerical simulations. Ultimately, the case study in Section
5 simulates the monopile bearing and analyzes the pile
bearing characteristics as well as the final pile bearing ca-
pacity under a variety of working conditions.

2. Improved Constitutive Model of Pile-
Soil Interface

2.1. Contact Surface Shear Band and *ickness. Under the
extrusion of the adjacent soil, normal stress will exist be-
tween the pile surface and the soil particles, and the two will
be in close contact. After the load is applied to the top of the
pile, it tends to move downward, generating static friction at
the pile-soil contact surface. When the pile top load grad-
ually increases and exceeds the maximum static friction, the
pile will generate downward displacement with respect to
the soil; at that point, the static friction is transformed into
sliding friction and shear occurs between the two. During
the shearing process, shear stress is applied to the soil along
the contact surface, casing, and the soil particles to be
compressed, dislocated, and slipped amongst one another,
before being reorganized and finally reaching a stable
condition. )erefore, the soil region adjacent to the contact
surface is referred to as the shear band, as illustrated
schematically in Figure 1.

)e contact surface thickness is difficult to measure since
the shear mechanical behavior of the contact surface is af-
fected by numerous factors, including normal stress
roughness soil properties. On the relatively smooth surface,
shear stress is minimal, and the range of soil influence is
small, resulting in a thin contact surface. However, for rough
surfaces, the contact surface thickness is typically greater.
)e schematic diagram is shown in Figure 2.
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2.2. Improved Contact Surface ConstitutiveModel. Yang and
Liu [41] developed a statistical damage constitutive model
for the soil contact surface based on the continuous strength
and statistical damage theory, whose expression is as follows:

τ � Gc exp −
c

F
( )

m

[ ], (1)

where τ is the shear stress at the pile-soil contact, G is the
shear modulus, c is the shear strain, and m and F are the
�tted parameters. Further improvement of this constitutive
model is achieved by considering the relatively small
thickness of the pile-soil contact surface and assuming that
the shear stress and shear strain are uniformly distributed
along the contact surface and the shear strain is linearly
related to the shear displacement, that is, c� λΔ, where
λ� 1/t and t is the thickness of the contact surface, allowing
equation (1) to be expressed as follows:

τ � Gλ⊿exp −
λ
F
( )

m

⊿m[ ]. (2)

Taking the logarithm of both sides of the above equation,
we obtain

Y � C +DX ,

Y � In −
τ
Gλ⊿
( )[ ],

X � In⊿,

C � m In
λ
F
( )[ ],

D � m.

(3)
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Figure 1: Schematic diagram of contact surface shear band.

Soil

t1
Shear band
thickness

Pile

Broad shear
band

Rough
surface

(a)

t2

Soil

Shear band
thickness

Pile

Thin shear
band

Smooth
surface

(b)

Figure 2: Schematic diagram of contact surface thickness. (a) Broad shear band. (b) �in shear band.
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�en, considering the displacement Δ of the derivative of
equation (2), we can get the shear sti�ness ks and shear
displacement of the relationship as follows:

ksi � Gλ exp −
λ
F
( )

m

⊿m[ ] − Gλm⊿m
λ
F
( )

m

( )

· exp −
λ
F
( )

m

⊿m( )[ ].

(4)

Let the displacement Δ� 0 and the initial shear sti�ness
be

ksi � Gλ. (5)

�en, Y in equation (3) can be expressed as follows:

Y � In −In
τ
ksi⊿
( )[ ]. (6)

�erefore, all that is required is to �nd the initial sti�ness
ksi and to combine it with the points on the contact surface
shear test-curve to determine C and D in equation (3). �e
parameters m and F can be expressed in terms of C and D,
respectively:

m � D,C � m In
λ
F
( )[ ]. (7)

Substituting equations (5) and (7) into equations (2) and
(4) yields

τ � ksi⊿ exp −⊿D exp C[ ], (8)

ks � ksi exp −⊿D exp C[ ] − ksiD⊿
D exp C exp −⊿D exp C[ ].

(9)

From equations (8) and (9), it can be seen that ksi will
have a large e�ect on the �tting e�ect of the shear process, so
in order to ensure the validity of the �tting results, an ap-
propriate solution must be chosen to calculate the initial
shear sti�ness ksi. Considering the presence of slip between
the pile and soil and the fact that the shear sti�ness at the
pile-soil interface does not vary uniformly, a solution ap-
proach proposed by Alonso [55] was borrowed. As shown in
Figure 3, in the τ−Δ curve, the slope of the initial tangent line
is the initial shear sti�ness: ksi � τult/Δau, and in order to
calculate Δau, the parameter χ � Δu/Δau is introduced to
establish the link between Δu and Δau so that the relationship
between the initial shear sti�ness ksi and the ultimate shear
stress at the pile-soil interface can be established
ksi � χτult/Δu. In the above equation, the ultimate shear
stress τult and the ultimate shear displacement Δu can be
derived from the experimental shear curve.

�e proposed procedure successfully obtains the initial
pile-soil shear sti�ness ksi, which in turn results in an im-
proved constitutive model of the pile-soil contact surface and
the shear sti�ness ks during shear. �is method produces ksi
directly by deriving the displacement Δ in equation (2) and
calculating its value without regard for the contact surface
thickness. �is means that the contact surface constitutive

model established in this section is not directly related to the
contact surface thickness, and because the contact surface
thickness has no direct e�ect on the shear stress and shear
sti�ness, this study referred to it as the “zero-thickness
element.”

According to equation (9), shear sti�ness varies con-
tinuously with shear displacement, which can be utilized to
characterize the nonlinear �uctuation of contact surface
shear sti�ness, and is thus will more accurate. In addition,
the shear sti�ness-shear displacement relationship in
equation (9) is programmatically calculable, which forms the
basis for the numerical computation of themonopile bearing
characteristics that will be performed in this study.

3. Methodology for Calculating
Model Parameters

3.1. Pile-Soil Contact Surface Shear Test. To evaluate the
accuracy of the improved pile-soil contact surface intrinsic
model presented in the previous subsection, this section uses
the data from Yang et al.’s contact surface shear test [56],
which includes the following pertinent information:

�e test apparatus was modi�ed based on a powered
single shear apparatus. �e lower box of the shear apparatus
was a precast concrete slab to simulate the concrete pile, and
the shear stress was directly applied through the right
weight. �e contact circle diameter between the soil sample
and the concrete slab was raised from 61.8 to 88mm, and the
shear area was doubled, reducing stress concentration at the
edge of the soil sample and the e�ect of oblique shear.
Figure 4 illustrates the schematic diagram of shear test.

Soil samples were taken from yellow clay excavated from
the foundation pit of a new university building. Prior to the
test, the soil samples were air dried and then sieved to a
�neness of 0.5mm. �e redesigned soil samples were then
taken according to the geotechnical test procedure, and the
dry density was maintained at 1.63 g/cm3 for 1–2 days by
strati�ed compaction. �e loading control standard is as
follows: (1) the shear displacement is stable under the action
of this stage load; (2) the displacement is not stable, but the
load of this stage has been applied for 2 minutes and the next
load is applied at this time; (3) if the shear displacement

ΔuΔau

τ
τult

ksi

0 . Δ

Figure 3: Shear stress-shear displacement curve at the pile-soil
interface.
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continues to develop under the current load, the soil sample
is regarded as destroyed. �e contact surface shear stress-
shear displacement curves for various normal stresses are
shown in Figure 5.

3.2. Calculation of Model Parameters under Di�erent Normal
Stresses. First, the initial shear sti�ness ksi is determined
from ksi � χτult/Δu, where Δu is not greatly a�ected by the
normal stress and Δu is uniformly taken to be 2.5mm. To
ensure the accuracy of the simulation results, the error
analysis coe¥cient R2 is introduced to determine the pa-
rameter χ, and the expression is as follows:

R2 � 1 −
∑ yi − fi( )2

∑ yi − y( )2
, (10)

where yi is the experimental stress value, fi is the simulated
stress value, y is the average value of the experimental stress.
By �tting the experimental data from the literature [56],
selecting suitable parameters χ to make the �tting results
closer to the experimental data, and then deriving the initial
shear sti�ness ksi at di�erent normal stresses, the results are
obtained, as listed in Table 1.

�en, the data ksi, τ, and Δ are substituted into equation
(3) to obtain the model parameters under di�erent normal
stress and the results are listed in Table 2.

Tables 1 and 2 demonstrate that as the normal stress
increases, the initial shear sti�ness ksi of the contact surface
increases; additionally, di�erent pile depths correspond to
di�erent normal stresses, and changes in normal stresses
lead to changes in the values taken for the parameters, in-
dicating that the constitutive model has a depth e�ect that
accurately describes the nonlinear variation in contact
surface shear sti�ness.

After obtaining the values of the parameters at the four
nodes, the next step is to request the values of the parameters
at remaining normal stresses. �e normal stress range of
22–107 kPa is divided into three intervals: 22–55 kPa,
55–88 kPa, and 88–107 kPa, with the respective intervals of
33 kPa, 33 kPa, and 19 kPa. Because the range of each in-
terval has a minor di�erence, we may obtain the relevant
model parameter values under various normal stress con-
ditions by performing linear interpolation computation on
the node parameters.

To prove the e�ectiveness of the linear interpolation
method, this section examines the normal stress of 42 kPa
that is included in the range 22–55 kPa, and the corre-
sponding model parameter values are listed in Table 3. Also,
the simulation curve for 42 kPa normal stress may be ob-
tained, and the comparison with the shear test curve ob-
tained in reference [56] is displayed in Figure 6.

Figure 6 reveals that the shear stress-shear displacement
curves derived from the calculation of the model parameters
using the linear interpolation approach �t very well andmeet
the accuracy requirements, indicating that this method is
feasible for calculating the model parameter values.

3.3. In�uence of the Range of Normal Stress Interpolation
Intervals on the Parameters. �e interpolation interval range
of the linear interpolation method may a�ect the accuracy of
interpolation results. Interpolation calculations are per-
formed on the model parameters corresponding to the
normal stress 42 kPa, in the interval ranges 22–55 kPa,
22–88 kPa, and 22–107 kPa, and values are 85 kPa, 66 kPa,
and 33 kPa, respectively. �e model parameters obtained

22 kPa
42 kPa
55 kPa

88 kPa
107 kPa

0
10
20
30
40
50
60
70
80
90

100

Sh
ea

r s
tre

ss
 (k

Pa
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00.0
Shear displacement (mm)

Figure 5: Contact surface shear test τ-Δ curve.

Table 1: Initial shear sti�ness values under di�erent normal
stresses.

Normal stress (kPa) 22 55 88 107
Initial shear sti�ness (Mpa/m) 135.9 141.03 167.4 234.28
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Force-transferring plate
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Figure 4: Contact surface shear test schematic diagram.
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using di�erent interpolation regions for the normal stress
42 kPa are summarized in Table 4.

From the data in Table 4, the corresponding simulation
curve can be obtained. �e comparison of the simulation
and the test curves at 42 kPa normal stress calculated in
various interpolation areas is illustrated in Figure 7.

As can be seen from Figure 7, the accuracy of the
simulation curve varies with the interpolation interval
ranges; from high to low, the accuracy of the simulation
curve is 33 kPa, 66 kPa, and 85 kPa, and its accuracy falls as
the interpolation area increases. To ensure the accuracy of
the model parameters, it is recommended that the inter-
polation interval should be kept below 40 kPa in order to
obtain a reasonable simulation curve depicting the me-
chanical behavior of the contact surface.

4. Numerical Realization of Improved
Constitutive Model

4.1. Numerical Calculation Process Design. Due to the ideal
elastoplastic model embedded in FLAC3D having a �xed
pile-soil contact surface sti�ness, it cannot accurately re�ect
the nonlinear characteristics. Considering the characteristics
of variable shear sti�ness and the depth e�ect of contact

surface as expressed in equation (9), and in order to adapt to
the FLAC3D solution method and apply it more accurately
to FLAC3D, the shear sti�ness adjustment factor is added to
equation (9) to obtain the following equation:

ks,j � φ ksi,j exp −ΔDj

j exp Cj[ ] − ksiDjΔ
Dj

j[

· exp Cj exp −ΔDj

j exp Cj[ ]].
(11)

where ks,j is the contact surface shear sti�ness of the jth node
of the contact surface, Δj is the shear displacement of the jth
node of the contact surface, ksi,j is the initial shear sti�ness of
the jth node of the contact surface, Cj and Dj are model
parameter value of the jth node of the contact surface, and φ
is the adjustment coe¥cient for shear sti�ness.

�e contact surface �sh function embedded in FLAC3D
may be used to acquire the normal stress value corre-
sponding to the contact surface nodes, and the model pa-
rameters under the normal stress can be derived using the
approach mentioned above for calculating model parame-
ters. �e initial contact surface shear sti�ness can be de-
termined by substituting the model parameter values into

Table 2: Model parameter values under di�erent normal stresses obtained by �tting.

Normal stress (kPa) χ Δu (mm) D C Correlation coe¥cient R2

22 12.5 2.5 0.3648 3.1236 0.9991
55 7.7 2.5 0.4979 3.6888 0.9983
88 6.5 2.5 0.4610 3.4120 0.9992
107 7.8 2.5 0.4350 3.3272 0.9993

Table 3: Model parameter values obtained by interpolation under
normal stress of 42 kPa.

Normal stress (kPa) χ Δu (mm) D C

42 9.591 2.5 0.44547 3.46615
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Figure 6: Simulation when the normal stress is 42 kPa.

Table 4: Model parameter values obtained by interpolation using
di�erent interval regions.

Interval range (kPa) χ Δu (mm) D C

33 9.591 2.5 0.44547 3.46615
66 10.682 2.5 0.39395 3.21100
85 11.394 2.5 0.38132 3.17151

Test curve
Simulation curve1: 33 kPa

Simulation curve2: 66 kPa
Simulation curve3: 85 kPa
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Figure 7: Simulation curves obtained using di�erent interpolation
regions.

6 Advances in Civil Engineering



equation (9), which is then corrected and the contact surface
shear sti�ness parameters assigned. �e speci�c imple-
mentation and solution process of the shear sti�ness ad-
justment factor are depicted in Figure 8.

4.2. Model Building and Parameter Setting. On the basis of
the foregoing, the numerical calculation process was suc-
cessfully applied using an improved pile-soil contact surface
principal structure model. Due to the symmetry of the pile
structure and applied loads, a half-pile-soil FLAC3D model
is developed here. �e diameter of the pile is 0.6m, and the
length is 5.1m in this model (exposed ground 0.1m).�e soil
speci�cations are as follows: 5m in thickness, 16m in length,
and 8m in width; grid division: 2196 units and 3000 nodes
(not excluding empty units and nodes). �e model is shown
in Figure 9.

�e numerical calculation model boundary cases are as
follows: the top surface is free, the bottom surface is con-
strained in the Z direction only (except for solid pile), the X
direction is constrained in the displacements at the two
boundary surfaces at X�−8m and X� 8m, and the Y di-
rection is constrained in the displacements at the two

boundary surfaces at Y� 0m and Y� 8m. �e pile was
modeled as an elastic model with a bulkmodulus of 13.9 GPa
and a shear modulus of 10.4GPa, while the surrounding soil
was modeled as a Mohr–Coulomb model. �e values of the
parameters are listed in Table 5.

According to the shear test results [56], the internal
friction angle of the pile-soil contact surface was set at 29.4°
and the cohesive force was set to 14.8 kPa. It is su¥cient that
the normal sti�ness is not negligible, and twice the maximum

Based on the fitted model
parameters, linear interpolation is

used to obtain the expressions at each
normal stress interval

Writing parameter variable
expressions based on fish language

Obtaining node normal stress with
contact surface fish variables

Get the calculated model
parameter variable values

Based on equation (11), use fish
language to write shear

stiffness calculation formula

Get node shear displacement with
contant surface fish variables

Based on the data of contact surface
shear test, the model parameters
were fitted for different normal

Programming of the model
parameters for different normal

stresses based on the fish
language embedded in FLAC3D

Assuming φ = 1, the shear stress-shear
displacement relationship is calculated
for several normal stresses, compared

with the theoretical calculation, and the
correction factor for the numerical

simulation is determined based on the
ratio of the maximum shear stress

between the two

Substitute the correction coefficients into
equation (11) for calculation, and compare
the simulation results with the theoretical
calculation results to verify the accuracy

of the numerical simulation

Figure 8: Flowchart of FLAC3D model implementation.

Soil
Pile

Figure 9: Pile-soil FLAC3D shear model.
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normal sti�ness of the surrounding unit body was considered
to be 292.9MPa/m based on the numerical calculation ex-
perience. Since there is a constant variation in shear sti�ness,
the contact surface shear sti�ness in the interval 22–107 kPa
can be computed using the �tted data from Section 3 and the
interpolation method. �e following solution is proposed for
shear sti�nesses in the 0–22 kPa normal stress interval; it is
assumed that when the normal stress value is small, the shear
sti�ness in the 0–22 kPa normal stress interval varies simi-
larly to the 22–55 kPa normal stress range, such that the
initial shear sti�ness in the 0–22 kPa normal stress interval
can be obtained via linear extrapolation.

4.3. Implementation of Numerical Simulation and Compari-
son with �eoretical Calculation Results. Vertical displace-
ment of the pile can be achieved through the command �ow
in the software by applying vertical displacement to the pile
unit to simulate pile-soil shear, and the greater the vertical
displacement, the greater the shear displacement between
the pile and the soil. �e track of the shear displacement and
shear stress is kept during the shear process in order to plot
the shear curve. In this study, the ratio of the maximum
imbalance force to the typical internal force is less than 10−6
as the convergence criterion of the calculation, and the
calculation is considered complete when the criterion is met.

However, the range of values for the normal stress is
rather scattered, resulting in insu¥cient data to be used to
determine constant normal stress. �erefore, to simulate the
shear stress-shear displacement curves of the nodes at the
contact surface of the pile-soil interface under constant
normal stress, the normal stress increments are applied to
each node using �sh language programming to ensure that
the nodal normal stress is a certain value, ensuring that the
majority of the nodal normal stresses are concentrated
around the simulated normal stress value, thereby satisfying
the requirement for data acquisition. Four di�erent normal
stresses of 16 kPa, 22 kPa, 25 kPa, and 27 kPa are selected
below, and the associated shear stress-shear displacement
curves are obtained through simulation using the shear
sti�ness adjustment factors for the four cases, as listed in
Table 6.�e shear stress-shear displacement curves obtained
numerically were then compared to those derived using the
improved contact surface constitutive structure model,
which is displayed in Figure 10.

In this section, the improved pile-soil contact surface was
put to the numerical calculation software FLAC3D, and the
contact surface shear calculation was successfully completed,
yielding a numerical simulation graph of shear stress-shear
displacement. As can be seen from the comparison graph of
the results, the numerical and theoretical results are quite
similar, and the �tting degree is quite high. Additionally,
when the normal stress is in the range of 0–22 kPa, the linear
extrapolate approach can be used to solve the shear sti�ness

more accurately. Using equation (10) to calculate the cor-
relation coe¥cient of the two, when the normal stress is
16 kPa, 22 kPa, 25 kPa, and 27 kPa, the correlation coe¥-
cients are 0.9832, 0.9826, 0.9844, and 0.9851, respectively, all
of which are close to 1. �erefore, the numerical calculation
can be regarded as precise.

5. Case Study

5.1. Numerical Calculation of Ultimate Bearing Capacity of
Single Pile. In this section, the simulation and analysis of
monopile load bearing will be introduced with the pile-soil
shear model. Considering that the shear stress-shear dis-
placement curves for the selected pile-soil indoor shear tests
exhibit lateral resistance hardening characteristics, this
section will further optimize the implementation path of the
model re�ecting lateral resistance hardening in FLAC3D. As
shown in equation (9), when Δ� (DexpC)−1/D, the shear
sti�ness ks� 0 and the shear stress is at its maximum value, it
can be assumed that when the shear sti�ness is less than or
equal to 0, the shear stress is maintained constant to re�ect
the lateral resistance hardening characteristics of the pile-
soil contact surface during the shear process, and the above
idea can be implemented in FLAC3D through �sh language

Table 5: Material parameters of soil in the numerical model.

Bulk modulus (MPa) Shear modulus (MPa) Cohesion (kPa) Internal friction angle (°)
16.67 7.69 10 20

Table 6: Adjustment coe¥cient of shear sti�ness under di�erent
normal stress.

Normal stress (kPa) Shear sti�ness adjustment factor
16 0.99
22 0.99
25 1.02
27 1.02

25 kPa
16 kPa

27 kPa
22 kPa

Theoretical calculation results
Numerical calculation results
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Figure 10: Comparison of the theoretical and numerical calcu-
lation results under di�erent normal stresses.

8 Advances in Civil Engineering



programming. According to the data in Table 6, the shear
sti�ness adjustment factor can be assumed as 1 during the
numerical calculation process. In the line of the above ideas,
the calculation program of the previous section for the pile-
soil shear process can be modi�ed to perform the numerical
calculation for single pile bearing.

Due to the symmetry of the pile foundation structure
and the added load, only half of the model needs to be built.
�e model speci�es the following pile parameters: diameter
0.6m and length 5.1m (exposed ground 0.1m). �e soil
speci�cations are as follows: 8m in soil thickness, 16m in
length, 8m in width, and 3492 cells and 4205 nodes of the
grid. �e model is depicted in Figure 11. �e numerically
calculated boundary cases of the model are as follows: the
top surface is the free surface; in the X direction, the dis-
placements of the two boundary surfaces at X�−8m and
X� 8m are constrained; in the Y direction, the displace-
ments of the two boundary surfaces at Y� 0m and Y� 8m
are constrained (except for the solid pile); in the Z direction,
the surface at Z�−8m is constrained. �e pile and soil
model parameters are the same as in the numerical pile-soil
shear simulation approach described previously.

�e pile-soil interface constitutive model is based on the
lateral resistance hardening model given previously, with the
remaining parameters identical to those in Figure 9. To
execute the numerical simulation of the bearing capacity of a
single pile, the pile top is loaded incrementally at a rate of
40 kPa. �e ultimate bearing capacity of a single pile is
determined by observing the dramatic shift of pile foun-
dation settlement, and the load-settlement curve is seen in
Figure 12.

As displayed in Figure 12, when the load applied to the
top of the pile is minimal, the load-settlement curve changes
essentially linearly. However, when the applied load reaches
a critical value, the settlement displacement of the top of the
pile reduces steeply as the load increases. �e settlement
curve presented in Figure 8 follows a pattern similar to that
observed during the static load test of the monopile, which
has a bearing capacity of approximately 760 kPa under such
conditions.

5.2. Applied Research on Pile Foundation Bearing
Characteristics

5.2.1. Numerical Analysis of Axial Stresses in Piles.
Figure 13 describes the variation of axial stresses within the
pile body as the function of pile top load. As can be seen from
the �gure, the pile is subjected to vertical loads of 120 kPa,
240 kPa, 360 kPa, 480 kPa, 600 kPa, and 720 kPa, respec-
tively. As the load increases, the axial stress in the pile body
increases accordingly, resulting in a compressed stress state
throughout the pile foundation. Within the ultimate bearing
capacity of the pile foundation, the axial stress at the same
position on the pile body grows essentially linearly with the
vertical load.

Axial pile stresses exhibit the same variation rule under
di�erent vertical loads, which can be summarized as follows:
as the depth of the pile foundation increases, the axial pile

stresses gradually decrease and the pile end resistance values
drop, indicating that the pile side frictional resistance carries
the majority of the pile top load. �e axial stress of pile
diminishes nonlinearly with depth at all levels of load. �e
slope of the curve is greater in the upper soil part, revealing a

Soil

Pile

Figure 11: Pile bearing calculation model.
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Figure 12: Load-settlement curve obtained by numerical
calculation.
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Figure 13: Axial stress curve of pile body under di�erent pile top
loads.
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faster rate of change, whereas the slope of the curve declines
in the lower soil part, revealing a slower rate of change. �is
suggests that the axial force of the upper part of the pile
drops rapidly, while the lower part slows down and tends to
remain stable.

5.2.2. Numerical Analysis of Pile Side Friction Resistance.
Figure 14 depicts the variation curves for pile lateral friction
resistance under various pile top loads. As the pile top load
increases, the pile side frictional resistance increases pro-
portionately, and the pile side frictional resistance caused by
the soil at the upper part of the pile perimeter is greater.
During the loading process, the upper part of the pile is
compressed, resulting in downward displacement relative to
the soil, while the pile side is also subjected to the upward
frictional resistance of the soil; thus, the pile top load is
transferred to the soil around the pile through the frictional
resistance, resulting in decreasing pile axial stress with
depth.

When the load value on the pile top is increased, the load
is transferred from top to bottom, increasing the com-
pression and displacement of the pile body. �e relative
displacement between the pile and the lower soil occurs, and
the friction of the lower soil layer of the pile body is gradually
exerted. �is demonstrates that the lateral friction of the
upper and lower soil layers of the pile is not synchronized,
but that the friction of the upper soil layer of the pile plays a
role �rst. If the load continues to increase, the resistance at
the pile end will begin to play out until it reaches the bearing
limit of the bearing layer, and the pile top displacement will
increase signi�cantly, resulting in damage.

From the above analysis, it is clear that the simulation
results for the variation curves of axial stress and lateral
frictional resistance of the pile under vertical load are
consistent with the conventional pile foundation load
transfer law, which more accurately simulates the top-down
pile top load transfer.

5.3. �eoretical Calculation of Monopile Bearing Capacity.
�ere are numerous requirements and methods in various
codes for calculating the vertical bearing capacity of a single
pile; but in general, the bearing capacity of the pile is divided
into two parts: pile side friction and pile end resistance. �e
pile side friction is determined by the di�erent rock layers
traversed by the pile, and di�erent coe¥cients are chosen,
but the method of calculation is based on friction theory,
whereas the pile end resistance is primarily determined by
the lithology of the bearing layer and the load transfer
mechanism.

According to the Chinese code—“Code for Design on
Subsoil and Foundation of Railway Bridge and Culvert” [57],
the axial compressive bearing capacity of a single pile can be
computed using the following equation:

[P] � 1
2
U∑fili +m0A[σ], (12)

where U is the perimeter of the pile section, fi is the ultimate
frictional resistance of the soil layer on the side of the pile, li

is the thickness of the soil layer on the side of the pile, m0 is
the discount factor for the support force at the base of the
pile, A is the area of the base of the pile, and [σ] is the
allowable bearing capacity of the foundation soil at the base
of the pile. Based on the basic parameters of the pile
foundation model in this section and the provisions of the
code on the relevant coe¥cients, the above parameters are
obtained, as listed in Table 7.

By substituting the coe¥cients from Table 7 into
equation (12), the theoretical value of the ultimate bearing
capacity of the single pile can be obtained. After calculation,
the �nal bearing capacity is about 233.36 kN, which is then
divided by the pile area to get around 825 kPa. In com-
parison to the numerical calculation result of 760 kPa, the
theoretical calculation value is 825 kPa, and the discrepancy
between the two values is stable at 10%. �is reveals that the
theoretical calculation results provide a more robust veri-
�cation of the numerical simulation’s correctness.

5.4. Analysis of In�uencing Factors of Ultimate Bearing Ca-
pacity of Single Pile. To facilitate comprehension of the
application of the improved contact surface constitutive
model and to further verify the validity of the model, this
subsection will simulate the ultimate bearing capacity of a
single pile with varying pile lengths and soil moduli.

5.4.1. E�ect of Di�erent Pile Lengths. In Section 5.1, the
length of the pile in the model is 5m in length and 0.6m in
diameter. Keeping the pile diameter constant and changing
the length of the pile, models with pile lengths of 7.5m, 10m,
and 12.5m, were established to investigate the e�ect of
varying pile lengths on the ultimate bearing capacity of the
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Figure 14: Curves of pile side friction resistance under di�erent
pile top loads.

Table 7: Pile bearing capacity parameter values.

U (m) fi (kPa) li (m) m0 A (m2) [σ] (kPa)
0.6π 38 5 0.8 0.09π 240
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monopile. Tominimize the in�uence of boundary e�ects, the
model height is adjusted to double the length of the pile, and
the remaining material characteristics and boundary con-
ditions remain unchanged.�emodel loading scheme is still
loaded incrementally with 40 kPa, and the settlement of pile
tops is recorded for each load step. Figure 15 illustrates the
load-settlement curves for various pile lengths. �e in�ec-
tion point of the curve represents the ultimate bearing ca-
pacity of the single pile.

As shown in Figure 15, the pile top settlement increases
linearly with increasing load at the commencement of
loading. After the in�ection point of the curve, the settle-
ment accumulated rapidly and the pile foundation is
damaged. �e longer the pile length is, the less settlement
there will be under the same load. At the same time, the
ultimate bearing capacity of a pile foundation grows with the
pile length increases. �is is because as the pile length in-
creases, the pile side frictional resistance increases bearing
capacity, and the pile axial force is transferred more to the
pile perimeter soil, which reduces pile body compression
and pile bottom soil compression. �erefore, increasing the
pile length can reduce settlement and improve the pile
bearing capacity.

5.4.2. E�ect of Di�erent Soil Moduli. �e pile length of 5m
and the pile diameter of 0.6m are maintained, but the soil
modulus around the pile is altered. To test the e�ect of
di�erent soil deformation moduli on the ultimate bearing
capacity of the monopile, the soil deformation modulus was
set to 10MPa, 16.67MPa, and 20MPa. �e remaining
material characteristics and boundary conditions remain
unchanged, as does the loading method.�e load-settlement
curves for the pile with varying soil moduli around the pile
are plotted in Figure 16.

As depicted in Figure 16, the variation pattern of pile Q-S
curves with varying soil moduli is similar to that of Q-S
curves with varying pile lengths, where settlement initially
increases linearly and then rapidly increases once the in-
�ection point appears. Increases in the soil modulus

surrounding the pile result in a decrease in the settlement at
the top of the pile and an increase in ultimate bearing ca-
pacity. �is corresponds to the impact of lengthening the
pile. When the soil modulus around the pile increases, the
pile lateral frictional resistance increases as well. Because the
soil at the bottom of the pile gets stronger, its bearing ca-
pacity increases and the compression deformation decreases,
and increasing the soil modulus can reduce settlement and
enhance the pile bearing capacity.

As can be observed from the above analysis, the simu-
lation results for the ultimate bearing capacity of a single pile
under various pile lengths and soilmoduli are consistentwith
the actual pile bearing capacity variation law, which more
accurately simulates the pile bearing capacity variation law.

�is section applies an improved constitutive model of
the pile-soil interface to the simulation of single pile bearing
capacity, veri�es the ultimate bearing capacity of a single
pile, analyzes the variation law of pile axial force and pile side
friction, and investigates the in�uence of pile length and soil
modulus around the pile on the ultimate bearing capacity of
a single pile. �e case study proves the e�ectiveness of the
improved constitutive model, which has a certain engi-
neering application value.

6. Conclusion

�e constitutive model of the pile-soil interface with variable
shear sti�ness and zero thickness element is improved using
the original contact surface model. At the same time, the
numerical simulation of the new constitutive model is re-
alized, as well as a case study of a single pile is carried out.
�e following conclusions are drawn:

(1) �e improved constitutive model is capable of de-
scribing the nonlinearity of the contact surface shear
sti�ness, and it is bene�cial to program computation
and numerical simulation research, laying the
foundation for further contact surface and single pile
bearing numerical calculations.
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Figure 15: Load-settlement curves of piles with di�erent pile
lengths.
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Figure 16: Pile load-settlement curves for di�erent soil moduli.
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(2) Combined with the data from the shear test, the
parameter calculation method is proposed. )e pa-
rameter values for various normal stresses can be
determined by linear interpolation, which reflects the
depth effect of the model. Because the accuracy of the
model parameters reduces as the interpolation area
increases, it is recommended that the interpolation
interval be kept small.

(3) Implementing an improved constitutive model of the
pile-soil interface in FLAC 3D is proposed, as is the
usage of a linear extrapolation method for the shear
stiffness in the normal stress range of 0–22 kPa. )e
model and calculation procedure successfully sim-
ulate pile-soil shear, and the numerical results are in
good agreement with the theoretical results, which
accurately depict the nonlinear stiffness of the
contact surface.

(4) )e improved constitutive model is used in the
bearing simulation of a single pile. )e case study
demonstrates that during pile top load transfer, the
upper soil part of the pile provides more pile lateral
friction resistance than the lower soil part because
the pile and upper soil body are the first to be dis-
placed relative to one another. By increasing the pile
length and the soil modulus around the pile, set-
tlement can be reduced and the pile bearing capacity
increased. )e feasibility of the model is verified by
comparing the calculated results to the equations in
the Chinese code, which serves as a guide for en-
gineering practice.
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�e most crucial event in a mining project is the selection of an appropriate mining method (MMS). Consequently, determining
the optimal choice is critical because it impacts most of the other key decisions. �is study provides a concise overview of the
development of multiple selection methods using a cascade-forward backpropagation neural network (CFBPNN). Numerous
methods of multicriteria decision-making (MCDM) are discussed and compared herein. �e comparison includes several factors,
such as applicability, subjectivity, qualitative and quantitative data, sensitivity, and validity.�e application of arti�cial intelligence
is presented and discussed using CFBPNN. �e Chengchao iron mine was selected for this investigation to pick the optimum
mining method. �e results revealed that cut and �ll stoping is the most appropriate mining method, followed by sublevel and
shrinkage stoping methods. �e least appropriate method is open-pit mining, followed by room and pillar and longwall
mining methods.

1. Introduction

Mining methods are techniques for extracting mineral re-
sources from the Earth’s surface. Owing to the di�culties
associated with the lithological and mechanical properties of
mineral deposits, a unique exploitation technique cannot be
employed to extract all of them. When extracting ore de-
posit, it is critical to employ either technique that has the
greatest conceptual coherence with the geomechanical and
lithological conditions of that mineral deposit. For the
employed extraction method, it eventually has to be cost
e�ective compared with alternative methods [1]. �e

selection of the mining method (MMS) refers to the pro-
cedure for picking an ideal extraction technique for mineral
deposit. It is hard to switch the picked method, manipulate,
and/or swap it with another after the MMS process has been
�nalized, and the mining of ore deposit has begun using the
proposed approach [2]. Because this alternative is typically
expensive, the entire project may become uneconomical.
�erefore, the selection of the mining method, MMS, seems
to be an irrevocable step in mine planning [3]. However,
choosing an extraction method for ore deposit is entirely
reliant on the resource’s ambiguous lithological and geo-
mechanical properties. Due to such ambiguity, no positive
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value can be ascribed to any of these attributes. For example,
mineral resources might not be allocated a positive slope or
volume if precise numbers are used [4]. +e basic goal in
selecting how to mine ore deposits is to develop an ore
extraction technique that is fully appropriate within the
given conditions. Before deciding on an exploitation tech-
nique, it is crucial to know the important characteristics that
each mining method requires. MMS is primarily influenced
by several factors, including ore deposit geometry (e.g., size,
shape, and dip), subsurface properties (e.g., mineral com-
position, lithology, homogeneity, deformation, and ero-
sional), geomechanical characteristics of rocks and ore (e.g.,
elastic deformation, in situ stresses, consolidation, compe-
tency, and various physical properties), economical aspects
(e.g., stockpile weight, rate of production, and mine life) [5].

MMS requires the study, assessment, and evaluation of
selection factors, a duty which is frequently completed by
engineers according to their mining knowledge, expertise,
and intuition. Because of the complexity of the assignment, it
can be accomplished significantly more effectively by
someone who has a thorough understanding of the subject.
It is critical to imitate a human expert’s judgment and
comprehension. +e MMS problem is a comprehensive
system from the standpoint of system theory. +e charac-
teristics of this system are as follows [6]:

(1) +ere are multiple attributes to consider while
choosing a mining method.

(2) +e popularity of the orebody, product demand,
enterprise index, and other factors influences the
choice of the mining approach.

(3) Relationships between components are intricate.
+ese components are linked to excessive ambiguity,
both in structures and in content.

(4) +ere are multiple dimensions in choosing a mining
strategy. +e MMS system comprises subsystems,
each of which has its own set of subsystems. Mining
machines, ore-dressing machines, and processing
machines, for example, are all parts of the running
machine. Consequently, the MMS system is a
massive system with multiple dimensions.

(5) An open machine is the mining strategy of choice.
+is type of system communicates with external
systems regularly by exchanging materials, energy,
and statistics.

(6) Information is often ambiguous. Statistics in the
technology, economy, geology, and other fields are
usually unclear in the exploitation system.

(7) Environmental factors must be considered during
the manufacturing process. +e main factor is the
complex geology of the orebody; as a result, the
exploitation system is difficult to explain using a
mathematical model.

(8) +e machine is in a state of flux.+e specifications of
the machine, in terms of area and time, often change.

When deciding on an appropriate mining method for
ore deposits, various criteria must be considered. Numerous

techniques, such as the Nicholas, modified Nicholas, and
UBC methods, were designed to assess the appropriate
method for ore extraction. Unfortunately, none of such
methods consider the weight values for every factor that
influences the MMS. +us, this study aims to provide a
review of the development of MMS tools explaining the
advantages and disadvantages of each one and provides a
new technique based on the application of a cascade-forward
backpropagation neural network (CFBPNN), which is
adopted as a case study in the Chengchao iron mine.

+e rest of the paper is structured as follows. Section 2
focuses on the development of MMS tools. Multicriteria
decision-making (MCDM)methods are discussed in Section
3. In Section 4, the MMS employing soft computing and
artificial intelligence is discussed. Section 5 discusses the
MMS using the application of CFBPNN (Chengchao iron
mine case study). Finally, in Section 6, conclusions, rec-
ommendations, and suggestions for future work are pre-
sented, respectively.

2. Development of MMS Tools

Researchers have investigated the challenges of MMS. Nu-
merous techniques have been generated to evaluate the
appropriate extraction strategies for mineral deposits with
respect entirely to their natural and geomechanical char-
acteristics. +e first qualitative classification scheme for
underground method selection was developed by Boshkov
and Wright [4]. Consequently, their system assumes that
surface mining is no longer an option. Morrison proposed a
system based on the width of ore, guide type, and strain
energy accumulation [7]. Nicholas and Mark [1, 8] proposed
a quantitative device. +e device is based on a series of steps,
categorized as follows:

+e geometry and mineral composition of the ore
+e characteristics of the ore zone and host rocks (e.g.,
hanging wall (HW) and footwall (FW))
A numerical rating based entirely on the addition of
scores
Applying a weighting factor to the categories

Hartman and Mutmansky [6], Laubscher [9], Marano
and Everitt [10], Bandopadhyay and Venkatasubramanian
[11], Agoshkov et al. [12], Mutagwaba and Terezopoulos
[13], Miller-Tait et al. [14], Hamrin [15], Tatiya [16], Basu
[17], Kahriman and Karadogan et al. [18, 19], Kesimal and
Bascetin [20], Clayton et al. [21], Guray et al. [22], Wei et al.
[23], Shahriar et al. [24], Mihaylov [25], Miranda and
Almeida [26], and Bascetin [27] have written several papers
on MMS. MMS techniques are classified into three cate-
gories: qualitative techniques, numerical rating techniques
(scoring), and decision-making models. Table 1 provides a
brief history of proposed approaches toMMS and their main
issues.

Despite the perceived advantages of these approaches, a
scientific method for MMS that links subjective and ob-
jective decision-making is still lacking. Hence, a few MMS
choices are primarily based entirely on experience, wherein
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the outcome of the technique used is the only much like the
deposit without absolutely catering to the distinctiveness of
the deposit in question. Consequently, the mining industry
cannot gain sufficient confidence in the previously imple-
mented approaches. Most of the choices cannot be quan-
tified; consequently, there is a need for a scientific method to
select the mining technique. Table 1 lists the existing MMS
methods and their main drawbacks.

3. Methods of Multicriteria Decision-
Making (MCDM)

Amodern method for MMS uses MCDM tools for resources
within the process [29]. MCDM is efficient at enabling se-
lection; nevertheless, its use really has not gained widespread
acceptance in the mining industry, primarily in MMS [30].
MCDM methods are widely used in a wide range of in-
dustries, including manufacturing, management of water
resources, quality assurance, mass transit, and product in-
novation, and they provide a platform for further MMS
research [31].

+e following decision-making strategies have been used
within the MMS process: AHP, PROMETHEE, TOPSIS,
TODIM, VIKOR, ELECTRE, and GRA. However, they are
no longer widely used within the mining industry, and
recent work extends on available research of MCDM
methods because they allow for similar exploration in MMS
[32]. Furthermore, OCRA, ARAS, COPRAS, CP, and SAW
are supplemental decision-making techniques, since no
recent evidence could encounter their application within the
mining industry [32, 33]. MCDM methods have been used
to entail final choice. To acknowledge importance of MCDM
methods, their contributions to various decision-making
processes must be emphasized. +e availability of a tech-
nique allows for the use of a variety of MCDM approaches.
+ese tools, regrettably, can be unaffordable and are not

always tailored to certain situations. Furthermore, acquiring
a tool is only cost effective if it will be used multiple times.
Furthermore, no unique strategy is appropriate for all sit-
uations, and each approach has benefits and drawbacks that
vary depending on the context. Table 2 lists the various
MCDM approaches.

4. MMS Using Soft Computing (SC) and
Artificial Intelligence

Several studies on MMS have been conducted using MCDM
methods. However, some of these studies failed to account
for parameter uncertainty. Fuzzy logic could be employed to
counteract this uncertainty [31, 96, 97]. Yun andHuang have
integrated a fuzzy scheme into the MMS [98, 99]. +is
technique is broken down into three steps. During the first
phase, fuzzy relation equations are derived to calculate
Hamming intervals between both the lithological design for
the proposed mining method and the geotechnical qualities
of the mine that had been built. +e technical and economic
values of each suggested mining methods are approximated
in the second phase employing statistical data from mines
with similar circumstances. In the last phase, several goal
decisions will be determined based entirely on the outcomes
of the first and second stages [100].

Bitarafan and Ataei proposed a method for assigning
weights to distinguishing criteria [101]. In the proposed
method [102], Yager’s technique is used wholly in a fuzzy
various ruling method [103] and a fuzzy primacy technique
introduced by Hipel has been used. One unique aspect is that
the technique adopted accelerating primitives to reflect the
relevance of the criteria provided, that can substantially raise
the quality of the metrics having equivalent requirements to
the ore deposit. Alternatively, it may be decreased drastically
[104]. Such technique has been effectively implemented in
MMS in one of the anomalies in Iran’s GoleGohar ironmine,

Table 1: Summary of the existing mining method selection (MMS) techniques and main issues associated with them.

Author(s) Year Characteristics Drawbacks

Peele, Church 1941 Uses broad descriptions of thickness, dip, and strength of ore
and strength of rock

Only used when there are similar situations in
popular methods

Morrison 1976
+e criteria for selecting a mining method are overall

descriptors of ore size, type of rock support, and buildup of
strain energy

+e preference for one method over another is
determined by various combinations of ground

conditions

Nicholas 1981
Numerically rates the characteristics of ore deposit based on
lithological and geomechanical properties of ore and host

rocks

+e chosen mining method is the result of
combining evaluation and high ranking

Laubscher 1981 Based on a rock mass classification system that takes into
account expected mining effects on rock mass strength

+e preferred method is solely determined by the
rock mass classification system

Hartman 1987 +e decision is made based on the lithological and
geomechanical characteristics of ore deposits

A flow chart must be created to define the mining
method

Loubscher 1990
If the area available for undercutting is large enough, this
method can be modified to include the hydraulic radius,

making it feasible for more competent rock

+e classification must be altered in order to link
rock mass rating to hydraulic radius

Nicholas 1993 Altering the selection procedure by incorporating a weighting
factor [28]

Miller, Pakalnis,
and Poulin 1995

+e Nicholas approach has been modified to demonstrate
more emphasis on stoping methods, better portraying typical

Canadian mining design practices

Insufficient and inadequate for conducting
accurate and robust MMS process

Advances in Civil Engineering 3



Table 2: Summary of the various MCDM methods.

MCDM method Description Advantages Disadvantages

AHP

Saaty created it to enable the decision-
makers make more organized
decisions [34, 35]. A multilevel

hierarchical structure of objectives,
criteria and alternatives is used [36].

Evaluate the significance of key
measurements before correlating

possible options with regard to each
factor. Eventually, calculate the

utmost preference of each decision
option and also the overall score of the

decision options [37]

Simple to be adopted, and its scale can
be adapted to meet the needs of
various decision-making situations
[38]. Its popularity arises from the
belief that it requires less data than
other MCDM methods and can

manage evaluation criteria [39]. When
data are measured on different scales,
it can be normalized and aggregated
later [40]. It is accurate in taking
decisions because of its potential to

prove the consistency of the
independent expert assessment [41]

As the list of considerations to be
matched grows, calculations can
become challenging. +e ultimate
determination (overall score of
options) may be impacted by
increasing the scale of relative

importance [38]. As stated earlier in
the section, AHP is only valid with
positive reciprocal matrices [40]

PROMETHEE

In 1982, it was firstly created by Brans
and Vincke [42]. +e PROMETHEE,
for each alternative, calculates both
positive and negative flows (V+, V−),
respectively, based on the weight
assigned to each criterion [43].
PROMETHEE I through VI was
created to serve as outranking
methods. In each criterion,

alternatives are compared in pairs [44]

Can compare a finite set of alternatives
to competing criteria [45]. Pair-wise
comparison is no longer necessary

once options are removed or provided
during the assessment. It is employed
to select the optimal underground ore
transportation and mining method

[46]. Calculations are very
complicated; therefore, the method is

only suitable for experts

Because of the scarcity of selection
guidelines, decision-makers find it
hard to set up preference limits and
thresholds [47]. +e uncertainty of
the set up limits is also not wholly
responsible for, despite the fact that a
parametric analysis is then conducted

[48]. +e subjective input of
preferences adds to the uncertainty

[49]

TOPSIS

In 1981, Hwang and Yoon addressed
TOPSIS, which stands for order
preferences by similarity to ideal

solution [50]. Ranks the alternatives
according to the distance between the
ideal positive and negative solutions
[51, 52]. +e TOPSIS method’s best
alternative is the one that comes

closest to the positive ideal solution
[53, 54]

TOPSIS allows to reach the right
solution faster than most MCDM

methods. Its logic is sound and easy to
grasp. Furthermore, the significance of
weight vectors could be incorporated
into the comparative process [55]. A
polyhedron could be used to depict the
effectiveness of options and metrics,
and the estimation process is then
straightforward [56]. +e method is
suitable when the indicators of

alternatives do not vary very strongly

TOPSIS lacks a component that
checks for inconsistency between

judgment and expressed preferences
[57]. Because TOPSIS cannot elicit
weights, it must focus solely on

alternative measuring strategies such
as AHP [58]. TOPSIS application

might be invalid if the weights are not
accurate [59]. Simple computational

steps, solid mathematical
foundations, and a method that is

simple to understand [60]

TODIM

Tomada de Decisao interactive
multicriteria have been developed in
the early 1990s by Gomes and Lima to
assist throughout the list of options in

which the selection should
successfully maintain a choice in the
event of a crisis [61]. Main idea has to
use the overall value to determine

each alternative’s dominance over the
others and then evaluate and rank the

alternatives [62]

In terms of behavioral decision-
making, it is effective since it considers
the decision-psychological maker’s
virtues and therefore can catch

damage and lack of certainty [63]. +e
attenuation parameter, that would be
adjusted, will portray the decision-
maker’s risk tolerance [64]. Even

professionals with no prior knowledge
of MCDM describe the method as an

easy-to-implement tool [65, 66]

Inability to acknowledge the
uncertainty associated and

imprecision in decision-making [67].
In the TODIM method, any two

alternatives must be compared, which
results in high computational

complexity [68]. Interactive attributes
can be used with positive or negative
criteria interactions and crisp values

[69]

VIKOR

Opricovic [70] proposed this method
to solve situations with contradictory

and quasi requirements [71].
Presuming that agreement is

reasonable for dealing with conflict,
the selection seeks the fairly close

answer to the perfect, and all defined
requirements are used to take active

steps [72, 73]

It is very simple because it has the
fewest steps for calculating the ranking

order [74]. Could go with the
expansion functionality of the “most
of” and the least specific remorse of
the “competitor” [75, 76]. A helpful
aid, especially once the choice has not
yet addressed his or her priorities at
the outset of the method [77]. Enables
to calculate the distance between the

second-best option and the first

Looking for a compromise ranking
order, i.e., a compromise between
pessimistic and expected solutions.
Another flaw is the use of complex-

linear normalization in the
calculation formula [78]. +e use of
complex normalization is required
for all of the matrix’s elements, which
typically have different metrics, to be
obtained as dimensionless units [79]
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and the block-caving technique has been selected as the
optimal mining technique. Ataei et al. adopted the analytic
hierarchy process (AHP) to resolve MMS issue in Golbini
No. 8 deposit in Jajarm, Iran [39]. +ey developed an AHP
structure of 13 metrics and six alternatives, and 17 pro-
fessionals from different tasks were selected to create pairs
contrast matrices. According to the findings, the reduce-
and-fill mining approach has been opted as the most ap-
propriate approach out of six alternatives [105].

One disadvantage of the AHP is that the decision-
making instinct may be expressed as a genuine value. Yet
another flaw of the AHP is the incorrect treatment of in-
herent ambiguity within the pair-wise contrast procedure, as
well as judgment size prejudices [106]. To eliminate such
disadvantages, Naghadehi et al. [106] employed the fuzzy
analytical hierarchy process (FAHP) to MMS [107, 108].
Weights of primary criteria in the FAHP system were de-
termined using a fuzzy set of rules, and six suggested mining
techniques have been listed using the AHP [33]. +e sug-
gested technique has been adopted in Jajarm Bauxite mine in
Iran, and the traditional reduce-and-fill method was chosen
as the most suitable extraction technique [109, 110]. Azadeh
et al. [28] developed Nicholas’ [111] quantitative rating
approach, and the ambiguity of the decision-makers’
judgments was expressed using trapezoidal fuzzy numbers.
+e method comprised AHP models labeled as “technical”
and “economic” operation. A case study has been adopted at

the northern anomaly of the Choghart iron mine in Iran to
confirm the advanced method and compare it with the
Nicholas method [112].

Namin et al. [113] proposed a fuzzy mining approach
with interrelation criteria (FMMSIC), which is a hybrid
decision-support system that combines the fuzzy analytic
network process (FANP) [114] and fuzzy entropy (FE) [115].
+e FANP and FE were used for preliminary weighting [50],
and a revised fuzzy method for ordering priorities matching
to the optimal situation (TOPSIS) [116] has been employed
for the MMS ranking procedure. A case study of the Gole
Gohar deposit in southern Iran was conducted to confirm
the validity of the FMMSIC [117]. 11 underground mining
strategies and 16 MMS-related conditions have been taken
into account as proposed strategies and requirements for the
choice process [118]. Finally, the block-caving method has
been selected as the best suitable mining technique for this
mine, which has been supported by numerous expert
opinions. Table 3 summarizes relevant studies on MMS
using SC technologies and MCDM methods and includes
some guiding references for using SC in MMS.

Despite significant efforts by researchers, no MMS
system can address the entire scope of the MMS issues.
Latest MMS research has typically concentrated on allo-
cating weight elements to standards and attempting to
model the precise notion techniques of decision-makers
[106]. To cut a size of the MMS, proposed mining strategies

Table 2: Continued.

MCDM method Description Advantages Disadvantages

ELECTRE

Roy invented it in 1968. Various
ELECTRE methods have since been
developed [80] used to classify a

number of options by analyzing data
in a decision matrix [81]. In the pair-

wise correlation of alternatives,
consistency and disharmony are used

[82]

Capable of dealing with both
qualitative and quantitative criteria
[83]. ELECTRE was employed in civil
and environmental engineering [84].
Examples of these applications include
power efficiency, sustainable use of
natural resources, environment
protection, nutrition, security,

healthcare, design, and mechatronics.
To select the best surface mining

technology [85]

ELECTRE occasionally fails to sort
the alternatives into different ranks
[86]. +e weakness of ELECTRE’s

normal ranking arises from the need
of supplemental limit, and the
ranking of the alternative is

dependent on the size of this limit, so
there is no “correct value” [87]

GRA

Deng proposed it in 1982 to find
solutions involving uncertainty and
missing information [88]. Grey
prediction model, grey relational
analysis (GRA), grey decision, grey
programming, and grey control are
the five components of the grey

prediction model [89]. +is method
treats each alternative as a data

sequence. It then looks at how similar
each alternative is to the reference

sequence [90]

+e analyzed results are reliant on the
raw data, and the calculation

procedure is simple and
straightforward [91, 92]. +ere are no
restrictions on sample size or normally

distributed data, and the
computational method is simple [93].

Ability to provide methods for
ranking alternatives that do not

necessitate a large sample size or any
sample distribution. Very popular and
useful tools for analyzing various
relationships among discrete

information and making decisions in
various situations

+ere is a lack of mathematical
principles to discuss its history, rules,

and restrictions [94]. +e most
relative relational degree from the
probabilistic linguistic positive ideal

solution is used to select an
alternative [95]

OCRA, ARAS,
COPRAS, SAW,
CP

Rapid development of methods for
dealing with real-world problems [32]

+e method has seen limited
application in mining engineering

[32]
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might be suggested prior to executing the MMS system.
However, this results in the software of a completely sub-
jective technique. In addition, because many mines are
transitioning from surface to underground mining after
completing surface exploitation, neither of the evolvedMMS
structures can manage more than one sequential transition
from open pit to underground mining.

Artificial intelligence (AI) or computing intelligence
(CI), which has been used in the discovery of minerals
recently, has improved over the years. Moreover, the use of
statistics is also becoming popular. +e importance of rel-
evant information retrieval through massive data collection
was emphasized [123]. As the demand for extensive data
grows, so does the recognition of statistical processing fields
such as statistics mining, massive statistics, machine
learning, and synthetic intelligence [124].

Artificial neural networks (ANNs) are a class of mas-
sively parallel architectures that can be used to study and
generalize from experience in order to provide significant
solutions to problems, even if the input data contain mis-
takes and are imperfect. As a result, the use of ANNs is an
effective approach for solving a variety of technically chal-
lenging issues. Primarily, the processing elements of a neural
network are similar to the neurons within the brain, which
include many simple computational elements organized in
layers. A neural network has to be trained on the experi-
mental results associated with material in order to predict its
behavior. +erefore, if these findings have adequate infor-
mation relevant to that material behavior, then the trained
neural network will not only replicate these results but also
approximate the results of different material.

An ANN is a technique that mimics the human mind’s
analyzing and problem-solving abilities. It is adaptable,
highly parallel, reliable, and tolerant to fix faults [125]. In the
implementation of synthetic neural networks, expertise is
addressed as numeric weights that can be employed to
extract correlations within data that are hard to express
analytically. +is iterative manner adapts the network pa-
rameters to reduce the sum of squared approximation

errors. Neural networks could be applied to simulate so-
phisticated relationships rather than using simplified as-
sumptions, which are likely to be employed in linear
approaches.

+e specific benefits of ANNs are their capabilities to
address every linear and nonlinear relationship, their ap-
plicability to directly observe these relationships from the
data used, the fact that they no longer need to maintain an
in-depth record of structures and interactions within the
systems, and that they are regarded as final black-box
models. For prediction employing the trained network,
ANN systems can be used to repeat experiments several
times, which can be useful considering that experiments are
difficult and in some cases impossible [126, 127]. Since the
1980s, there was a remarkable rise in the use of neural
networks to solve a variety of problems [128, 129]. +e
multilayer perceptron (MLP), radial basis functions (RBFs),
recurrent neural networks (RNNs), and echo state networks
(ESNs) [130] are among the neural networks that can be used
[131, 132]. Lv and Zhang [133] established the TCSMMPM-
ANN to decide the suitable thick coal seam mining method
to overcome the problems of traditional MMS and address
economic and technical index predictions. Chen and
Shixiang [134] designed a genetic algorithm ANN to opti-
mize the connection weights and thresholds in the optimal
BP network and established a nonlinear relation between the
miningmethod and geological conditions in a thin coal seam
working face. However, due to the small sample size and
highly advanced background, the BP network built in this
study should be improved on a regular basis. Özyurt and
Karadogan [135] developed a model using ANN and game
theory, which provides solutions if ANNs are continuously
trained, benefiting from technological developments and
new findings without requiring expert opinion or detailed
research in the relevant publication.

ANN models can recognize patterns that link input
variables to their corresponding outputs in complex bio-
logical systems for prediction. Methods for improving the
network performance include determining the optimal

Table 3: Summary of first representative MMS studies using SC technologies and MCDM methods.

Author
Soft computing technologies MCDM methods

EXS FUA ANN YAM FUE AHP TOPSIS
Yun and Huang [98] ✓
Bandopadhyay and Venkatasubramanian [11] ✓
Gershon et al. [119] ✓
Xiaohua [120] ✓ ✓
Guray et al. [22] ✓
Bitarafan and Ataei [101] ✓
Ataei et al. [39] ✓ ✓
Yavuz [121] ✓
Naghadehi et al. [106] ✓ ✓
Azadeh et al. [28] ✓
Namin et al. [113] ✓ ✓ ✓ ✓
Gupta and Kumar [122] ✓
Yavuz [121] ✓ ✓
EXS, expert system; FUA, fuzzy algorithm; ANN, artificial neural network; YAM, Yagar’s method; FUE, fuzzy entropy; MCDM, multiple-criteria decision-
making; AHP, analytic hierarchy process; TOPSIS, technique for order performance by similarity to ideal solution.
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network architecture and suitable number of training cycles
using different input combinations. One of them is cascade-
forward backpropagation.

5. MMS Using CFBPNN (Case Study)

As illustrated in Figure 1 [136], the CFBP model is similar to
feedforward (FF) networks; nevertheless, two-layer FF
networks could be used to monitor any input-output rela-
tionship, whilst FF networks with more layers could be used
to visualize intricate interactions more quickly. In terms of
using the BP algorithm for the weight update, the CFBPNN
model is analogous to the FFBPNN model. However, a key
feature of this network is that each layer of neurons is linked
to the ones before it [137]. A CFBPNN, like other FF net-
works, contains a single or multiple interrelated hidden
layers and activation functions. Neurons have private biases,
and their connections have different weights. A set of
modified weights should be determined in ANN modelling
in such a way that the estimator error is kept to bare es-
sentials [138].

When using the BP algorithm to update weights, a
CFBPNN is similar to an FFBPNN.Most crucial component,
however, is each layer of neurons is linked to the layers
before it. To maximize the response of the CFBPNN, the
characteristics of tan-sigmoid transfer, log-sigmoid transfer,
and pure linear limit have all been determined. +e mean
squared error (MSE) in equation (1), the root mean squared
error (RMSE) in equation (2), and R2 in equation (3) were
calculated to demonstrate the effectiveness of the algorithms.

MSE � 
n

1
((Qexp − Qcal) | n)

2⎡⎣ ⎤⎦, (1)

RMSE �

����������������������

1
2
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1
((Qexp − Qcal) | n)

2
 




, (2)

R
2

� 

n

1
((Qexp − Qcal) | n)

2
 , (3)

where Qexp represents the measured value, Qcal represents
the computed values, and n counts the set of observations.

CFBPNNmodels are like FFBPNNmodels in which they
incorporate a weighted link from an input to every layer as
well as from each layer to the subsequent layers. In some
circumstances, the CFBP approach outperforms the FFBP
method according to Mitra et al. [130].

f netj  �
1

1 + e−netj
  

n
1 ((Qexp − Qcal)|n)

2
 

,

f netj  � net.

(4)

+e yield of the chosen mining tactics was predicted
using a schematic of a trainable CFBP. As previously dis-
cussed, the training level is critical. Backpropagation and
quick-propagation training strategies are widely common

employed strategies. Consequently, the backpropagation
approach was adapted to be implemented at the training
level according to the method of Lashkarbolooki et al. [139]
and its benefits in the current study. Specifically, the Lev-
enberg–Marquardt backpropagation technique has been
utilized due to its speed and accuracy. As a result, the
proposed ANN model is transformed into one trained with
the Levenberg–Marquardt algorithm [140]. +e number of
concealed layers is reduced and improved at the next level.
As Cybenko [140] stated, a network with only a single
concealed layer may mimic nearly every nonlinear relation;
thus, for the proposed ANN model, just one concealed layer
is used. +e second essential criterion is the optimal number
of neurons in the hidden layer.+e number of neurons in the
hidden layer is difficult to determine due to a limited number
of neurons results in a network with low precision, whereas a
larger number results in overfitting and poor interpolation
quality because the risk of overtraining increases as the
number of neurons increases [141]. +ere are four steps in
the proposed technique for MMS using CFBPNN:

Step 1. +e ANN’s weight (W) and bias (b) values, as
illustrated in Figure 2, were calculated using the
MATLAB toolbox’s trainable cascade-forward back-
propagation and then entered in an Excel sheet.
Step 2. Equation (5) is used to calculate the output of the
first layer (K) in the Excel spreadsheet function, and the
results are shown in Section 5.2.

K1 �
2

(1 + EMP(−2 ×(SUM(O1))))
− 1. (5)

Step 3. Equation (6) is used to determine the output of
the second layer (rank of the selection technique) in the
Excel sheet.

Network Output

Output Layer

Hidden Layer

Input Layer

Network Inputs

Figure 1: Cascade correlation neural network.
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R � SUM(Column02) + K × W21W1 + b2. (6)

Step 4. +e approach is chosen, and its name is shown
in the Excel sheet by changing approximation rank
values to integer values using the V function.

5.1. Gathering Data and Site Investigation. Chengchao iron
mine is a major iron ore and pellet ore production base for
the Wuhan Iron and Steel Group Company and thus a
huge identified underground iron mine in China. Between
the Huaiyang Shield and Jiangnan Ancient Land, the
Chengchao mining area is situated west of the lower
Yangtze depression. It is a part of the western wing of the
frontal arc of the Huaiyang epsilon structure. As indicated
in Figure 2, the mining area is located near the East-West
structural belt, which includes Mufushan as the major
orebody in the south, the Liangzi Lake depression with a
Neocathaysian structure in the west, and the South
Huaiyang fault in the north.

+e mining industry has a complex structure. Sedi-
mentary, magmatic, and metamorphic rocks have been
found in the Chengchao mining area. Anhydrite deposits
were found in the contact zone between marble and granite,
iron ores are found near the contact zone between diorite
and granite, and skarns, which are in the shape of a pulse or
a lens, are found near the contact zone between hornfels
and granites. +e eastern and western mining zones of the
mine are separated by the geological exploration line 15.
+ere are numerous ore deposits in the mining areas.
Numbers I, II, III, IV, V, VI, VII, and others are the most
typical iron ore bodies. Numbers II, III, VI, and VII are
large-scale iron ores. +e orebodies are mainly irregular
lenticular in shape and slanted southward. Branching,
compounding, expansion, and contraction are common
occurrences in orebodies and ore sections. Table 4 sum-
marizes the main geomechanical properties of the rock and
ore in a mine case study.

5.2. Results. To maximize the CFBPNN response, the tan-
sigmoid transfer, log-sigmoid transfer, and pure linear
limit characteristics are first determined. +is is illustrated

in Figure 3. +e UBC criteria were converted to weights,
and the load was determined using mining techniques
(benefits are given the most weight, while risks are given
the least, as in the mining methods). Table 5 summarizes
the findings.

Table 6 summarizes the output of the first CFBPNN
stage, which involves utilizing the MATLAB toolbox to
compute the ANN weight (W) and bias (b) values using
trainable CFBP. Table 7 presents the MMS results and
findings based on the CFBPNN application. Ten mining
methods were used to select the best method based on the
assigned weights (w) and bias (b), as listed in Table 7. +ese
parameters were calculated using a number of input pa-
rameters, including ore shape, thickness, dip angle, depth
below surface, rock mass classification systems (such as
RQD), and rock structure rating (RSR). CFBPNN was used
to estimate the rank of each parameter in relation to the
mining method. According to the findings, the cut and fill
stopping method is the most effective.

5.3. Discussion. +e following layer properties have been
employed based on the findings, which represent the in-
tegration of the method specifications and the real layer
set: a dip of 70°, underground depth of 210m, and RQD of
60 (moderate) and 45 (very weak) in the hanging wall. +e
cut and fill stoping method was superior to the other
methods due to its suitability for all previous layer spec-
ifications. Figure 4 depicts the main design of the cut and
fill stoping mining technique, which is the ideal mining
method.

+e Chengchao iron mine has been extracted using a
sublevel caving method that eliminated the need for sill
pillars. +is is a type of bulk mining technique in which the

Figure 2: Subsidence features at China’s Chengchao iron ore mine.
Image courtesy of Google Earth, taken in 2018.

Table 4: Characteristic of underground mining rock.

Characteristics of ore
Geometry/form T, tabular

Width of ore, m N, thin Characterization
17.5 Amplitude

Dip angle of ore, degrees 70°

Allocation of grade levels G, gradational Characterization
G, gradational Amplitude

Depth below surface, m SH, shallow Characterization
210, m Amplitude

Ore M, medium Characterization
60 Amplitude

Hanging wall VW, very weak Characterization
45 Amplitude

Footwall VW, very weak Characterization
45 Amplitude

Ore VW, very weak
40

Hanging wall W, weak
35

Footwall W, weak
40
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movement of blasted ore and caved waste rock is controlled
by gravity. To relieve ground pressure, backed down rock
masses from overlying country rock have been used to replace
mined-out regions caused by ore extraction [142]. +e caved
zone, which is composed of caved rock masses, can come as a
result above the mined-out area, inferring vertical caving. In
addition, above the fallen rock mass, a joint may be devel-
oped. Consequently, this type of mass underground mining
can cause severe ground surface disruption. As the excavation
of the subterranean orebody continues, the caving of the
overlying country rock caves ultimately propagates to the

ground surface, causing it to collapse [143]. According to
Zhang et al. [144], the movement of strata at the Chengchao
iron mine can be classified into six categories: vertical sub-
sidence, toppling slip, toppling, deformation, deformation
accumulation, and undisturbed areas. As a result, when a
large-scale orebody is mined, large-scale collapse at the
ground surface is common. According to the CFBPNN rank
presented in Table 8, sublevel caving is ranked No. 4.
According to the overall score assigned to all ore attributes,
the findings reveal metrics for selection to use when deciding
between different mining processes.

General shape
Ore thickness, m

Grade distribution
Depth below surface,

Plunge

RQD

RSS

1st sigmoid layer 2nd linear layer

W1

W2

b1
b2

+ +
Rank of
Mining
Method

Outputs

Inputs

Figure 3: Trainable cascade-forward backpropagation ANN adopted to decide the suitable mining method.

Table 5: Weights of the various parameter assignments based on the mining methods.

Parameter/mining
methods

Open
pit

Block
caving

Sublevel
stoping

Sublevel
caving Longwall Room

and pillar
Shrinkage
stoping

Cut and
fill stoping

Top
slicing

Square set
stoping

1 General shape 0.8 0.8 0.6 0.6 0 0 0 0.2 0.2 0
2 Ore thickness, m 0.8 0.8 0.6 0.8 0 0 0 0 0.2 0

3 Grade
distribution 0.6 0.6 0.8 0.6 0.8 0.8 0.6 0.4 0.4 0

4 Depth, m 0.8 0.4 0.6 0.6 0.4 0.6 0.6 0.4 0.4 0.2
5 Plunge 0.2 0.8 0.8 0.8 0 0 0.8 0.8 0 0.4
6

RQD

Ore zone 0.6 0 0.8 0 0.4 0.9 0.6 0.6 0 0

7 Hanging
wall 0.8 0.4 0.8 0.4 0.6 0.9 0.8 0.6 0.6 0

8 Foot wall 0.8 0.4 0.6 0.6 0 0 0.6 0.4 0.4 0
9

RSS

Ore zone 0.6 0 0.8 0.4 0.2 0.9 0.8 0.6 0 0

10 Hanging
wall 0.8 0 0.6 0.25 0.4 0.9 0.8 0.4 0.4 0

11 Foot wall 0.8 0.2 0.6 0.4 0 0 0.6 0.4 0.25 0

Table 6: Values for weight (W) and bias (b) derived from the MATLAB toolbox.

Property/input w1 w21 w2 b1 b2
General shape 5.4438 3.4113 8.803278 6.128579
+ickness of ore 12.4184 0.0339
Distribution of grade levels −12.5975 −5.4184
Subsurface depth −0.1821 −1.4329
Dip angle 11.1132 0.301
Rock quality designation (RQD) index 6.8993 2.6115
Rockmass Structure Rate (RSR) −22.7358 0.7069

−2.78847
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Table 7: Results of using CFBPNN for MMS with the given parameters.

Mining method No. O2 O1 b2 b1 w21 w2 w1 Properties/
input

Rank 2.72904 4.35504 6.128579 8.803278 3.4113 5.4438 0.8
Open-pit mining 1 7.933731 0.01356 4.96736 0.0339 12.4184 0.4
Block caving 2 Method 8 −3.25104 −7.5585 −5.4184 −12.5975 0.6

Sublevel stoping 3 Cut and fill
stoping −0.85974 −0.10926 −1.4329 −0.1821 0.6

Sublevel caving 4 0.0301 1.11132 0.301 11.1132 0.1
Longwall mining 5 0.26115 0.68993 2.6115 6.8993 0.1
Room and pillar 6 0.42414 −13.6415 0.7069 −22.7358 0.6
Shrinkage stoping 7 7.933731 −1.38231 −2.78847
Cut and fill
stoping 8 −0.88147

Top slicing 9
Square set stoping 10
+e bold value means the optimal selected mining method.

Ventilation tube

Hydraulic
sandfill

Hydraulic
sandfill

Ramp

Ramp

Figure 4: Cut and fill stoping.
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6. Conclusions

Various criteria must be considered when deciding on an
appropriate mining method for ore deposits. Several tech-
niques, including the Nicholas, modified Nicholas, and UBC
methods, were created to investigate the appropriate mining
methods for mineral deposits. Unfortunately, none of these
methods consider the weight values for every factor that
influences the MMS. As a result, this study takes into ac-
count the weight values for each parameter that influences
the mining method selection. In comparison to other
studies, this is the first to try a new technique called
CFBPNN, which was implemented in the Chengchao iron
ore mine to select the most appropriate (safe) mining
method. +e findings of this study can be summarized as
follows:

(1) +e primary goal of this review is to study in detail
the development of different tools that are earlier
used in decision-making for MMS and their appli-
cation, functionality, advantages, and disadvantages.

(2) A newly proposed technique for MMS based on the
application of CFBPNN was presented and illus-
trated, which is easier to apply and more accurate
than traditional tools.

(3) +e CFBPNN method is used in this paper to de-
termine appropriate mining methods for the
Chengchao iron mine under various conditions. +e
most effective mining method is cut and fill stoping.

(4) Based on the total score assigned to all ore properties,
the results offer metrics that could be used to select
among various mining methods.

Users should understand the MMS tools described and
recognize that the suggested method is a simplified approach
and will only be helpful if the theoretical background behind
ANN is understood. If the factors and methods in the results
section are not sufficient, an appropriate criteria and al-
ternatives could be included to the database for the inves-
tigated problem. For effective and reliable results, changes in
the final rank have to be monitored and recorded using at
least two MMS tools in the suggested way.

+e suggested model was introduced without correlation
to other MMS methods, which is a limitation. As a result,
future research could look into other MMS tools and their

impact on final rankings. +e second limitation is that some
of the publications have been translated into English. As a
result, in the future, more publications will need to be
reviewed to learn more about MMS tools. CFBPNN algo-
rithms for selecting a proper MMS can be developed in
future research once the problem has been described and
organized, so determining the optimal method will be
convenient.
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)e double-side heading method is often used in the construction of large-span and large-section tunnels. )e excavation of the
pilot tunnel is complex, so the construction efficiency is low. Based on the underground excavation tunnel project of a subway in
Guangzhou, the section excavation sequence of the traditional double-side heading method is optimized according to the actual
situation. Midas/GTS software is used for finite element analysis, the displacement and internal force of ground settlement and
support structure under two different section excavation sequences are calculated, and the calculation results are compared with
the field monitoring data. )e calculation results show that the influence of the two excavation sequences on the displacement of
the supporting structure is not much different, but the influence on the internal force of the supporting structure is obviously
different. )e stress value of the supporting structure caused by the optimized excavation sequence is larger, especially the
temporary inverted arch, but it is within the controllable range. )e optimized excavation sequence increases the construction
work surface, greatly improves the construction efficiency, and reduces the project cost, which can provide a reference for the
construction of urban subway tunnels under similar engineering conditions in the future.

1. Introduction

With the rapid development of urban transportation facil-
ities, more and more tunnel projects have emerged. Due to
the relatively dense population and buildings on the ground
in the city, many underground pipe piles foundations, and
subway lines, tunnel engineering has high requirements for
construction safety, and any carelessness may result in an
accident [1, 2]. )e construction of an underground tunnel
will disturb the surrounding buildings (structures), which
will lead to the deformation of buildings, and even threaten
the life safety of relevant personnel in serious cases [3–5].
)erefore, the deformation and stability control of the
underground tunnel is the key technical links in urban
tunnel engineering [6–9].

Compared with other tunnel excavation methods, the
double-side heading method has advantages in controlling

surface subsidence and surface horizontal displacement
[10–12]. For the double-side heading method, many scholars
at home and abroad had in-depth studies on the safety and
stability of the structure [13–17], soil particle properties
[18–22], and the deformation law of the surrounding rock
[23–25] in the construction process using the methods of
field monitoring [26–28], model experiment [29–31], and
numerical simulation analysis [32–34], but there are few
studies on the optimization of the construction method. Due
to the number of excavation sections, complex construction
process, high construction cost, and slow construction speed
of the double-side heading method, it needs to be optimized
[35]. Zeng [36] optimized the excavation section of the
double-side heading method, increased the area of the upper
excavation section, and improved the construction effi-
ciency; Yang et al. [37] optimized the supporting structure of
the tunnel crossing the pebble soil layer, which well
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controlled the surface settlement and reduced the con-
struction risk; Li et al. [38] optimized the construction step
of double-side heading method, adopted the excavation
form of upper and lower sections, reserved core rock pillars
in the middle soil layer, accelerated the construction
progress, and improved the overall stability of the tunnel.

)e influence of the construction step on supporting
structure has not been discussed in-depth in the above
studies. Based on this, an underground excavation tunnel of
a subway station in Guangzhou is taken as the engineering
background of this article. )e tunnel has a large cross-
section, and there is a large height difference between the
lower pilot tunnel of the transverse passage and the upper
pilot tunnel of the main line tunnel when the construction is
completed. It is difficult to transport workers, machines, and
materials. )erefore, the excavation sequence has been
optimized. Midas/GTS software was used for finite element
analysis. Combined with the field monitoring data, the
displacement and internal force of the supporting structure
under different excavation sequences were compared to
analyze the safety and stability of the structure. Finally, a
reasonable excavation sequence was selected after careful
consideration of construction cost, construction period, and
construction safety. )e optimized construction scheme not
only ensured the safety and stability of tunnel structure but
also greatly improved the construction efficiency, which
provides some reference for tunnels under similar engi-
neering conditions.

2. Engineering Overview

)e underground excavation tunnel interval is located at
about 300m east of the intersection of West side of
Whampoa Avenue and Xiancun Road, which is connected to
the east end of Xiancun Station. Two open-cut shafts were
set up, and the rest were underground excavation channel.
)e left line is 163.845m long and goes through the
Whampoa Avenue Tunnel in parallel, and the vault is about
16.9m from the bottom of the Whampoa Avenue Tunnel.
)e right line is 51.72m long and is laid below the south side
of Whampoa Avenue, and the vault is about 25m from the
ground. )e crossover between the left and right lines is
37.35m long. )e general layout of the underground ex-
cavation tunnel interval is shown in Figure 1.

)e construction method for the tunnel adopted the
double-side heading method. )e construction sequence
was to excavate the upper section, construct the supporting
structure, and then excavate the lower section after the
construction of the upper section was completed. )e daily
footage of construction was 1m. )e finite element model
was modeled and analyzed based on this working condition.

3. Construction Optimization Scheme

)e main principle of the double-side heading method is to
divide the large section of the tunnel into small sections
using the middle wall, and each small section can be divided
into upper and lower pilot tunnels to avoid stress concen-
tration. )e specific section is shown in Figure 2. )e

common excavation sequence of sections is that the left and
right sections are constructed first and the support system is
formed in time, and then the middle section is constructed,
namely, ①-④-②-⑤-③-⑥. )e optimized excavation se-
quence of the section is to excavate the upper left and right
pilot tunnels first, then the upper middle pilot tunnel, then
the lower left and right pilot tunnels, and finally the lower
middle pilot tunnel, namely, ①-②-③-④-⑤-⑥.

4. Numerical Simulation

4.1. CalculationModel and Boundary Conditions. )emodel
strata from top to bottom were plain fill, medium coarse
sand, plastic residual soil, strongly weathered pelitic silt-
stone, moderately weathered pelitic siltstone, and slightly
weathered pelitic siltstone. )e model included shaft,
transverse passage, main line tunnel, and foundation pit
above the tunnel. According to Saint-Venant’s principle,
when the size of the model is 3 to 5 times the tunnel span, the
influence of the boundary effect on the model can be ignored
[39].)erefore, the boundary of the overall model was 120m
in theX direction, 140m in the Y direction, and 50m in the Z
direction. )e total number of model elements was 130161,
and the total number of mesh nodes was 76573, as shown in
Figure 3.

4.2. Material Constitutive and Parameters. )e
Mohr–Coulomb constitutive model was adopted for plain
fill, medium coarse sand, plastic residual soil, and strongly
weathered pelitic siltstone [40]. )e moderately weathered
and slightly weathered pelitic siltstone adopted the modified
Mohr–Coulomb constitutive model because of their rela-
tively complete rock structure and hard rock quality. Sup-
porting structures such as shotcrete, bolt, grid steel frame,
and section steel adopted the elastic constitutive model. )e
physical and mechanical parameters of each material are
shown in Table 1.

)e initial support of transverse passage and tunnel
adopted the form of grid steel frame and shotcrete, and the
elastic modulus of initial support was calculated by the
method of stiffness equivalence [41]. )e equivalent elastic
modulus of initial support was calculated to be 25.382Gpa,
and the equivalent elastic modulus of the temporary support
was 29.064Gpa.

4.3. Simulated Construction Steps. )e original construction
scheme and the optimized construction scheme were
compared using numerical simulation. )e original con-
struction scheme was scheme I and the optimized con-
struction scheme was scheme II. )e specific construction
steps of scheme I were as follows (S stands for construction
steps).

(1) Initial stress field analysis (IS): activate the original
strata, gravity, and boundary condition in the nu-
merical model and cleared the displacement to
simulate the state when the tunnel was not excavated.
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(2) Excavate shaft and foundation pit and construct the
supporting structure (S2)

(3) Excavate the upper (S3–S40), middle (S41–S78), and
lower (S79–S116) pilot tunnels of transverse passage
and construct the supporting structure

(4) Excavate the 1 and 2 (S117), 4 and 5 (S118), 3 (S119),
and 6 pilot tunnels (S120) of the mainline tunnel in
sequence, and the supporting structures of each pilot
tunnel were constructed after one construction step
Repeat the above steps until the construction was
completed; scheme I included 159 construction steps
in total.

)e specific construction steps of scheme II were as
follows:

(1) Initial stress field analysis (IS): activate the original
strata, gravity, and boundary condition in the
numerical model and clear the displacement to
simulate the state when the tunnel was not
excavated.

(2) Excavate the shaft and foundation pit and construct
the supporting structure (S2).

(3) Excavate the upper (S3–S40) and middle (S41–S78)
pilot tunnels of transverse passage and construct the
supporting structure.

Figure 1: General layout of underground excavation tunnel interval.

1 3 2

4
6

5

Figure 2: Construction process of double-side heading method.

(a) (b)

Figure 3: Double-side heading method model. (a) Overall model. (b) Main tunnel model.
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(4) Excavate the 1 and 2 (S79) and 3 pilot tunnels (S80)
of the main line tunnel in sequence, and the sup-
porting structures of each pilot tunnel were con-
structed after one construction step.

(5) Repeat the above steps until the construction of the
upper section of main line tunnel is completed
(S79–S99).

(6) Excavate the lower (S100–S137) pilot tunnel of
transverse passage and construct the supporting
structure.

(7) Excavat the 4 and 5 tunnels (S138) and 3 pilot
tunnels (S80) of main line tunnel in sequence, and
the supporting structure of each pilot tunnel were
constructed after one construction step;

Repeat the above steps until the construction was
completed, and scheme II included 159 construction steps in
total.

5. Results

5.1. Analysis of Surface Settlement of Transverse Passage.
After simulation calculation, the surface settlement curve of
the transverse passage with the construction steps as the
abscissa was drawn, as shown in Figure 4, where the
monitoring section is Y� 70m.

Figure 4 shows that the final surface settlement of the
transverse passage is 11.77mm. )e biggest impact on the
surface settlement of the transverse passage was the exca-
vation of the upper pilot tunnel of the transverse passage,
and the settlement value was about 8.22mm, accounting for
69.8% of the total settlement value. )e second was the
excavation of the upper pilot tunnel of the main line tunnel,
and the settlement value increased from 9.19mm to
10.99mm, accounting for 15.3% of the total settlement
value. )e excavation of the middle and lower pilot tunnels
of the transverse passage and the lower pilot tunnel of the
main line tunnel had little impact on the surface settlement
of the transverse passage. )e reason was that the initial
support was timely constructed after the excavation of the
upper section, which played a role in supporting and lim-
iting the vertical displacement of the soil. )erefore, the
excavation of the upper pilot tunnel of the transverse passage

was a key construction process, and monitoring should be
strengthened during on-site construction.

)e surface settlement data of the transverse passage at
section Y� 70m in the numerical model was selected for
comparison and analysis with the field monitoring data. )e
on-site construction progress was that the construction of
the upper pilot tunnel of the transverse passage had been
completed, and the middle pilot tunnel had been excavated
for 6m. )e comparison results are shown in Figure 5.

Figure 5 shows that the trend of the surface settlement
results of the transverse passage in the field monitoring data
and numerical simulation was basically the same, but the
settlement value of field monitoring was larger than the
numerical simulation. )e final settlement value of field
monitoring was 13.69mm, which was 66.6% larger than the
result of the numerical simulation. )e reason why the
numerical simulation results were small was that the model
ignored the influence of groundwater [42, 43]. Only self-
weight stress was considered in rock and soil mass, and the
influence of tectonic stress was ignored. )e deformation of
rock and soil mass was considered to be isotropic. )ese
simplifications and assumptions made the numerical sim-
ulation results smaller than the actual settlement value.

5.2. Displacement Analysis of Initial Support of Tunnel.
)e displacement value of initial support was extracted
according to the monitoring points shown in Figure 6, where
the monitoring surface was located at X� 50m and the
corresponding tunnel excavation distance was 10m. Figure 7
shows the displacement diagram of initial support under
different schemes. As can be seen from the figure, the set-
tlement value from large to small of the tunnel was vault,
spandrel, hance, and arch foot. )e settlement value of the
right initial support was slightly larger than that of the left
because there was a foundation pit above the left initial
support, which reduced the soil press upside, so the set-
tlement of the left initial support was smaller. For scheme I,
when the excavation surface did not reach the monitoring
surface, some areas of the monitoring point had slight
displacement. After the excavation reached the monitoring
surface, the displacement of the initial support increased
with the advancement of the excavation surface and finally
tended to be stable.

Table 1: Physicomechanical parameters of material.

Material name Elastic modulus/
(MPa)

Bulk density/(kN/
m3)

Cohesion/
(kN/m2)

Internal friction angle/
(°)

Strata thickness
/(m)

Plain fill 12.6 19.0 10.0 9.0 3.2
Medium-coarse sand 16.0 20.0 0 30.0 2.0
Plastic residual soil 22.0 22.0 18.6 18.0 14.6
Strongly weathered pelitic siltstone 50.0 21.0 45.0 30.0 10.0
Moderately weathered pelitic
siltstone 200.0 25.6 180.0 32.0 2.2

Slightly weathered pelitic siltstone 400.0 26.0 450.0 35.0 18.0
C25 shotcrete 23000.0 25.0
Initial support 25383.0 25.0
Temporary support 29064.0 25.0
Bolt 206000.0 78.5
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For scheme II, the influence of tunnel excavation on the
initial support was divided into two parts. )e first part was
the excavation of the upper section of the tunnel. At this
time, the vault and spandrel had a large settlement, and the
settlement of the hance was small. )e second part was the
excavation of the lower section of the tunnel, which had a
small impact on the overall initial support. )e excavation of
the lower pilot tunnel of the transverse passage had little
effect on the displacement of the tunnel initial support. )e

final displacement values of each monitoring point of tunnel
initial support under different construction schemes are
shown in Table 2.

Table 2 shows that the settlement values of the vault and
left and right arch feet in scheme II were 4.6%, 77.8%, and
44.1%, lower than those in scheme I, while the settlement
values of the left and right spandrels and hance were 16.4%,
17.7%, and 56.1%, 58.9% higher than those in scheme I,
respectively, and the uplift value of the arch bottom was
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3.5% higher than that in scheme I. )e displacement values
of the hance and arch foot of the two construction schemes
were quite different. )e reason was that scheme I was to
excavate the sections on both sides first and then excavate
the middle section after the initial support on both sides
forms a closed loop; scheme II was to excavate the upper
section first and then excavate the lower section after the
upper section was completed. )e support construction

sequences of the two construction schemes were different,
so the stress conditions of the hance and arch foot were
quite different, and the final settlement value was also quite
different.

To sum up, the displacement law of initial support
caused by different excavation sequences was roughly the
same. Scheme II had a slightly greater impact on the dis-
placement of initial support, but within the controllable

Figure 6: Layout diagram of initial support monitoring points.
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Figure 7: Time-history curves of tunnel initial support displacement under different schemes. (a) Time-history curve of tunnel initial
support displacement in scheme I. (b) Time-history curve of tunnel initial support displacement in scheme II.
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range. )e excavation of 3-pilot tunnel was a key con-
struction process, so it needed to do well in advance support
and timely constructed initial support to control the vertical
displacement. )e excavation of the lower pilot tunnel of the
transverse passage had little effect on the completed tunnel
support.

5.3. Stress Analysis of Tunnel Supporting Structure.
Figure 8 shows the cloud diagram of the major principle
stress of supporting structure when the tunnel excavation of
different schemes was completed. As seen from the figure,
the major principal stress distribution and value of the
tunnel supporting structure of the two schemes were basi-
cally the same. In terms of initial support, most of the
spandrel and hance were compressed, and a small part was
tensioned at the front of the tunnel. Most of the vault and
arch bottom were compressed, and a small part was ten-
sioned at the end of the tunnel. In terms of temporary
support, most of the temporary inverted arch and the middle
wall were tensioned; the part of the temporary inverted arch
near both ends of the tunnel and the middle wall near the
temporary inverted arch would be compressed. )e stress
value of the middle wall of the tunnel was greater than that of
the temporary inverted arch, and the stress value of the
upper middle wall was greater than that of the lower middle
wall.

5.3.1. Initial Support of 1-Pilot Tunnel. )e stress value of
initial support was extracted according to the monitoring
points shown in Figure 9, where the monitoring surface was
located at X� 45m, and the corresponding tunnel excava-
tion distance was 5m. As seen in Figure 8, the stress value of
the initial support was symmetrical, so only the left initial
support was selected for analysis.

Figure 10(a) shows the time-history curve of initial
support stress of the 1-pilot tunnel in scheme II. As seen
from the figure, the stress value of the initial support of the 1-
pilot tunnel decreased with the excavation of the upper
section, and the stress value changed from positive to
negative when the excavation reached the end of the upper
section. )en, the lower pilot tunnel, different from the
transverse passage, was excavated, and the excavation on the
side close to the tunnel would slightly increase the com-
pressive stress of the initial support. After the excavation
surface passed through the tunnel surface, the stress value of
the initial support remained stable. Finally, the lower section
of the tunnel was excavated. When the excavation surface
had not reached the monitoring surface, the compressive
stress value of the initial support increased with the section
excavation. After the excavation surface passed through the

monitoring surface, the stress value of the initial support
basically remained stable.

)e time-history curves of the initial support stress of
the 1-pilot tunnel of two schemes were compared. Since
the excavation of the lower pilot tunnel of the transverse
passage had little effect on the stress value of the initial
support, this part of the data was discarded during the
comparison, and the construction steps were reordered.
)e comparison of the time-history curve of the initial
support stress of the 1-pilot tunnel in the two schemes is
shown in Figure 10(b). It could be seen that the variation
law of stress value of the initial support of the two
construction schemes was basically the same. )e stress
values of each monitoring point of tunnel initial support
under different construction schemes are shown in
Table 3. As can be seen from the table, the maximum
tensile stress of scheme II was 7.7% higher than that of
scheme I, and the maximum compressive stress was 240%
higher than that of scheme I. )erefore, the first con-
struction of the supporting structure on both sides could
timely distribute the surrounding rock pressure to the
lower support, reduced the stress value on the initial
support, and was more conducive to the safety of the
structure.

5.3.2. Temporary Inverted Arch of 1-Pilot Tunnel. )e stress
value of the temporary inverted arch was extracted
according to the monitoring points shown in Figure 9. As
can be seen from Figure 11, the stress value of the tem-
porary inverted arch of the 1-pilot tunnel in scheme I
increased rapidly during early excavation and then de-
creased slowly with tunnel excavation. )e stress value of
the temporary inverted arch of the 1-pilot tunnel in scheme
II increased continuously when excavating the upper
section of the tunnel and reached the peak when excavating
the end of the upper section. )en, the excavation of the
lower section of the tunnel would rapidly reduce the stress
value of the temporary inverted arch and continue to
decrease with the excavation. As shown in Table 3, the
maximum stress value and the stress value at the com-
pletion of tunnel excavation of the temporary inverted arch
in scheme II were 173% and 101% higher than those in
scheme I, respectively. )e stress value of the temporary
inverted arch in scheme I would be much less than that in
scheme II because the supporting structure on both sides
was excavated first. )e stress value of the temporary
inverted arch in scheme I would be much less than that in
scheme II because the supporting structure on both sides
was excavated first, and the stress system of the closed space
could be formed more quickly.

5.3.3. Middle Wall of 1-Pilot Tunnel. As can be seen from
Figure 12, the overall trend of the stress value of the
middle wall in 1-pilot tunnel of the two schemes in-
creased first and then decreased slowly. )e difference
was that scheme II would cause disturbance to the middle
wall when excavating the upper and lower sections, re-
spectively, and the stress value had two fluctuation points.

Table 2: Final displacement value of monitoring points in initial
support of tunnel unit: mm.

Scheme ① ② ③ ④ ⑤ ⑥ ⑦ ⑧
I −13.4 −6.1 −6.8 −2.0 −2.4 −0.6 −0.9 1.4
II −12.8 −7.0 −8.0 −3.1 −3.8 −0.4 −0.6 1.5
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(a)

(b)

Figure 8: Different schemes of tunnel supporting structure major principle stress cloud diagram. (a) Tunnel supporting structure major
principle stress cloud diagram of scheme I. (b) Tunnel supporting structure major principle stress cloud diagram of scheme II.

Figure 9: )e stress value monitoring point layout of supporting structure.
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Figure 10: Time-history curve of initial support stress of 1-pilot tunnel. (a) Time-history curve of the initial support stress of 1-pilot tunnel
in scheme II. (b) )e comparison of time-history curve of the initial support stress of 1-pilot tunnel in the two schemes.

Table 3: Stress value of each monitoring point of tunnel supporting structure unit: MPa.

Scheme
Maximum

stress value of
initial support

Stress value at the
completion of
initial support
excavation

Maximum stress
value of
temporary

inverted arch

Stress value at the
completion of

temporary inverted
arch excavation

Maximum
stress value of
middle wall

Stress value at the completion of
middle wall excavation

I 0.39 −0.05 1.95 0.72 7.77 6.17
II 0.42 −0.17 5.33 1.45 8.73 6.51
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As shown in Table 3, the maximum stress value and the
stress value at the completion of tunnel excavation of the
middle wall in scheme II were 12.4% and 5.5% higher
than those in scheme I, respectively.

To sum up, the stress values of initial support and
temporary support in scheme II were higher than those in
scheme I, but both were within the controllable range.
)erefore, when scheme II was adopted for construction,
it was necessary to strengthen the monitoring of the
supporting structure, especially the temporary inverted
arch, to ensure the construction safety.

5.3.4. Overall Comparison. Figure 13 shows the overall
stress diagram of the tunnel support structure when the
tunnel was excavated at 10m according to different schemes.
)e stress of the tunnel support structure in scheme I was
small in the spandrel, hance, and temporary inverted arch,
and the stress was mainly concentrated in the vault, middle
wall, arch foot, and arch bottom.)emaximum tensile stress
was 7.71MPa located in the middle wall on the right side.
)e maximum compressive stress was −0.65MPa located in
the initial support on the right side. Because of the con-
struction off the upper part of the supporting structure only,
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Figure 12: Time-history curve of middle wall stress of 1-pilot tunnel.
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the stress of hance and temporary inverted arch in scheme II
were larger than that in scheme I. )e maximum tensile
stress was 9.86MPa located in the temporary inverted arch
on the right side. )e maximum compressive stress was
−0.98MPa located in the initial support on the right side.
)erefore, the lower part of the structure could share the
load of the upper part of the structure and improve the safety
and stability of the overall structure.

6. Conclusion

According to the numerical simulation data, after analyzing
the surface displacement, displacement, and stress charac-
teristics of the supporting structure of the double-side
heading method under different excavation sequences, the
conclusions were as follows:

(1) By comparing the numerical simulation date and
monitoring data of transverse passage surface set-
tlement, it could be seen that the variation law of
surface settlement between the two methods was the

same, which showed that the simulation of the de-
formation law of the stratum by this model was
basically consistent. Based on this model, the exca-
vation sequence of the double-side heading method
could be qualitatively researched.

(2) Compared with the original construction scheme,
the optimized construction scheme had a higher
impact on the supporting structure, especially the
temporary inverted arch, but it was within the
controllable range. )e optimized construction
scheme first excavated the upper section of the
tunnel and then the lower section, which solved the
problems of the large height difference in the tunnel
and difficulty in transporting workers, machines, and
materials, increased the construction work surface,
greatly improved the construction efficiency, and
shortened the construction period. )e optimized
construction scheme can provide a reference for the
construction of urban subway tunnels under similar
engineering conditions in the future.

(a)

(b)

Figure 13: Overall stress diagram of the tunnel support structure. (a) Overall stress diagram of the tunnel support structure in
scheme I. (b) Overall stress diagram of the tunnel support structure in scheme II.
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Electricity is a crucial part of our everyday lives. A limited number of resources can be utilized to generate power; hence, one must
save these resources or electricity for future utilization. -is is only possible by using energy most efficiently. For sustainable
development and energy conservation, energy auditing plays an indispensable role. -e energy audit is an extensive study that
helps to identify energy use among different services and provides opportunities for energy conservation. -e literature showed
various energy audits conducted at various locations with its analysis. Few were shown that the appliances are responsible for high
energy consumption, and few talked about the cost analysis with energy-saving methodologies. -is work is proposed to combine
the integration of renewable energy sources in a building and the cost-saving due to energy-efficient appliances.-is paper tries to
observe, infer, and analyze the patterns of energy usage of a residential complex and various measures to reduce energy
consumption and cost-saving. A case study is included to analyze the reduction in consumption of energy per unit to make the
building energy efficient. A feasibility study is executed to observe the increments in costs. Calculations for auditing will reduce the
building’s carbon footprint and benefit residents in the form of cost savings in the long run.

1. Introduction

In the residential segment across India, the present elec-
tricity consumption is about 25% of the total electricity
consumption according to data published (2018-19). -e
electricity demand in residential buildings is at a simple
annual growth rate of 10–14%. -is is because of the in-
creasing population economic and technological develop-
ments. To ensure that energy usage does not become
unmanageable, which now poses a present-day challenge,
the issue also provides an opportunity to address and resolve
energy management problems in different areas. Energy
auditing is efficiently done for energy conservation. -e
various steps involved are performed by inspecting,

surveying, and analyzing energy flow in a building,
framework, or system. -e result has increased based on
analyzing the energy consumption of Two-story buildings in
France. In an academic institution located in Nigeria, a study
was conducted to project energy consumption on various
time scales such as daily, weekly, and annual. It was con-
cluded that HVAC (heating, ventilation, and air condi-
tioning appliances) and gadgets driven by electrical motors
consumed 36% and 61.9% of the total energy supplied [1].

-e electrical energy consumption at Airport, in Egypt,
was analyzed by considering various indoor parameters such
as temperature, illuminance, and relative humidity. It was
shown that there was a 24.5% reduction in total energy
consumption by increasing the air cooler temperature by 2°C
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[2]. -e energy audit process-based case study in Australia
identified the main factors of energy consumption as design,
physical conditions, and social-economic buildings’ status
[3]. In the energy audit carried out in Italy, energy efficiency
measures have been selected for identifying the retrofit
interventions in the renovation stage of a building. -is
study and analysis were carried out in a detailed manner
with simulation studies and cost analysis. It was observed
that the output was not meeting the nZEB (net-zero energy
building) criteria; hence, the inclusion of renewable sources
has been done with additional cost [4].

Energy auditing can help an individual or a group to
identify areas where the amount of energy input into the
system can be reduced without adversely affecting the
output. -e crucial step in energy auditing is identifying
opportunities to reduce carbon footprints and energy costs
in commercial and industrial real estate applications. An
energy audit examines how much energy a household
consumes and then develops a method to optimize energy
consumption by increasing efficiency. -e various coeffi-
cients such as annual demand and the cost of the primary
source of energy are identified for getting information on
the energy-saving methods and its analysis [5]. A large
amount of money can be saved in the long run by max-
imizing the energy efficiency of a residential unit. -e
usage of energy-efficient devices could help us reduce the
cost of energy consumption having the same power out-
put. In [6], the comparative study of efficient and ineffi-
cient appliances has been done in Nigeria’s residential
building. Around 48 percentage savings were obtained in
replacing the old with new devices. Moreover, the
greenhouse gas emissions and carbon-di-oxide emissions
should also be analyzed with the existing components in
the building. It is necessary to take steps further to reduce
these [7]. It has been observed that the structure of the
building and the selection of device are more significant in
the power consumption.

-e energy consumption purely depends on the archi-
tecture with the design and themaintenance due to the usage
of the devices. Lighting and thermal play a vital role in
energy consumption patterns [8]. An energy audit con-
ducted at Leverett Elementary School revealed that the
suggested alternative methods for HVAC systems have given
more efficient solution in various aspects such as social,
environmental, and economical way [9]. An innovative
model based on amultilevel approach was introduced in [10]
using a regression model with a combined bottom-up and
top-down model approach for residential energy demand in
France. -ough this paper has given an overview of various
factors, there are more challenges such as data collection,
reforming the policies, the measures of incentives, en-
hancement of technical capacity, and the reforms to be
considered at the institutional level.-e energy usage outline
has been evaluated at the buildings located at Central
Queensland University, Australia [11]. -e survey analyzed
the indoor temperature and humidity based on indoor
heating and cooling loads. -e auditing resulted in a hike in
almost 7-8% of the cost to increase 2-3% in energy con-
sumption. -e change in energy was mainly due to the

temperature and humidity increase in the outside
environment.

Energy audit conducted at Maharaja Surajmal Insti-
tute of Technology, Janakpuri, New Delhi for the hostel
and mess buildings had given effective energy conserva-
tion measures to reduce the cost of energy [12]. It was
observed that the replacement of conventional lamps with
advanced devices reduced energy usage by one-fourth; the
payback period for the replacement was also very eco-
nomical. Various case studies were carried out in a de-
tailed manner in [13] by taking building construction
materials, survey, baseline model, evaluating the energy
conservation opportunities, and finally submitting the
recommendations for the cost savings. Identifying the
utilities having less efficiency was also a major point of
consideration. It was given more weightage in the article
[14] by carrying out an audit at a residential building in
Old Mahabalipuram Road (OMR), Chennai. It was rec-
ommended to change the separate cooling systems by
centralized cooling units.

Making awareness among the public living in the resi-
dential building about energy conservation is the art and
heart of energy saving. -e study’s objective in [15] was to
create awareness for the residential building sector and
minimize carbon footprint. -e simulation was carried out
in integrated environmental solution (IES) for the building
audit following the guidelines of ASHRAE (American So-
ciety of Heating, Refrigerating, and Air-Conditioning En-
gineers). From the suggestion, there was an energy saving of
6.12% and a cost saving of 24.78% for the simulated building.
Most educational institutions could save energy during
semester holidays by conducting an energy audit. -e six-
month data collected from University Tun Hussein Onn
Malaysia (UTHM), Johor, Malaysia, namely Kolej Kediaman
TunDr. Ismail (KKTDI) on four blocks, showed around 88%
increase in energy consumption in the semester compared to
the holiday period.-is study was carried out by considering
the building energy index and energy intensity as the main
factors for analysis [16].

For small power load estimation, the Morris method is
adopted in [17] to deal with the uncertainty of TM22 and
TM54 models from a building service of Chartered Institute
of Building Service Engineers. It helps the auditors select an
optimal assessment strategy for small load estimations.
Using the data obtained from the weather stations of various
departments, the energy analysis of the photovoltaic plant at
the University of Calabria was carried out in TRNSYS
simulation software [18]. -e results were compared with
the Siegel method showing a payback period of five years
with cost benefits. An overview of the innovative techno-
logical solutions for enhancing the energy performance of a
building for energy consumption reduction has been pre-
sented in [19]. -e authors have given various methods to
realize zero energy buildings that could be incorporated into
the design stage of a building itself and improve the efficacy
of the building energy. -e review article [20] elaborated on
the data exchange for commercial buildings for the devel-
opment of BuildingSync during energy audits to support
various case studies.
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Overview of various standards, roadmaps, and measures
for the government’s energy savings was reviewed in [21],
and the evaluation of various methods, strategies, and ap-
plicability to the existing buildings was also presented. -e
usage of renewable energy sources has become an energy
substitution method nowadays. -e energy policy related to
renewable energy sources with its modelling was given in
[22] as a review article by considering the five major
countries such as the United States, Germany, Denmark,
China, and the United Kingdom. -e best two methods for
satisfying the energy demand are producing energy by
classical and renewable energy methods and enhancing the
efficiency of available energy systems [23].

-e highlights of the paper are as follows:

(i) Energy audit implementation of a real-time project
on a newly constructed building

(ii) Load calculation and distribution analysis for this
building with economical cost analysis for various
types of flats such as single, double, and triple

(iii) Proposed alternative energy-efficient appliances for
the conventional loads for the cost reduction and
improved sustainable environment

(iv) Analysis of renewable energy sources such as solar
with cost analysis and energy-saving and payback
period

-is paper aims to conduct the energy audit of an under-
construction residential project to optimize the electrical
energy consumption and, therefore, make the project more
energy-efficient. -e energy audit provides a standard or
reference point for accessing and overseeing energy con-
sumption throughout the building and provides the
methods for guaranteeing optimized energy use across the
building. -is helps develop ways to decrease energy con-
sumption per unit of product output or lower operating
costs and, hence, execute energy auditing [24].

-is paper is started with an introduction in the first
chapter, which deals with the previously available literature.
-e second chapter discusses the methodology and the
building explanation for the case study. In this chapter, a
comparison of conventional energy consumption and en-
ergy-efficient equipment consumption is being made. -e
next chapter includes the integration of renewable energy
sources with the payback period calculation. Chapter four
discusses the results and inferences, and the importance of
GRIHA (Green Rating for Integrated Habitat Assessment) is
presented in chapter five. -e conclusion is given in chapter
six.

2. Methodology

A review program will help focus on variations in the energy
costs, availability, and reliability of energy supply, help
decide on the appropriate energy mix, identify energy
conservation technologies, and retrofit for energy conser-
vation gear. -e information and paperwork required
during the detailed audit and analysis include energy con-
sumption by type of appliance and usage, energy cost, and

tariff data, energy management procedures. In the first stage
of auditing, it means to reduce energy use in areas where
energy is wasted and reductions will not cause disruptions to
the various functions are introduced.-is includes replacing
less efficient (1 star rated) appliances and lighting systems
with more efficient ones (5 stars rated). Each appliance gets
rated between one to five stars, with 5 stars meaning it is
extremely efficient and provides the best cost savings in the
long run.-ese star labels are issued by the Bureau of Energy
Efficiency (BEE) under the Standards and Labelling (S&L)
program. -e objective is to help the consumer to have an
informed choice about the energy savings and thereby the
cost-saving potential of household and other equipment that
will save the electricity bill. -e energy consumption in each
case using conventional loads is computed and compared to
the energy consumption using energy-efficient loads instead.
-is comparison has been made in terms of electrical
consumption andmonetary expenditure. A load distribution
can also be inferred from this to see the degree of influence of
the particular load on the total electrical consumption. -e
second stage is to add a solar power system to the building to
offset costs further and decrease the building’s overall energy
and carbon footprint in the long run.

-is comparison can be concluded by reducing energy
consumption by assessing the difference in total project
electrical consumption with efficient appliances. -is re-
duction will give a cost-saving which will be used to see the
payback period for the said investments.

2.1. DataCollection. -e project is named “Cosmo Empire,”
developed by Cosmo Group in Gwalior, Madhya Pradesh at
around 48 Crore as shown in Figure 1. -e site’s address is
Cosmo Empire, Sirol Main Road, Gwalior, Madhya Pradesh-
474001.

-e details of the project with its floor plan are given in
Figure 2, and its description is as follows:

(i) 8 floors with 16 flats per floor (1BHK-1 flat, 2BHK-9
flats, 3BHK-6 flats)

(ii) Total of 128 flats (1BHK-8 flats, 2BHK-72 flats,
3BHK-48 flats)

(iii) Common area with shops

-e floor plan is used to find the number of each type of
appliance in a flat and then on a floor and finally the whole
building.

2.2. Energy Audit Strategy. Identification of energy con-
sumption and other parameters has been made using de-
tailed calculations, analysis, assumptions, and
approximations. First, the load of the building per day with
conventional (1-star rating or less efficient) appliances is
evaluated and then calculated by replacing them with im-
proved (5 stars rated or more efficient) appliances. -en, the
estimation of the cost and payback period for a 40 kW solar
power system is done. Finally, the results will be laid out by
combining the above measures.
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2.3. Data Analysis

2.3.1. 1BHK (Bedroom-Hall-Kitchen). -e layout for the
single bedroom is given in Figure 3, and the load calculation
with the conventional appliance is presented in Table 1. Load
distribution is presented as a chart in Figure 4.

Tables 1 and 2 compare the electricity consumption per
day of 1BHK flat type and the estimated appliance cost. -e
pie chart in Figure 4 shows the percentage distribution of
electricity usage per appliance in 1BHK flats. Air conditioning
uses 47.8%, followed by the refrigerator, which uses 36.4% of
the daily energy. -e rest of the appliances are a very small
percentage compared to these two. Hence, most energy can be
saved if these two appliances are more efficient.

2.3.2. 2BHK. Figure 5 shows the layout for a double bed-
room flat. Tables 3 and 4 compare the electricity con-
sumption per day of the 2BHK flat type and the estimated
appliance cost.

-e pie chart in Figure 6 shows the percentage distri-
bution of electricity usage per appliance in 2BHK flats. Air
conditioning uses 63.7%, followed by the refrigerator, which
uses 24.3% of the total energy used per day. Compared to
1BHK flats, the air conditioning percentage has increased as

2BHK flats have 2 AC units. Hence, most energy can be
saved if these two appliances are more efficient. -e rest of
the appliances are a very small percentage compared to these
two.

2.3.3. 3BHK. Figure 7 presents the layout and floor plan for
the three-bedroom buildings. Tables 5 and 6 compare the
electricity consumption of 3BHK flat type per day and the
estimated appliance cost.

Figure 2: Floor plan.

Figure 1: Rendering of the finished project.

Figure 3: 1BHK flat layout.
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Table 2: Load calculation—improved appliances—1BHK.

S. no. Load type Load of one appliance (W) Hours Nos. per flat Nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 20 7 3 24 3360 235 5640
2 Ceiling fans 28 4.5 4 32 4032 3800 121600
3 LED TV 80 4 1 8 2560 28990 231920
4 Exhaust fans 35 0.5 2 16 280 1184 18944
5 Ceiling light 16 7 1 8 896 282 2256
6 Washing machine 360 2 1 8 5760 14441 115528
7 Refrigerator 298 24 1 8 57216 34500 276000
8 AC 1440 7 1 8 80640 55990 447920

Total 154744 — 12,19,808

Figure 5: 2BHK flat layout.

Table 1: Load calculation—conventional—1BHK.

S. No. Load type Load of one appliance (W) Hours Nos. per flat Nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 36 7 3 24 6048 54 1296
2 Ceiling fans 78 4.5 4 32 11232 1425 45600
3 LED TV 80 4 1 8 2560 28990 231920
4 Exhaust fans 45 0.5 2 16 360 1150 18400
5 Ceiling light 28 7 1 8 1568 120 960
6 Washing machine 500 2 1 8 8000 17000 136000
7 Refrigerator 359 24 1 8 68928 19600 156800
8 AC 1615 7 1 8 90440 41890 335120

Total 189136 — 9,26,096

Total load in W per flat

AC
47.8%

TUBELIGHT
3.2%

CEILING FANS
5.9%

LED TV
1.4%

WASHING MACH...
4.2%

REFRIGERATOR
36.4%

Figure 4: Load distribution—conventional loads—1BHK.
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-e pie chart in Figure 8 shows the percentage distri-
bution of electricity usage per appliance in 3BHK flats. Air
conditioning uses 61.8%, followed by the refrigerator, which
uses 23.6% of the total energy used per day. -e rest of the
appliances are a very small percentage compared to these
two. Compared to 2BHK flats, the AC energy usage has
decreased by around 1% as 3BHK flats have more lights and
fans.

2.3.4. Common Area. Tables 7 and 8 compare the common
area’s electricity consumption per day and the estimated
appliance cost.

2.3.5. Load Comparison per Flat Type. -e various loads
with conventional power consumption and replaced new
appliances power consumption for all single, double, and

triple bedroom flats are shown in Table 9. -e cost-wise
comparison for all the flat types with old and new appliances
is shown in Figure 9. Energy consumption with the replaced
appliances and its cost and payback period are presented in
Tables 10 and 11, respectively.

2.3.6. Energy Consumption Details.

2.3.7. Cost and Payback Calculations. -e unit rate of
electricity is ₹9/unit.

Table 4: Load calculation—improved appliances—2BHK.

S. no. Load type Load of one appliance (W) Hours Nos. per flat Nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 20 7 4 288 40320 235 67680
2 Ceiling fans 28 4.5 4 288 36288 3800 1094400
3 LED TV 80 4 2 144 46080 28990 4174560
4 Exhaust fans 35 0.5 2 144 2520 1184 170496
5 Ceiling light 16 7 1 72 8064 282 20304
6 Washing machine 360 2 1 72 51840 14441 1039752
7 Refrigerator 298 24 1 72 514944 34500 2484000
8 AC 1440 7 2 144 1451520 55990 8062560

Total 2151576 — 1,71,13,752

Total load in W per flat

AC
63.7%

TUBELIGHT
2.8%

CEILING FANS
4.0%

LED TV
1.8%

WASHING MACHINE
2.8%

REFRIGERATOR
24.3%

Figure 6: Load distribution—conventional loads—2BHK.

Table 3: Load calculation—conventional—2BHK.

S. no. Load type Load of one appliance (W) Hours Nos. per flat Total nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 36 7 4 288 72576 54 15552
2 Ceiling fans 78 4.5 4 288 101088 1425 410400
3 LED TV 80 4 2 144 46080 28990 4174560
4 Exhaust fans 45 0.5 2 144 3240 1150 165600
5 Ceiling light 28 7 1 72 14112 120 8640
6 Washing machine 500 2 1 72 72000 17000 1224000
7 Refrigerator 359 24 1 72 620352 19600 1411200
8 AC 1615 7 2 144 1627920 41890 6032160

Total 2557368 — 1,34,42,112

Figure: 7: 3BHK floor plan.
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Table 6: Load calculation—improved appliance—3BHK.

S. no. Load type Load of one appliance (W) Hours Nos. per flat Nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 20 7 4 192 26880 235 45120
2 Ceiling fans 28 4.5 7 336 42336 3800 1276800
3 LED TV 80 4 2 96 30720 28990 2783040
4 Exhaust fans 35 0.5 2 96 1680 1184 113664
5 Ceiling light 16 7 1 48 5376 282 13536
6 Washing machine 360 2 1 48 34560 14441 693168
7 Refrigerator 298 24 1 48 343296 34500 1656000
8 AC 1440 7 2 96 967680 55990 5375040

Total 1452528 — 1,19,56,368

Total load in W per flat
TUBELIGHT

2.8%
CEILING FANS

6.7%
LED TV

1.7%
WASHING MACH...

2.7%

REFRIGERATOR
23.6%

AC
61.8%

Figure 8: Load distribution—conventional loads—3BHK.

Table 7: Load calculation—conventional—common area.

Load type Location Load of one appliance (W) Nos. Hours/day Total load (Wh) Cost per appliance (₹) Total cost (₹)
Lift — 4600 3 24 331200 — —
Lift — 6000 1 24 144000 — —
Tube light Parking 36 120 8 34560 54 6480
Tube light Streetlight 36 30 10 10800 54 1620
Tube light Floor lobby 36 48 10 17280 54 2592

Total 537840 — 10,692

Table 8: Load calculation—improved appliances—common area.

Load type Location Load of one appliance (W) Nos. Hours/day Total load (Wh) Cost per appliance (₹) Total cost (₹)
Lift — 4600 3 24 331200 — —
Lift — 6000 1 24 144000 — —
Tube light Parking 20 120 8 19200 235 28200
Tube light Streetlight 20 30 10 6000 235 7050
Tube light Floor lobby 20 48 10 9600 235 11280

Total 510000 — 46,530

Table 5: Load calculation—conventional—3BHK.

S. no. Load type Load of one appliance (W) Hours Nos. per flat Nos. Total load of the
building (Wh)

Cost per
appliance (₹)

Total cost
appliance (₹)

1 Tube light 36 7 4 192 48384 54 10368
2 Ceiling fans 78 4.5 7 336 117936 1425 478800
3 LED TV 80 4 2 96 30720 28990 2783040
4 Exhaust fans 45 0.5 2 96 2160 1150 110400
5 Ceiling light 28 7 1 48 9408 120 5760
6 Washing machine 500 2 1 48 48000 17000 816000
7 Refrigerator 359 24 1 48 413568 19600 940800
8 AC 1615 7 2 96 1085280 41890 4021440

Total 1755456 — 91,66,608
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3. Production of Renewable Energy by the
Photovoltaic System (Solar Power)

A proposal is made to put a PV system to produce 40 kW to
generate electrical energy. With a 40 kW per day PV system,
renewable energy production is above 9% of the total energy
usage.

3.1.Working. -is system is connected to the electrical grid
and allows residents/buildings to use solar energy and
power from the grid. In this system, solar PV panels
produce direct current (DC) and are fed into a solar in-
verter that converts it to useable 230V-50Hz AC. When the
panels generate adequate energy, the solar inverter uses no

power from the grid. If the power generated by panels is
insufficient, the inverter compensates by drawing power
from the grid at night. It will completely switch to the main
grid. If the power is in excess, it can be fed to the grid under
net metering. -e battery is not used for this system as the
grid is used as a backup. Solar PV cost quotation and cost
savings with payback calculation are shown in Tables 12
and 13.

4. Results

-e final cost-saving and its payback period are calculated by
taking the electricity unit rate as Rs. 9/unit and given in
Table 14. -e previously shown results prove that the
substitution of energy-efficient appliances in place of con-
ventional equipment has given more cost-saving and energy
consumption. In this chapter, the cost reduction is further
achieved by integrating renewable energy sources. As shown
in Table 14, it is shown that the reduction in energy con-
sumption has been achieved by replacing the appliances and
incorporating the solar system. It saves around 2.5 lakhs
rupees, which will be getting back in three years as a payback
period.

It can be concluded from this project that there is a huge
amount of energy and cost-saving potential in the residential
sector. By simply swapping less efficient appliances with
more efficient ones and installing a PV system, there was a
reduction of around 16% in energy consumption, including
over 9% of renewable energy production. -is was achieved
with a surplus cost of around 1.76% of the project’s total
estimated cost.

Over the next 10 years, the measures are calculated to
provide an estimated saving of over 26 crore rupees. In 20
years, the cumulative savings will surpass the total invest-
ment made for the construction of the building. As is evident
by the data, air conditioning is the single biggest power
consumer in the residential power sector. Hence, installing/
upgrading to more efficient 5-star rated ACs is a great in-
vestment in the long run. It was also observed that huge
improvements in energy usage are due to more efficient
technologies like BLDC (brushless DC) fans which consume
only 28W of energy compared to normal fans which con-
sume around 80W.

5. Green Rating for Integrated Habitat
Assessment (GRIHA)

-e crux of the initiative is “what gets measured.” GRIHA
attempts to quantify aspects such as energy consumption,
waste generation, and renewable energy adoption, to
manage, control, and reduce the same to the best possible
extent. GRIHA is an independent body now even referred to
as a society that looks forward to many architectural aspects
of construction projects.

GRIHA is a rating tool that rates a building on certain
parameters according to international and national stan-
dards and then gives a star rating. Many government bodies
regulate India’s construction process, whether residential or
commercial spaces. -is star rating is now getting accepted.

0
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20000

30000

40000

CONVENTIONAL APPLIANCES

ENERGY EFFICIENT APPLIANCES

19343

23642

29883

35519

30261

36572

Figure 9: Difference between energy consumption when con-
ventional loads are used and when improvised appliances are used
for 1BHK, 2BHK, and 3BHK.

Table 10: Energy usage calculations.

Total project electrical consumption
conventionally 5039.800 kWh

Total project electrical consumption
with efficient appliances 4268.848 kWh

Reduction in electrical consumption per day 770.952 kWh
Percentage reduction in electrical consumption 15.3%

Table 9: Load comparison—conventional vs improvised
appliances.

Conventional appliances total
(Wh)

New appliances total
(Wh)

1BHK 23642 19343
2BHK 35519 29883
3BHK 36572 30261

Table 11: Cost saving and payback calculation.

Cost saved ₹6,938.568
Investment ₹67,90,950
Payback period 2.68 years
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According to the star rating, government bodies provide
many incentives so that the construction company and users
get a boost while considering the concern of environmental
causes. Moreover, many recent real-estate projects have now
started taking certification from GRIHA. It is observed that
customers prefer many GRIHA rated compared to non-
GRIHA affiliated projects.

5.1. Benefits

(i) Energy consumption is reduced without sacrificing
the comfort levels of the consumer

(ii) -e destruction of natural areas, habitats, and
biodiversity is reduced, and soil loss from erosion
is also reduced

(iii) Air pollution and water pollution are reduced
(iv) Water consumption is reduced
(v) Waste generation linked to recycling and reuse is

limited
(vi) Pollution loads are reduced
(vii) User productivity is increased
(viii) Image and marketability are enhanced to increase

the engagement of customers

-erefore, it is recommended that the construction
company looks forward to all these incentives and considers

all the norms while developing a greener and energy-efficient
residential building.

6. Conclusion

-e BEE star rating program has successfully spread
awareness among the consumers as this rating was very
helpful during this project. Data collection about the ap-
pliances that did not have the rating proved difficult and
ambiguous as most manufacturers do not easily make the
energy usage information accessible. -is real-time project
has been chosen to make the public aware of the importance
of energy saving. -e various loads in single, double, and
three bedrooms, hall, and kitchen rooms have been studied.
-e cost comparison of all the loads for conventional and
energy-efficient devices has been attempted and proved the
best method. Solar output has met the load demand, and the
building has a better payback period. Hence, it is suggested
to have a prior study of the building construction with the
cost analysis which will be helpful to reduce the electricity
billing and cost reduction. -is project proves that invest-
ment in energy-saving equipment provides cost benefits in
the long run and is better for the planet.
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Table 12: PV system cost quotation.

Item Capacity
(kWp)

Rate per kWp
(₹)

Total price
(₹)

Design, manufacture, and supply of 40 kW grid-connected solar PV system complete with a
solar module, and other accessories and connecting cables 40 42000 16,80,000

Total 16,80,000

Table 13: PV system cost savings and payback calculation.

Per unit cost of grid electricity 9 Rupees
Total energy generated by the PV system per year 52,800 kW
Total saving per year 475200 Rupees
Project cost 16,80,000 Rupees
Payback period 3.53 Years

Table 14: Final cost savings and payback calculation.

Daily energy usage (no energy-saving measures in
place) 5039.8 kWh

Reduced energy usage per day (using efficient
appliances) 4268.848 kWh

Energy generated by the PV system per day (peak) 40 kWh
Effective total energy usage per day 4228.848 kWh
Reduction in daily total energy usage 810.952 kWh
Reduction in yearly total energy usage 295997 kWh
Percentage reduction in energy usage 16.09%
Total investment cost 8470950 ₹
Total daily savings 7298.568 ₹
Yearly savings 2663977.32 ₹
Payback period 3.179 years
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In rock engineering problems, the rock is usually subjected to dynamic loads induced by drill, blast and rockburst. ,erefore,
understanding the dynamic response of rock benefit the safety and productivity of excavation activities. In this study, the response
of rock panels under blast loadings is numerically investigated.,e uniaxial and triaxial compression tests are firstly conducted in
the laboratory to obtain the material property of four types of rocks, including Chuanshan limestone, Gaolishan sandstone,
Mineralized limestone and Xixia limestone. ,en, a total of 16 numerical simulations are carried out in which each type of rock
panel is subjected to TNT blast loadings with four scaled distances, i.e., 0.15m/kg1/3, 0.30m/kg1/3, 0.60m/kg1/3, 1.20m/kg1/3. ,e
damage distribution, which is characterized by the effective plastic strain, within the rock panels is quantitatively and qualitatively
analyzed. ,e modelling results demonstrate that the effect of blast loading on the rock is material dependent. For a given scaled
distance, the Gaolishan sandstone damages most severely, followed by Xixia limestone, Chuanshan limestone, and mineralized
limestone. A critical scaled distance is observed on the limestone panels.When the scaled distance is smaller than the critical value,
the damage of limestone panels increases with increasing the scaled distance. Once exceeding the critical value, the damage of
limestone panels decreases with the increase of scaled distance. However, such a transitional scaled distance is not observed in the
sandstone panels, of which damage decreases gradually with the increases of scaled distance.

1. Introduction

A great many of engineering applications are performed in
rock masses, including tunnel excavations, mining activities,
and personnel protective structures [1–3]. Consequently, the
rock is frequently subjected to dynamic loadings resulted
from drill and blast, rockburst, and projectile penetration.
Unlike quasi-static loading, the dynamic loading applied on
the rock is intensive together with high pressure and high
temperature. ,erefore, it is of great significance to un-
derstand the response of rocks subjected to dynamic
loadings, which benefits the safe design and the safety of
personnel and device in rock engineering projects.

To date, numerous experiments have been performed in
laboratory and filed scale to assess the dynamic response of

various rocks. For example, Zhang and Zhao [4] employed
the Split and Hopkinson Pressure Bar (SHPB) in con-
junction with digital image correlation technique and high-
speed camera to explore the mechanical behaviour (e.g.,
strain localization and evolution, onset of fracture, and
material property) of Fangshan marble under dynamic
uniaxial compression, Brazilian disc, and notched semi-
circular bending tests. ,ey observed that the fracture ini-
tiation toughness, tensile strength and uniaxial compression
strength of Fangshan marble increases significantly with the
increase of strain rate, and the strain rate effect results from
the transition of fracture mode. Marurer and Rinehart [5]
carried out spherical steel projectile penetration tests on
sandstone and granite with various velocities and impact
angles. ,ey concluded that the crater formed in the
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sandstone and granite is induced by the crushing in front of
projectile and the fracturing extension to the free surface,
and the crushed and fracturing volumes are relating to the
first and second power of impact velocity, respectively. In
addition, they noticed that the penetration varies linearly
with the impact velocity and is inversely proportional to the
specific acoustic resistance of rock. Chi et al. [6] performed
blast experiments on six granite cubes with two charge
weights, and the fracturing process is monitored with the use
of digital correlation technique and high-speed camera.,ey
found that the charge wight influences the number and
opening velocity of dominant vertical cracks, the initiation
time of macroscopic cracks, and the velocity of fragment.

Numerical approach is an alternative of experiment to
investigate the dynamic response of rock materials [7–9].
Compared with experiment, the numerical approach is more
cost-effective and easier to repreat. In addition, the nu-
merical approach can be used to investigate the micro-
mechanical parameters that influence the dynamic response
of rock, which is difficult to be incorporated in experiments
[10]. ,e commonly used numerical methods include finite
element method, finite-discrete element method, discrete
element method, peridynamic method, and Smoothed-
particle hydrodynamics method [11–13]. ,rough these
methods, the response of rock under various dynamic
loadings are explored. For example, Xie et al. [14] investi-
gated the effect of free-surface boundary conditions, in-situ
stress and the coefficient of lateral pressure on the granite
response subjected to cut blasting with the use of finite
element method. An et al. [15] used the discrete element
method to evaluate the confinement effect on the on the
blasting performance in narrow vein mining, and they found
that the blasting confinement results in underbreak or
overbreak. Saksala and Ibrahimbegovic [16] developed a
combined continuum viscodamage-embedded discontinuity
model to figure out the thermal shock weakening effect on
the dynamic response of granite, and they reported that the
rock gravel and rubble crushing can be enhanced by the heat
shock pretreatment. Zhao et al. [17] examined the bedding
effect on the dynamic Brazilian tensile strength of coal in the
SHPB test with distinct lattice spring method. It is found that
the dynamic indirect tensile strength of coal positively
correlates to the impact velocity, bedding direction, bedding
roughness, and bedding discontinuity. Moreover, much
effort has been paid to develop new isotropic and anisotropic
constitutive models for more accurately and reasonably
describing the rock and rock-like materials’ response under
dynamic loadings [18–25].

To sum up, the studies mentioned above have provided
insights on the dynamic response of rock materials under
various dynamic loading scenarios, such as SHPB tests,
projectile penetrations and blast loadings. Most of these
studies focused on the effect of external factors, e.g., in-situ
stress and impact velocity, but the influence of intrinsic
factors, including rock types and rock’s material property is
lesser explored. ,erefore, this study aims to numerically
investigate the rock response under blast loadings with a
special focus on the effect of rock types and explosive
configuration. Specially, four types of rock, including

Chuanshan limestone, Gaolishan sandstone, Mineralized
limestone and Xixia limestone, are selected, and their ma-
terial properties are first determined with uniaxial and tri-
axial compression tests in the laboratory. ,en, 3D rock
panels are established in the finite element tool LS-DYNA
[26], and each type of rock panel is subjected to four blast
loadings with different scaled distances, i.e., 0.15m/kg1/3,
0.30m/kg1/3, 0.60m/kg1/3, 1.20m/kg1/3. Finally, the effects of
rock type and scaled distance of TNT on the damage dis-
tribution inside rock panels are quantitively and qualitatively
discussed.

2. Experimental and Numerical Approaches

2.1. Material Model for Rocks. ,eMohr–Coulomb strength
criterion is used to describe the mechanical behaviour rock
materials herein, which is the one of the most frequently
used strength criteria in various rock engineering applica-
tions [27]. ,is criterion relates the shear strength of rock to
the constant cohesion and a friction varying with normal
stress, and its yield surface is written as

τmax � C + σn tan φ, (1)

where τmax is the maximum shear stress on any plane; C is
the cohesion strength of rock; σn is the normal stress on that
plane and positive in compression; and φ is the friction angle
of rock. ,e plastic potential function is expressed as

g � βσk − σi + constant, (2)

where σk is the maximum principal stress; σi is the minimum
principal stress; and β is given as

β �
1 + sin φ
1 − sin φ

. (3)

,e damage is described by the plastic strain here, which
is formulated as

εp �

������
2
3
εp

ij · εp
ij



, (4)

where εp is the equivalent plastic strain; and εp

ij is the plastic
strain tensor. It is defined here that the damage is formed
and then accumulated once the equivalent plastic strain
higher than 0.1% [25].

2.2. Parameters Determination. ,e required parameters of
Mohr-Coulomb model can be determined based on the
uniaxial and triaxial compression tests on rock materials.
Here, four types of rocks, i.e., mineralized limestone,
Gaolishan sandstone, Chuanshan limestone, and Xixia
limestone, are drilled from the −475m underground sub-
level of a lead-zinc-silver deposit located in Nanjing, China.
,en, these rock cores are cut into cylinders with a di-
mension of 54mm× 110mm (diameter× height). Later,
these cylinders are ground flat at their two ends. After that,
these cylinders are subjected to uniaxial and triaxial com-
pression tests according to the ASTM D7012-14e1 standard
method. During the test, a thin layer of Vaseline is put on
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two ends of the sample to reduce the friction between the
sample and the loading platens. ,e confining pressures
include 0MPa (uniaxial compression), 10MPa, 15MPa, and
20MPa.

,e fracture patterns of mineralized limestone under
various confining pressures are given as an example and
illustrated in Figure 1. It is evident from Figure 1 that when
the confining pressure is smaller than 15MPa, the shear
failure is the dominated fracture type of mineralized lime-
stone, and under a high confining pressure (20MPa in this
study) the mineralized limestone fails in a crushing mode.
Based on the uniaxial and triaxial compression data of these
four rocks, their material properties can be determined as
listed in Table 1. In the table, E, v, UCS, and BTS denote
Young’s modulus, Poisson ratio, uniaxial compressive
strength and Brazilian tensile strength, respectively.

2.3. Blast Loading Modelling. ,e keyword “Load_-
Blast_Enhanced” is used to create the air blast pressure
history induced by conventional explosives in LS-DYNA
[28], which is an empirical function proposed based on a
large amount of experimental data. Numerous studies have
demonstrated the accuracy and efficiency of this function in
modelling the blast loading on panels made of rock-like
materials [29, 30], and only the equivalent mass of TNT, type
of blast, and the detonation centre of the explosive needs to
be predefined in this function. ,us, this keyword is also
used to generate the TNT blast loading on the rock panels
herein, and its pressure history in a free-air explosion can be
described as

P(t) � Pmax 1 −
t

t+

 exp −
−at

t+

 , (5)

where P is the blast pressure varying with duration time t;
Pmax is the incident overpressure; t+ is the positive duration
time; and a is waveform number.

,e theory and experiments denote that the blast
pressure shows a large degree of self-similarity in terms of
the scaled distance which is written as

Z �
R

M
1/3
e

, (6)

where Z is the scaled distance; R is the distance from ex-
plosive centre to the target surface; and M is explosive mass.
In this study, four scaled distances are used to investigate the
mechanical behaviour of various rock panels subjected to
varying degrees of blast loading, i.e., 0.15m/kg1/3
(R � 0.119m, M � 0.50 kg), 0.30m/kg1/3 (R � 0.30m,

M � 1.0 kg), 0.6m/kg1/3 (R � 0.756m, M � 2.0 kg), and
1.20m/kg1/3 (R � 1.905m, M � 4.0 kg). ,e generated blast
pressure history curves by these four scaled distances are
illustrated in Figure 2. As can be seen, with the increase of
scaled distance, the maximum incident overpressure on the
rock panel’s surface decreases from 182.345MPa to 2.9MPa,
and the arrival time increases from 0.029ms to 1.2ms. ,e
negative pressure is also accommodated in the “Load_-
Blast_Enhanced” approach using the Friedlander equation
[28], and its minimum values are −90.4091 Pa, −90.28 Pa,
−60.015Pa, −102.2 Pa for the scaled distances of 0.15m/kg1/3,
0.30m/kg1/3, 0.6m/kg1/3, and 1.2m/kg1/3, respectively. It is

(a) (b)

(c) (d)

Figure 1: Fracture patterns of mineralized limestone under confining pressure of (a) 0MPa, (b) 10MPa, (c) 15MPa, and (d) 20MPa.
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worth mentioning that the blast pressure history is not
influenced by the rock type. ,e density and Chapman-
Jouguet detonation velocity of standard TNT in LS-DYNA
are 1.57 g/cm3 and 0.693 cm/µs, respectively.

2.4. Numerical Model Setup. A numerical model with a
dimension of 700mm× 700mm× 75mm is established with
eight-node constant solid stress elements as shown in Fig-
ure 3, and the Lagrangian formulation is employed in the

modelling. ,e mesh size is 5mm, and a total of 294, 000
elements is used in the numerical model after mesh con-
vergence study to avoid mesh dependency as much as
possible and make a trade-off between numerical accuracy
and computational efficiency. ,e vertical displacements of
two edges along the Y direction in the bottom face are fixed
to avoid bouncing back up. Also, the hourglass control is
adopted in the explicitly dynamic simulation. Recall that in
this study, four kinds of rocks are selected, and each type of
rock is subjected to blast load with four scaled distances.
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Figure 2: Blast pressure history curves for the scaled distance equal to (a) 0.15m/kg1/3, (b) 0.30m/kg1/3, (c) 0.60m/kg1/3 and (d) 1.20m/kg1/3,
respectively.

Table 1: Material properties of tocks.

Rock Density (kg/m3) E(MPa) v C (MPa) ϕ UCS (MPa)
Mineralized limestone 2725 43722 0.268 5.094 45 78.70
Gaolishan sandstone 2610 28168 0.358 1.146 32 35.14
Chuanshan limestone 2659 26911 0.151 3.438 39 72.92
Xixia limestone 2649 30691 0.141 2.496 34 76.83
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,erefore, a total of 16 simulations are conducted in this
study, and the termination time for each simulation is 0.02 s
to ensure the complete blast related response of rock panels.
Note that the strength property (e.g., uniaxial compressive
and tensile strengths) of rock materials is rate sensitive, and
an obvious strength gain can be obtained under high strain
rates. ,e rate sensitivity of rock is material dependent, that
is, different types of rock materials show different strength
enhancement under the same strain rate. In the numerical
modelling, the strain rate effect can be described by using the
dynamic increase factor formula. Per the author’s knowl-
edge, there is no specified dynamic increase factor formulas
for the four kinds of rockmaterials investigated in this study.
In consequence, the strain rate effect on the is not considered
here.

3. Results and Discussion

After explosive action, the effective plastic strain distributed
within the rock panels are illustrated in Figures 4 and 5. It is
worth mentioning that in this study, the finite element with
an effective plastic strain (eps) larger than 0 denotes that it
has been damaged. Figure 4 plots that the damage decreases
with the increasing scaled distance.When the scaled distance
is small, i.e., 0.15m/kg1/3, the circular damage area with high
eps values localises in the top middle of the rock panels. As
the scaled distance increases, the damage pattern changes to
a rectangular band across the panel with lower eps values.

,e sides views of rock panels in Figure 4 demonstrate
that all the panels are overall damaged in flexural mode with
eps mainly distributed in the middle span and gradually
smeared to the edges. In fact, it is reasonable as such damage
pattern absorbs most of the energy generated by the charge
explosion. For a given rock type, e.g., the Chuanshan

limestone shown in Figure 4(a), the damage decreases with
the increases of scaled distance overall. ,e diameter of the
front face at the side view decreases, but the damage di-
ameter of the distal face at the side view increases first and
then decreases as the scaled distance increases. It is inter-
esting to note that the Chuanshan limestone with a scaled
distance of 0.15m/kg1/3 is damaged much more severe than
the scaled distance of 0.30m/kg1/3 at its distal face where the
noticeable bulge is noticed, but its damage diameter of the
distal face at side view is smaller. ,e reason can be
explained by the fact that when the scaled distance is small,
the local damage occurs in the rock panel centre due to the
punching induced by the high-intensity shear force gener-
ated by the blast wave [31]. When the scaled distance is big,
i.e., 0.30m/kg1/3 or larger, the rock panel is mainly damaged
due to the bending force. Note that a similar trend can be
concluded for another three types of rock panels as shown in
Figures 5(b)–5(d), which is not repeated herein. In addition,
it can be observed from Figures 4 and 5 that the Gaolishan
sandstone is the most damaged for a given scaled distance,
followed by the Xixia limestone, Chuanshan limestone, and
mineralized limestone. It is because Gaolishan sandstone has
the lowest cohesion strength and friction angle.

To quantify the damage induced by the explosive action
with different scaled distances, the probability density of eps
in these four types of rocks is illustrated in Figure 6. As seen,
for the Chuanshan limestone shown in Figure 6(a), its
probability density value of eps� 0 decreases first and then
increases, and the lowest probability density value of eps� 0
is noticed in the case of scaled distance equal to 0.30m/kg1/3.
Note that a smaller probability density of eps� 0 means that
more finite elements are damaged, and thus the Chuanshan
limestone panel with a scaled distance of 0.30m/kg1/3 has the
largest number of damaged elements. In addition, as the

Standoff distance

Explosive

Rock panel

75 mm 700 mm700 mm

Figure 3: Numerical model setup of rock panel subjected to blast loading.
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scaled distance increases, the eps corresponding to the peak
value of probability density increases first and then de-
creases. It denotes that their damage degree for these

damaged elements is severest in the Chuanshan limestone
panel with a scaled distance of 0.30m/kg1/3. For the Gaol-
ishan sandstone shown in Figure 6(b), it is found that with

0

Effective plastic strain

0.15 m/kg1/3 0.30 m/kg1/3 0.60 m/kg1/3 1.20 m/kg1/3

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

(a)

0
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(d)

Figure 4: Plastic strain distribution in (a) chuanshan limestone, (b) gaolishan sandstone, (c) mineralized limestone, and (d) xixia limestone
panels under blast loadings with various scaled distances.
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Figure 5: Plastic strain distribution in (a) chuanshan limestone, (b) gaolishan sandstone, (c) mineralized limestone, and (d) xixia
limestone panels after blast loading. In each subplot, the standoff distance from the top to bottom is 0.15m/kg1/3, 0.30m/kg1/3, 0.60m/kg1/3,
1.20m/kg1/3.
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Figure 6: Continued.
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the increase of scaled distance, the probability density of
eps� 0 increases significantly. As a result, the number of
damaged elements, and the damaged degree decreases with
the increase of scaled distance. As for the mineralized
limestone and Xixia limestone panels, they behave like the
Chuanshan limestone, as shown in Figures 6(c) and 6(d). In
fact, the above conclusions can be supported by the average
eps of each rock panel. For example, under the scaled
distance of 0.15m/kg1/3, 0.30m/kg1/3, 0.60m/kg1/3, 1.20m/
kg1/3: (a) the average eps values of the Chuanshan limestone
panels are 0.0192, 0.0224, 0.0132, and 0.0037, respectively;
(b) the average eps values of the Gaolishan sandstone panels
are 0.0472, 0.0471, 0.0320, and 0.0094, respectively; (c) the
average eps of the mineralized limestone panels are 0.0152,
0.0181, 0.0104, and 0.0028, respectively; and (d) the average
eps of the Xixia limestone panels are 0.0232, 0.0268, 0.0154,

and 0.00429, respectively. In addition, the percentage of
damage elements in the rock panels subjected to the blast
loadings with different scaled distances are compared in
Table 2. It can be seen from Table 2 that the damage per-
centage shows the same trend as the probability density
value illustrated in Figure 6.

4. Conclusions

In this study, the dynamic performance of four types of rock
panels (e.g., Chuanshan limestone, Gaolishan sandstone,
Mineralized limestone and Xixia limestone) subjected the
explosive action with four scaled distances (0.15m/kg1/3,
0.30m/kg1/3, 0.60m/kg1/3, 1.20m/kg1/3) is investigated with
the finite element tool. Mohr-Coulomb criterion is used to
describe the mechanical behaviour of rock panels, and its
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Figure 6: Probability density curves of effective plastic strain distribution in (a) chuanshan limestone, (b) gaolishan sandstone,
(c) mineralized limestone, and (d) xixia limestone panels under blast loading with different scaled distances.

Table 2: Damage percentage of rock panels under blast loadings with various scaled distances.

Rock panel Scaled distance (m/kg1/3) Damage percentage (%)

Chuanshan limestone

0.15 95.1
0.30 97.1
0.60 86.5
1.20 33.9

Gaolishan sandstone

0.15 99.6
0.30 99.9
0.60 95.4
1.20 75.5

Mineralized limestone

0.15 92.1
0.30 92.4
0.60 82.6
1.20 25.7

Xixia limestone

0.15 97.5
0.30 97.7
0.60 90.1
1.20 47.1
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input parameters are determined by the triaxial compression
tests with confining pressures between 0MPa and 20MPa.
,e damage, which is represented by the effective plastic
strain, induced by the explosive action is qualitatively and
quantitively analyzed. ,e simulation results demonstrate
that the effect of scaled distance on the damage distribution
of rock panels is material dependent. ,e Gaolishan sand-
stone is damaged most severely, followed by the Xixia
limestone, Chuanshan limestone, and mineralized limestone
for a given scaled distance. Whether the increase of scaled
distance leading to a smaller damage degree depends on the
rock type. In general, there is a critical scaled distance for
most of rocks, e.g., 0.30m/kg1/3 in this study. Below this
critical value, the scaled distance has a negative impact on
the damage degree of rock, but the larger scaled distance
leads to a lower damage degree after exceeding this critical
value. However, such a critical scaled distance is not ob-
served in the Gaolishan sandstone panels, as the damage
induced by explosive action decrease apparently with in-
creasing the scaled distance. ,e modelling highlights that
the blast design and support schemes need to be adjusted
when conducting excavation activities in different rock
mass, even though these rock masses locate in the same
sublevel. In the future study, the heterogeneity rate-de-
pendency of rock’s material property need to be taken into
account in the blast modelling.
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)e traditional )ree-dimensional (3D) model for stability analysis of a large underground cavern group only includes the main
powerhouse, the main transformer chamber, the tailrace surge tank, the main electrical wire hall, and part of the diversion tunnel
and tailwater tunnel. Other caverns excavation are not taken into consideration, which is inconsistent with the actual project. In
this study, a 3D Finite Element Method (FEM) model, including all the cavities, and a 3D simplified model containing only part of
the cavities were established based on the actual underground cavern group project. We study the structural characteristics of the
cavern group during excavation via 3D nonlinear FEM. At the same time, three numerical calculation schemes are designed for
comparison. )e results show that the simulated distributions of the stress field, deformation field, and plastic zone of the two
numerical models are similar, but the magnitudes of the 3D FEMmodel, which considers all caverns are generally higher than the
simplified model. )e difference between the two simulated horizontal displacements of the main powerhouse reaches 53.72%.
)erefore, from the perspective of engineering safety and actual construction, it is advisable to adopt the 3D FEM model,
including all the cavities, when conducting a simulation analysis of the underground cavern group.

1. Introduction

Hydroelectric power which is an environmentally friendly,
cheap, and safe way to obtain electricity can meet the
growing electricity demand [1]. Water energy resources are
mostly distributed in high mountains and valleys, not
suitable for constructing ground buildings. In order to avoid
adverse topographic, geological, and climatic factors on the
surface, engineers often choose to construct underground
powerhouse for the hydropower station. )e underground
powerhouse is generally composed of large or super-large
caverns [2, 3]. A huge underground cavern group’s con-
struction process is more complicated than that of a single
cavern group due to the mutual influence of several caverns
in the cavern group. However, the construction of an ex-
tensive underground cavern process is time consuming.
Excavation will result in the redistribution of stress in the
cavern.)e stress field change around the cavernmay lead to

the deformation and instability of surrounding rock and
rock collapse, which presents a significant threat to the
structure, construction equipment and may cause the loss of
life and property [4–6]. )erefore, during the excavation of
underground caverns of hydropower stations, the stability of
the surrounding rocks has always been the focus of the
engineering and academic circles.

Many researchers have looked at the stability of the rock
that surrounds underground caverns. One of the main
reasons for the deformation of the surrounding rock is the
ground stress. Before the excavation of the cavern, the rock
and soil are generally in a state of natural stress balance,
which is called the primary stress state or initial stress state
(including self-weight stress and tectonic stress). After the
cavern is excavated, the surrounding rock loses its original
support and expands into the cavern space [7–9]. Zhang and
Wang determined the damage characteristics of deeply
buried caverns and the stress distribution characteristics of
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the cavern perimeter under different ground stress condi-
tions by numerical model tests [10]. Ma and Zhang discussed
the effects of high ground stress, deep unloading and
construction processes under complex geological condi-
tions. )e comprehensive method combining experiment
and simulation reveals law of deformation and failure of
surrounding rock of large underground caverns [11]. Dai
and Li et al. used a high-resolution micro-seismic moni-
toring system to assess the stability of underground pow-
erhouses, and developed a comprehensive analysis method
that can determine the damaged area and predict the
macroscopic deformation of the surrounding rock of the
underground powerhouse [12].

Under the action of high initial in-situ stress and ex-
cavation unloading of caverns, deep rock masses exhibit
unique mechanical behaviors, such as ductility-brittle
transition of rockmass, zonal cracking of surrounding rocks,
accumulation and sudden release of deformation energy,
brittle failure of unloading and so on [13–15]. Li and Wang
et al. used the displacement of key points on the sidewall, the
volume of the plastic zone and the volume of the crack to
characterize the stability of the underground cavern. )e
optimal layout of underground caverns under different in-
situ stress conditions and a modified formula for predicting
sidewall displacement are proposed [16]. Zhang and Wang
et al. proposed using index of damage degree to describe the
Excavation damaged zone (EDZ) via the test results of 38 sets
of drilling holes on the high side wall of the main power-
house [17].

)e evaluation of surrounding rock stability is an im-
portant research content, reflecting the stability degree of
surrounding rock in the process of underground excavation
and support and the comprehensive indexes of geological
composition, environmental conditions, and engineering
factors [18, 19]. Ren and Xu proposed a surrounding rock
stability evaluation method that can analyze the deformation
stability of surrounding rock and predict the collapse of a
rock block quickly by combining DSPEM and RPPMCHE
CWIS [20].

For the underground powerhouse of a hydropower
station, the layout of the cavern group plays an important
role in improving the stability of the surrounding rock of the
cavern. Nowadays, great attention has been paid to the
selection of the longitudinal axis of the cavern and the
distance between the caverns in the design. Researches on
the reasonable excavation process, support timing, support
strength of the giant underground cavern group and related
design theories have become major problems [21, 22]. Using
the advantages of PSO and SVM algorithms, Jiang and Su
et al. devised an intelligent optimization system for cavern
excavation. )is approach efficiently reduces the overall
volume of the plastic zone and brittle failure of the sur-
rounding rock, according to numerical simulation study
[23].

Most of the underground caverns are located in deep
canyons. )eir geological conditions and geological struc-
tures are very complex, including various faults, joints, and
weak interlayers [24, 25]. Duan and Feng et al. took the
impact of weak interlayers into consideration and proposed

an in-situ observation scheme based on geological moni-
toring data, revealing the development and failure mecha-
nism of the rock mass failure process [26]. Hao and Azzam
used numerical methods (UDEC) to establish induced
plastic zones and evaluated the influence of faults on the
failure and deformation behavior of rock masses around
large underground caverns [27].

In the past, people believed that earthquakes did not
damage underground facilities as severely as ground
structures. Until the Kobe earthquake in the 1990s, little
attention was paid to seismic research on underground
facilities [28]. )e Daikai subway station was the first urban
underground building to be destroyed by seismic forces
rather than ground instability [29]. Wang and Chen et al.
investigated the seismic response of a huge underground
powerhouse’s lining structure and suggested an explicit
dynamic contact analysis method that took into account the
surrounding rock’s bonding and damage characteristics as
well as the lining interface [30]. Yang and Lu et al. used time-
energy density analysis, amplitude spectrum analysis, and
finite impulse response (FIR) digital filter methods, and
pointed out that the low-frequency components in micro-
seismic records were mainly caused by the instantaneous
release of in-situ stress. )e high frequency components are
mainly caused by explosions [31].

Facts have proved that as the depth increases, the
original stress will show a linear or nonlinear increase [32,
33]. )e original ground stress caused by the overburden,
site conditions, and excavation operations may lead to stress
concentration, which can lead to cracks and damage [34, 35].
Rockburst hazards can cause significant damage to the
foundation of structures and equipment, and may threaten
the safety of workers [36, 37]. Fraadonbeh et al. used two
self-organizing maps (SOM) and fuzzy c-means (FCM)
robust clustering techniques to explore the relationship
between rockburst related parameters [38].

Most of these studies on the stability of underground
caverns use three-dimensional simplified models that in-
clude the main powerhouse, main transformation chamber,
busbar tunnel, some diversion tunnels and tailrace tunnels,
or only three main caverns, without considering the impact
of the excavation of other caverns on stability.

)is paper takes an underground cavern of a hydro-
power station as the research object, establishes a three-
dimensional finite element model including all caverns. And
studies the distribution of deformation, stress and plastic
zone of the surrounding rock during the excavation of the
cavern group. By comparing the calculation results with
commonly used three-dimensional simplified models, the
influence of different calculation models on the calculation
results is analyzed.

2. Project Profile

)e underground powerhouse system of an individual
project adopts a tail layout, which contains the main and
auxiliary powerhouse, the main transformer chamber, the
main electrical wire hall, the main transformer transport
tunnel, etc (see Figure 1). With an axial direction of N80°W,
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the main powerhouse is 169.00m long, 25.40m wide, and
54.425m high. )e auxiliary plant is on the right side of the
main plant, and the installation space is between Unit 2 and
Unit 3. )e main transformer chamber is 139.40m long,
20.20m wide, and 21.20m high. It runs parallel to the main
powerhouse and is situated on the downstream side of it.)e
cutway drawing of Unit 4 is shown in Figure 2.

3. Calculation Model and Excavation Scheme

3.1. Numerical Model. A schematic diagram of the full
cavern model’s (R1) numerical calculation area is shown in
Figure 3(a). )e orientations of the three coordinate axes are
as follows: the X-axis is the direction of the main plant, the
direction pointing to the auxiliary plant is positive; the
direction perpendicular to the axis of the main plant is the Y-
axis, the direction pointing to themain transformation room
is positive; the vertical direction is the Z-axis, and upward is
positive.)e origin is taken at themain center of Unit 1, with
an elevation of 451.9m. )e numerical calculation area is
1320m on the X-axis, 715m on the Y-axis, and 718m on the
Z-axis. )e calculation area includes the main plant, main
transformer room, bus tunnel, main transformer trans-
portation tunnel, connection corridor, blower room, exhaust
fan room, access tunnel, main power plant delivery, exhaust
tunnel, main transformer room delivery, and exhaust tunnel,
Diversion tunnel, tailrace tunnel, high-voltage cable flat
tunnel, high-voltage cable shaft, maintenance drainage
gallery, exhaust shaft, construction branch tunnels 3, 4, 5,
and 6, roof anchoring tunnels, and surrounding main
powerhouses and main transformer rooms )e outer three
layers of drainage and anchoring holes while considering the
geological structure of the plant area. A total of 649,612 gird

nodes and 3,802,630 eight-node isoparametric elements are
used in the 3D computational model (see Figure 3(b)).

)e boundary conditions of the model during calcula-
tion: the normal displacement is constrained on the ±X
surface of the mountain model, the normal displacement is
constrained on the ±Y surface, +Z (surface) is the free
boundary, and the −Z surface is constrained in X, Y, and Z
displacements.

A schematic diagram of the Simplified model’s (R2)
numerical calculation area is shown in Figure 4(a). )e
orientations of the three coordinate axes are as follows: the
X-axis is the direction of the main plant, the direction
pointing to the auxiliary plant is positive; the direction
perpendicular to the axis of the main plant is the Y-axis, the
direction pointing to the main transformation room is
positive; the vertical direction is the Z-axis, and upward is
positive.)e origin is taken at themain center of Unit 1, with
an elevation of 451.9m. )e numerical calculation area is
669m on the X-axis, 550m on the Y-axis, and 567m on the
Z-axis. )e calculation area includes the main powerhouse,
main transformer room, four bus tunnels, one main
transformer transportation tunnel, one connection corridor,
four water diversion tunnels, four tailrace tunnels, collection
wells, and the machine room and shaft connected to the
powerhouse And part of the access tunnels, wind tunnels,
ventilation, and safety tunnels, and also consider the geo-
logical structure of the plant area. A total of 102,542 gird
nodes and 594,312 eight-node isoparametric elements are
used in the 3D computational model (see Figure 4(b)).

)e boundary conditions of the model during calcula-
tion: the normal displacement is constrained on the ±X
surface of the mountain model, the normal displacement is
constrained on the ±Y surface, +Z (surface) is the free

Figure 1: General layout drawing of underground powerhouse cavern group. Remarks: 1. )e auxiliary powerhouse; 2, 4. )e main
powerhouse; 3. )e installation room; 9. )e main transformer chamber.
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boundary, and the −Z surface is constrained in X, Y, and Z
displacements.

3.2. /e Modeling Details

3.2.1. Parameter Selection. )e initial ground stress was
obtained by using the Moore-Coulomb principal structure
method. And according to the report of geological explo-
ration, the rock mass is a medium bed∼thick layered
structure with good integrity. Class III surrounding rocks
and class IV surrounding rocks, mainly argillaceous silt-
stone, account for about 75% and 25%. Table 1 shows the
suggested values of the physical and mechanical parameters
of surrounding rocks.

3.2.2. Simulation Scheme of Construction Method.
According to the construction experience of large under-
ground cavern group at home and abroad, combined with
the structural characteristics of underground cavern men-
tioned in this paper, three excavation calculation schemes
are designed for two FEM models.

Excavation calculation Scheme 1 (T1): Model R1,
Considering all caverns excavation, each excavation step is
shown in Figure 5 below:

Excavation calculation Scheme 2 (T2): Model R2, )e
main and auxiliary powerhouse, main transformer tunnel,
bus tunnel, main transformer transportation tunnel and
some diversion tunnel and tailrace tunnel are taken into
account for excavation. )e excavation chamber of each
excavation step is shown in Figure 6 below:

Excavation calculation Scheme 3 (T3): Model R2,
Considering the excavation of the main and auxiliary
powerhouse and the main transformer chamber, the exca-
vation chamber of each excavation step is shown in Figure 7
below:

4. Results

4.1.Characteristics of theRedistributedStress afterExcavation.
Figures 8–10 shows the contour maps of the variation of
maximum and minimum principal stress in surrounding
rock of the characteristic section obtained after the com-
pletion of the three excavation schemes. After the cavern
excavation, due to the existence of the initial stress field, the
surrounding rock stress field is redistributed, which causes
the radial stress of the cavern to be released and the tan-
gential stress changes resulting in a tensile stress distribution
around the cave.

)e stress distribution of the three excavation schemes is
similar. In the initial stage of excavation, the main tensile
stress is distributed on the bottom plate because the high side
wall is not formed. )e top arch has good mechanical
performance, and the bottom plate is equivalent to a flat
beam, which is easy to be bent, so the maximummain tensile
stress mostly occurs at the bottom plate.)e high side wall is
formed gradually with the excavation, the stress release
degree near the side wall is increasing, and the maximum
first principal stress is gradually transferred to the side wall.
After the excavation of the underground powerhouse is
completed, the range of the first principal stress of the cavern
group are −5.24 to 0.77MPa (T1), −5.08 to 0.56MPa (T2)
and −5.23 to 0.57MPa (T3) respectively (“−” means com-
pressive stress, “+” means tensile stress), and the com-
pressive stress concentration areas are distributed in the
downstream arch foot of the main plant, the intersection of
the bottom plate and the upstream and downstream side-
walls, and the downstream arch foot of the main transfor-
mation chamber Place.

)e compressive stress of the main powerhouse is
concentrated at the intersection of the arch foot on the
downstream side of the top arch and the upstream wall and
the floor.)emaximum values are −18.93MPa, −15.13MPa,
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Figure 2: )e cutway drawing of the Unit 4.

4 Advances in Civil Engineering



and −15.80MPa respectively. Similarly, the compressive
stress of the main transformer room is concentrated at the
arch foot on the downstream side of the top arch, and at-
tention should be paid to protection. During the entire
excavation process, the principal compressive stress did not
exceed the surrounding rock’s compressive strength.

4.2. Characteristics of the Displacement Distribution after
Excavation. Due to the release of in-situ stress, the sur-
rounding rock produces spring back deformation, pointing
to the cavern’s interior. It shows that under the action of the
initial ground stress field, each side surface caused by cavern
excavation has a “centripetal” movement trend, and the

(a)

1320 m

71
8 

m

715 m

(b)

Figure 3: )e computational model R1: (a) Calculation area and model coordinate system origin; and (b) the 3D computational grid model
of the Underground powerhouse for excavation.
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(a)

669 m

56
7 

m

550 m

(b)

Figure 4: )e computational model R2: (a) Calculation area and model coordinate system origin; and (b) the 3D computational grid model
of the Underground powerhouse for excavation.

Table 1: Parameters of different models.

Type of surrounding rock Lithology ρ (kg/m3) E (GPa) ] c (MPa) φ (∘)
Class III Fine grain, medium-coarse sandstone 2550 7.5 0.23 0.95 46.4
Class IV Conglomerate, siltstone 2500 5 0.26 0.5 35
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release displacement of surrounding rock excavation at-
tenuates as the distance from the excavation surface
increases.

After the cavern excavation, the displacement of the
main powerhouse in the roof arch is within the range of −14
to −32mm. )e maximum downward displacement of the
top arch lead is 32mm, and the upward rebound of the
bottom plate lead is 39mm. Simultaneously, the displace-
ments of the upstream and downstream sidewalls of the
main powerhouse are within the range of −12∼50mm and
−36∼10mm (see Figure 11). After the end of the excavation,
the maximum horizontal displacement (U2) of the upstream
wall perpendicular to the factory building’s axis is about

50mm, which occurs in the upstream wall of the main
factory building. )e maximum horizontal displacement
(U2) of the downstream wall perpendicular to the main
factory building axis is about 36mm, which occurs at the
intersection of the bus hole and the main factory building.
Moreover, the upstream side wall’s deformation is signifi-
cantly greater than that of the downstream sidewall.

Figure 12 shows the cumulative value of vertical dis-
placement (U3) of the roof and horizontal displacement
(U2) of the sidewall in the middle section of unit 4 of the
main workshop during each excavation step. It serves to
show that the cumulative value of the vertical displacement
(settlement of the arch) (see “P1, P2”) of the arch roof

Figure 5: Schematic diagram of the excavation of each excavation step in Scheme T1.

Figure 6: Schematic diagram of the excavation of each excavation step in Scheme T2.
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Figure 7: Schematic diagram of the excavation of each excavation step in Scheme T3.
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continues to increase as the excavation progresses. From the
simulation results of the entire 7-story excavation, it can be
seen that the excavation of the first and second floors has the
most significant impact on the vertical displacement of the
vault center of the cavern. When the first layer is excavated,
the vertical displacement of the vault will increase by about
17mm. When the second layer is excavated, the top arch’s
vertical displacement is increased by about 3mm. )e
subsequent excavation steps have little influence on the
vertical displacement of the vault center. Each step from the
third layer of excavation onwards has no more than 1mm
effect on the vault’s vertical displacement. )e impact of the
vertical displacement of the top arch is gradually decreasing.
As the height of the sidewall continues to increase, the
horizontal displacement (U2) (“P3∼P6”) of the sidewall also
increases. )e numerical simulation results also show that
the fourth and fifth floors’ excavation will cause obvious
deformation of the main building (“P5, P6” in Figure 12).

Like the main powerhouse excavation, each free face of
the main transformer room has a “centripetal” movement.
)e top arch and bottom plate of the main transformer room
are mainly plumb displacements. With the gradual increase
of the displacement during the excavation, the top arch’s
vertical displacement after the excavation reaches 23mm
(see Figure 13). )e main transformer room’s lateral wall is
mainly horizontal displacement (U2) perpendicular to the
axis of the cave. As the excavation progresses, the lateral
wall’s height increases continuously, and the horizontal
displacement of the lateral wall also increases continuously.
After the main transformer chamber excavation, the hori-
zontal displacement of upper and lower walls of the main
transformer chamber is within the range of −23∼32mm.)e
deformation characteristics of the surrounding rock of the
main transformer chamber, in which the deformation of the
upstream side is greater than that of the downstream side,
are near related to the “group tunnel effect” caused by the
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Figure 14: Deformation of the surrounding rock of (a) the main powerhouse and (b) themain transformer chamber after excavation (T2:U2
represents Y-axial displacement; U3 represents Z-axial displacement) (unit: mm).
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excavation of the adjacent cavern (main powerhouse and the
main electrical wire hall).

Figures 14 and 15 are schematic diagrams of the sur-
rounding displacement of the main powerhouse and the
main transformer chamber of the underground cavern after
the excavation of T1 and T2 is completed, respectively.
Comparing Figures 11 and 13, it can be seen that the dis-
placement change laws are roughly similar. Table 2 shows

the displacement values around the hole after the excavation
of the three excavation schemes.

4.3. Characteristics of the Plastic Zone Distribution after
Excavation. In the process of excavation, the plastic zone
appears obvious, and the distribution of the plastic zone is
local. )e arch abutment of the main powerhouse appears
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Figure 15: Deformation of the surrounding rock of (a) the main powerhouse and (b) themain transformer chamber after excavation (T3:U2
represents Y-axial displacement; U3 represents Z-axial displacement) (unit: mm).

Table 2: Displacement Distribution around the underground caverns. (unit: mm).

Location T1 T2 T3

)e main powerhouse
Top of the arch −26.23 −23.36 −20.67

Upstream side wall 26.33 22.68 21.76
Downstream side wall −11.58 −10.35 −9.27

)e main transformer chamber
Top of the arch −16.52 −16.78 −14.56

Upstream side wall 14.95 15.43 13.28
Downstream side wall −11.13 −14.32 −12.36
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plastic deformation first and spreads to the depth of sur-
rounding rock with the main powerhouse’s excavation.
Figures 16–18 are schematic diagrams of the distribution of
plastic zones in the upstream and downstream walls of the
main powerhouse and the main transformer room after the
excavation of the three excavation methods. Table 3 shows
the failure depth of plastic zone after excavation.

With the main powerhouse excavation, plastic zones of
different degrees appear at the intersection of the upper and
lower sidewalls and each cave. It is mainly distributed in the
upper and lower sidewalls of the sixth and seventh floors of
the main powerhouse, main electrical wire hall, main
transformer transportation tunnel, traffic cavity, the hori-
zontal hole underwater diversion, and the intersection with
the main powerhouse, and other positions with abrupt shape
changes. )e main transformer chamber’s plastic zone is
mainly distributed in themiddle area of the sidewall, the roof
arch of the main electrical wire hall, and the sidewall of the
main transformer transportation tunnel. )e plastic zone

distribution on the upstream side of the main transformer
room is larger than that on the downstream side due to the
excavation of the main electrical wire hall and the main
transformer transportation tunnel on the upstream side.
)ere is no plastic zone connecting the main powerhouse,
the main transformer chamber, and the workshop’s an-
chorage corridor.

4.4. Comparison of /ree Excavation Calculation Schemes.
Figure 19 shows the surrounding rock displacement cloud
map of the workshop area completed by the cavern group’s
excavation. It can be seen that the excavation of the auxiliary
caves and chambers will affect the deformation of the rock
around the main chamber and form a large chamber group
effect on the main chamber. )e results show that T1,
compared with T2 and T3, increases the X-direction dis-
placement of surrounding rocks by 7.59% and 13.91%. )e
displacement along Y-direction increased by 53.72% and

PEEQ
(Avg: 75%)

0.08
0.08
0.07

0.06
0.06
0.05
0.04

0.03
0.03
0.02
0.01
0.01
0.00 X

Z

Y

PEEQ
(Avg: 75%)

0.35
0.32
0.29
0.26
0.23
0.20
0.17
0.14
0.12
0.09
0.06
0.03
0.00 X

Z

Y

PEEQ
(Avg: 75%)

0.06
0.05
0.05
0.04
0.04
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00 X

Z

Y

PEEQ
(Avg: 75%)

0.06
0.05
0.05
0.04
0.04
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00 X

Z

Y
Upstream side of the main transformer chamber Downstream side of the main transformer chamber

Downstream side of the main powerhouseUpstream side of the main powerhouse

Figure 16: Plastic zone of the surrounding rock of the caverns after excavation. (T1).
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Figure 17: Plastic zone of the surrounding rock of the caverns after excavation. (T2).
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57.27%, respectively. )e Z-direction displacement in-
creased by 21.26% and 28.60%, respectively. It can be seen
that the excavation of the surrounding cavity has the most
significant influence on the Y-direction displacement, fol-
lowed by the X-direction displacement and the Z-direction
displacement. )e excavation of all caverns will have a
relatively obvious “group tunnel effect.”

)e contour graphs of the maximum and minimum
principal stress changes in the surrounding rock after ex-
cavation for the three excavation construction options are

shown in Figure 20. In the ABAQUS software, it is ruled that
tension stress is complimentary, while pressure stress is
negative; therefore, in the figure, S-Max represents the
maximum principle stress, while S-Min represents the
minimum principal stress.

All the three excavation methods can redistribute the
stress of surrounding rock, and the stress is concentrated in
the vault and bottom of the three caves. )e maximum
pressure stress induced by T2 and T3 is −22.20MPa and
−22.28MPa, respectively, while the maximum pressure
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Table 3: Depth of failure zone of surrounding rock. (unit: mm).

Location T1 T2 T3

)e main powerhouse Upstream side wall 17.53 14.98 13.58
Downstream side wall 6.08 5.03 3.86

)e main transformer chamber Upstream side wall 8.65 5.43 2.08
Downstream side wall 0.52 0.48 0.36
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stress induced by T1 is −40.21MPa. )ey cause tensile stress
zones in the surrounding rock, which are concentrated in the
upper and lower sidewalls and end walls of the main
workshop and main transformer room. T1 tensile stress was
the highest at 0.90MPa. )en T2, 0.88MPa; )e minimum
stress provided by T3 is 0.87MPa. )e results show that the
excavation of all caverns will affect the stress distribution and
stress extreme value of the surrounding rock of the un-
derground powerhouse.

Figure 21 for cavities completed the excavation after the
workshop section typical cloud cave surrounding rock
plastic zone distribution. Figure 14 shows the T1, T2, and T3
model of plastic zone distribution, plastic zone, mainly in the
main factory building abutment, 6 and 7 of the main
workshop layer of upstream and downstream of the up-
stream and downstream sidewall and main transformer
chamber second upstream and downstream sidewall, plastic
zone than the downstream and upstream wall plastic zone
distribution range is significant, the main plant and there is
no breakthrough of the plastic zone area between main
transformer room.

)ere is little difference between T2 and T3 in the plastic
zone, in which the maximum depth of the plastic zone in the
upstream wall of the T2 model is 14m, and the depth of the
plastic zone in the upstream wall of the T3 model is 13m.
)e T1 plastic zone was significantly higher than T2 and T3,
and the maximum plastic zone depth was 20m. It indicates
that R1 model considers more caves, and its excavation
disturbance area is more extensive, which has adverse effects
on the surrounding rocks of the main powerhouse and the
main transformer chamber. We should pay attention to and
strengthen the support strength at the intersection of the
arch, the side wall and the opening. During the construction
stage, timely support measures should be taken to strengthen
random support to prevent large damage and deformation.

5. Conclusions

In this paper, a 3D finite element model including all caverns
and a 3D simplified model containing only part of the caverns
such as the main powerhouse and the main transformer
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chamber are established respectively, and the numerical
analysis of the underground cavern group is carried out by
using the nonlinear finite element method. In addition, a
three-dimensional simplified model is established and three
excavation calculation schemes are designed for comparison,
and the following conclusions are obtained.

(1) )e numerical results using the model of all caverns
show that the distribution law of the rock dis-
placement field, stress field and plastic zone around
the cave is similar to the results of the numerical
model used in the stability analysis of the traditional
underground cavern group.

(2) )e stress, displacement, and plastic zone of the
model containing all the caverns are larger than the
model that only contains the main plant, main
transformer room, bus tunnel, etc. )e maximum
horizontal displacement difference of the plant area
is 53.72%, and the maximum deviation of the third
stress is 39.57%. )e maximum difference in the
depth of the plastic zone in the workshop area is
30.77%. And the position of the extreme value of
stress and displacement also changed.

(3) After the excavation of the auxiliary cavern is
completed, there will be places where stress is
concentrated. )e stress concentration parts should
be strengthened to prevent cracking damage.
)ereby reducing the probability of rockburst and
collapse events and ensuring construction safety.

(4) )e excavation of the small caverns around the
powerhouse will weaken the integrity of the sur-
rounding rock and have a certain impact on the
deformation of the surrounding rock. )ree-di-
mensional finite element models of all caverns.

Based on the above conclusions, it is reasonable to use
the numerical simulation analysis of the 3D finite element
model including all the caverns. Future work should con-
sider supporting situations on this basis.
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In this paper, the settlement troughs induced by the excavation of adjacent and parallel tunnels in layered soils were studied.
Firstly, a trough width parameter calculationmethod in layered soils was established based on the propagationmodel of the plastic
zone and unloading disturbance zone. Secondly, the mechanism of the superposition disturbance between parallel tunnels is
analyzed, and a method for calculating additional settlement trough is proposed. Finally, the applicability of the proposed model
was demonstrated with two case studies of the parallel tunnels. *e following conclusions were obtained: the difference of soil
properties in layered soils had a significant influence on the width parameter of surface settlement trough; a Gaussian curve can
describe the additional settlement caused by superimposed disturbance; and finally, the relationship between the ground loss
induced by superposition disturbance and the ground loss induced by the preceding tunnel was approximately linear. *e model
presented in this paper is highly effective and convenient for use in practice and extends the calculation method of surface
settlement trough based on the Gaussian curve.

1. Introduction

*e settlement of overlying soil above the tunnel is induced
by the disturbance of tunnel construction on surrounding
soil [1].*e settlement not only affects the stability of surface
buildings [2–4], but also jeopardizes the normal use of
underground pipelines [5, 6]. *e complex structure envi-
ronment puts forward higher settlement control require-
ments for tunnel engineering, especially in adjacent and
parallel tunnels event. *erefore, the tunneling-induced
surface settlement calculation has received extensive at-
tention [7, 8].

Peck [9] proposed that the single tunneling-induced
surface settlement trough could be distributed by a Gaussian
curve as follows:

S(x) � Smax exp −
x
2

2i
2 , (1)

where S(x) is ground settlement; Smax is the maximum
surface settlement above the tunnel centerline; x is the
horizontal distance from the tunnel centerline; and i is the
distance from the tunnel centerline to the curve’s inflection
point, which is called trough width parameter, as shown in
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Figure 1. *e empirical methods based on the Gaussian
curve have become a generally accepted research model on
the surface settlement trough and the interaction of two
adjacent and parallel tunnels.

Many measured data in engineering practice show that
the surface settlement trough induced by the adjacent and
parallel tunnels is asymmetrical [10–12]. It is because the
following tunnel was excavated in a brown-field site (pre-
viously developed site) [13, 14].

Some scholars have proposed that the surface set-
tlement trough above the following tunnel, which is
affected by the preceding excavation, enlarges and shifts.
*e settlement trough above the following tunnel could
be obtained by modifying and moving according to the
settlement date of the preceding tunnel. *is method is
called the modification factor method [15]. Chapman
and Hunt [16] proposed the modified function as
follows:

S2(x) � 1 + k 1 −
|B + x|

2.5i1h
   S1(x), (2)

where S1(x) is the surface settlement trough above the
preceding tunnel (same as the single tunnel); S2(x) is the
modified surface settlement trough; k is the value of
maximum modification; i1 is the trough width parameter
of the preceding tunnel. Dong [15] proposed the deal of
maximum modification k could be determined as
follows:

k � −
1.85B

2h + D
+ 1.002, (3)

where B is the center-to-center spacing of tunnels. Wei
and Wei [17] proposed a method of moving settlement
trough.

Other scholars proposed that calibration of i and Smax
is vital during the settlement trough calculation above
the following tunnel. Ma et al. [18] converted the
Gaussian curve into a linear form, and two numerical
methods were used to estimate the settlement parameters
induced by parallel tunnels. Zheng et al. [19] investigated
the interaction between parallel tunnels by the physical
model test, and the differences between the surface
settlement troughs above two tunnels were described in
terms of parameters.

Many scholars have studied the surface settlement
trough induced by adjacent and parallel tunnels with various
methods, but the reasons for the changes of surface settle-
ment trough were rarely mentioned from the perspective of
interactions. *e consistent relationship between model
parameters and excavation parameters remains unclear.*is
paper presents a method for calculating the trough width
parameter of surface settlement trough in layered soils.
*en, a new calculation method of surface settlement trough
above the following tunnel is demonstrated by analyzing the
mechanisms of superposition disturbance. Finally, two cases’
study is presented to assess the rationale of the proposed
model.

2. Calculation of Disturbance Zone and Surface
Settlement Trough Induced by Tunnel
Excavation in Layered Soils

In order to minimize the detrimental effect of tunneling on
surrounding structures, it is necessary to calculate the dis-
turbance zone induced by tunnel excavation accurately. In
practical engineering, tunnels are primarily constructed in
layered soils. *e differences in geotechnical properties
significantly affect the plastic zone, unloading disturbance
zone, and surface settlement trough.

2.1. Basic Assumptions

(1) *e tunnel is excavated in a stratum with a large
thickness and covered with multiple soil layers. *e
surrounding soil is only defined as a standard
elastomer.

(2) Instantaneous surface settlement occurs during
tunnel excavation, and the ground will not continue
to move after the excavation.

(3) *e tunnel is excavated in a greenfield, and a
Gaussian curve could distribute the settlement
trough.

2.2. Plastic Zone and Unloading Disturbance Zone in Layered
Soils. Assuming that there are n layers of soil overlying the
tunnel and the tunnel was excavated in the nth layer of soil, h
is the distance from the tunnel centerline to the ground
surface. In layered soils, h1 is the thickness of the first soil
layer, and so on; hn is the distance from the tunnel centerline
to the interface of the n − 1th layered soil (Figure 2). *e
plastic zone and the unloading disturbance zone are cal-
culated by the layered accumulation method.

*e tunnel excavation process can be seen as the
unloading process of the column hole, and the plastic zone
appears in the soil around the tunnel. For the sake of
simplicity, the force around the tunnel is assumed to dis-
tribute symmetrically. *e initial Earth stress and the sup-
port force of the tunnel can be calculated as follows:

σ0 � 
n

i�1
hiγi,

σa � σ0tan
2 45∘ −

φn

2
  + 2cn tan 45∘ −

φn

2
 .

(4)

According to the Fenner formula [20], the radius of the
plastic zone caused by tunnel construction can be estimated
by

a �
D

2
1 − sin φn( 

σ0 + cn cot φn

σa + cn cot φn

  

1− sin φn/2 sin φn( )

, (5)

where hi is the thickness of the i soil layer; ci is the unit
weight of soil of the ith layer; φn is the internal friction angle
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of the soil layer where the tunnel is located; cn is the cohesion
of the soil layer where the tunnel is located.

*e unloading disturbance zone is produced due to
the stress release of the soil above the plastic deformation
zone. *e shear failure has taken place at the boundary of
the unloading disturbance zone. *e failure plane of the
unloading disturbance zone is tangent to the shearing
disturbance zone, which inclines by an angle 45° + (φ/2)

from the horizontal based on Rankine’s Earth pressure
theory [21, 22]. Because of the different properties of
each soil in layered soils, the failure plane is deflected at
the interface between the two soil layers [23, 24].
According to the geometric relationship as shown in
Figure 2, the width of the unloading disturbance zone at
the interface of the nth soil layer can be calculated as
follows:

Mn � 2
hn

tan 45∘ + φn/2( 
+

a

sin 45∘ + φn/2( 
 . (6)

Hence, the width of the unloading disturbance zone on
the ground is obtained as follows:

M1 � Mn + 2 
n−1

i�1
hi tan 45∘ +

φi

2
 . (7)

2.3. Surface Settlement Trough and Ground Loss of Single
Tunnel. According to the above analysis, it can be seen that
the unloading disturbance zone and the settlement trough
are equal in width. *e trough width parameter in the
Gaussian curve determines the width of the settlement
trough, so there will be a corresponding relationship be-
tween the trough width parameter and the width of the
settlement trough. Based on a review of a large number of
measured data, Stallebrass and Taylor [25] found that the
trough width parameter has a linear correlation with the
width of settlement trough, as follows:

M1

M2

Mn

h1

h2

γ1

γ2

γnhn

I

II

III

Tunnel

a

45° + φn/2

σ0

σa

45° + φ2/2

45° + φ1/2

Plastic zone
Unloading disturbance zone

Figure 2: Plastic zone and unloading disturbance zone in layered soils.
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Figure 1: Ground settlement trough induced by a single tunnel.
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i1 �
M1

5
. (8)

Another key parameter in the Gaussian curve is the
maximum ground settlement just above the tunnel cen-
terline, which determines the depth of the settlement trough
and has an inevitable relationship with the ground loss
induced by the tunnel excavation. Ground loss is defined as
the volume of surface settlement trough per unit length of
the tunnel. Although there are some calculation methods for
ground loss, it is difficult to select parameters and consider
factors that influence the ground loss. Attewell and Farme
[21] proposed that the calculation formula of ground loss
can be obtained by integrating the Gaussian curve as follows:

Vloss � 
+∞

−∞
Smax exp −

x
2

2i
2 dx �

���
2π

√
iSmax, (9)

where Vloss is the ground loss induced by tunnel excavation.

2.4. Surface Settlement Trough above Parallel Tunnels.
*rough the statistical analysis of the surface settlement in
published case history, it is found that the settlement trough
above the parallel tunnels is difficult to describe by a single
Gaussian curve. *erefore, Suwansawat and Einstein [12]
proposed a superposition calculation method to describe the
surface settlement trough above a parallel tunnel. According
to the method, the surface settlement trough caused by the
excavation of adjacent and parallel tunnels would consist of
two components: the surface settlement troughs of the
preceding tunnel and the following tunnel. Both troughs
caused can be described by Gaussian curve. *e first
component equals the surface settlement trough induced by
the single tunnel. However, the calculation of the second
component (i.e., surface settlement trough above the fol-
lowing tunnel) would be the critical point of this method.

3. Calculation of Surface Settlement
Trough above the following Tunnel Based on
Superposition Technique

*e existing calculation models have complex calculation
processes and narrow application scope. *erefore, a cal-
culation model of surface settlement trough above the fol-
lowing tunnel with broad applicability is established by
analyzing the interaction mechanism between adjacent and
parallel tunnels.

3.1. Overlapping Disturbance of Adjacent and Parallel Tunnel.
*e soil stability changes in the unloading disturbance area
above the preceding tunnel due to the excavation distur-
bance.*e soil in the overlapping zone has been disturbed so
that the surface settlement trough above the following tunnel
will be larger than the preceding tunnel. In the overlapping
zone, the increase of settlement is called additional
settlement.

Considering the influence of the overlapping distur-
bance, it is reasonable that the surface settlement trough

above the following tunnel could divide into two compo-
nents for calculation. *e first component is the surface
settlement trough caused by tunnel excavation without
considering the interaction and would be equal to the surface
settlement trough of a single tunnel. *e second component
is the asymmetric settlement resulting from the overlapping
disturbance in the overlapping zone, as shown in Figure 3.
*e calculation of asymmetric settlement is the critical point
of this method.

3.2. Additional Surface Settlement Trough Induced by Over-
lapping Disturbance. *e mechanism of soil disturbance in
the process of overlapping disturbance is complex, and the
additional settlement is the result of various disturbances in
the excavation process. It is hard to calculate the surface
settlement accurately. As shown in Figure 4, through the
analysis of multiple groups of measured data, it could be
found that the additional settlement trough caused by the
overlapping disturbance also appears as a Gaussian curve,
and the settlement characteristics can be described by a
Gaussian curve as follows:

S′(x) � Smax′ exp
−x′2

2i′2
⎛⎝ ⎞⎠, (10)

where x′ is the horizontal distance to the surface; S′(x) is
additional surface settlement; i′ is the width parameter of
additional settlement trough, Smax′ is the maximum addi-
tional settlement. *e surface additional settlement trough
and soil loss caused by overlapping disturbance are two key
points of research.

In order to describe the surface additional settlement
trough caused by superposition disturbance, it is necessary
to determine the width parameter i′ and the maximum
additional settlement Smax′ . As shown in Figure 3, according
to the definition and model of overlapping disturbance, the
width of surface overlap disturbance is obtained as follows:

L � M1 − B. (11)

And the width parameter of additional settlement trough
is obtained based on (8), as follows:

i′ �
L

5
. (12)

*e maximum additional settlement is closely related to
the ground loss in the overlapped disturbance zone.

3.3. Ground Loss Induced by Overlapping Disturbance.
*e analysis of additional settlement found that it is difficult
to establish a simple corresponding relationship between
two adjacent and parallel tunnels in terms of the maximum
surface settlement. Considering that the stratum conditions
and the construction parameters of the primary and over-
lapping disturbance zone are similar, a simple correlation
between the two adjacent and parallel tunnels can be
established through the ground loss. However, the mecha-
nism of soil loss caused by overlapping disturbance is
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complex, and it is difficult to monitor accurately. *erefore,
the ground loss induced by overlapping disturbance can only
be explored based on the existing measured settlement data.
*e additional settlement data can be obtained according to
the following procedure:

(1) Translate the settlement trough of the post-
constructed tunnel to the proconstructed tunnel so
that the positions of the two tunnels are overlapped.

(2) Subtract the preceding tunnel’s settlement from the
following tunnel’s settlement to obtain an additional
surface settlement caused by superposition
disturbance.

(3) *e additional settlement value caused by the su-
perposition disturbance is fitted and integrated by
the gauss formula. And then, the soil loss caused by
superposition disturbance is calculated.

3.4. Back Analysis of Ground Loss Induced by Overlapping
Disturbance. A total of 14 tunnel excavation cases are
collected in Tables 1 and 2 to study the distribution of
ground loss caused by overlapping disturbance. All cases are
parallel tunnels excavated by the EPB shield machine. Ta-
ble 1 summarizes the details of each tunnel project, and
Table 2 summarizes the surface settlement data from the
measured and calculated data. In Table 2, Vloss′ is the ground
loss caused by superposition disturbance and Vloss1 is the
ground loss caused by the preceding tunnel.

For convenience, the least-squares principle is used to
carry out linear fitting of Vloss′ in the overlapping disturbance
area. All calculated Vloss′ for cases 1–14 from the back
analysis are plotted as a function of Vloss1 in Figure 5. *e
approximate relationship of Vloss′ ∼ Vloss1 can be expressed
as

Vloss′ � 0.0249 + 0.2845Vloss. (13)

*e coefficient of determination (R2) was used to
compare the goodness of fitting. 72% of the data show a good
fitting result (R2 � 0.7146), which indicates that Vloss

′ has a
significant linear positive correlation with Vloss1. It can be
concluded that the ground loss caused by the overlapping
disturbance can be obtained through the ground loss of the
following tunnel.

3.5. Calculation Process of Settlement Trough for the following
Tunnel. *e settlement trough calculation procedure is
shown in Figure 6. Firstly, S1(x) and Vloss1 are monitored by
the measured data after the preceding tunnel excavated.
Secondly, S′(x) is determined by i′ and Vloss′ , which are
calculated by (12) and (13). Finally, based on superposition
technique, S2(x) is predicted by superimposing S′(x) on
S1(x).

4. Field Project Cases Validation

A total of 2 sets of data are investigated from 2 field tunnel
projects to validate the calculation model for the trough
width parameter and the settlement troughs above the

parallel tunnels. Parameters and known quantities are listed
in Table 3.

4.1. Changsha Metro Line 2 Project. Changsha Metro Line 2
project included two tunnels constructed using an EBP
shield with a diameter of 6.00m. Field settlements were
obtained from section DK16 + 265. *e depth of each tunnel
axis is approximately 18m, and the spacing between the
center of two adjacent tunnels is 13m. *e soil profile at the
instrumented site comprises miscellaneous fill, silty clay,
sand, and argillaceous siltstone. *e tunnel is located in
argillaceous siltstone.

4.2. Shenyang Utility Tunnel Project. Shenyang utility tunnel
project, which involved two tunnels, was built in Shenhe
District of Shenyang City. Two tunnels were excavated using
an EBP shield with a diameter of 6.00m. Field settlements
were obtained from section K8 + 577. *e depth of each
tunnel axis is approximately 18m, and the spacing between
the center of two adjacent tunnels is 12m. *e soil profile at
the instrumented site comprises miscellaneous fill, round
gravel, medium-coarse sand, and gravelly sand.*e tunnel is
located in gravelly sand.

4.3.(eTroughWidth Parameter. *e proposed formula for
i (i.e., (8)) is validated in two cases. Comparison between
measured data and the i calculated results is shown in Ta-
ble 4. In the first case, the relative error of i calculated by the
proposed formula is 9.1%, and in the second case, the relative
error is 1.4%.

It can be seen that different soil properties in the layered
soils affect the trough width parameters induced by the
tunnel, and it must be considered in the calculation. *e
proposed formulas for i could accurately calculate the trough
width parameters in the field project.

4.4.(eSettlementTroughs above theParallel Tunnels. In two
cases, the Gaussian curve is used to describe the surface
settlement troughs above the parallel tunnels. *e calcula-
tion results of the modification factor method are shown in
Figures 7(a) and 8(a), and the calculation results of the
proposed method based on the superposition technique are
also presented in Figures 7(b) and 8(b), respectively.

A comparison between the calculated settlement troughs
and the data points is shown in Figures 7 and 8. In the first
case, only 50% of the data using the modification factor
method show a good fitting result (R2 � 0.645), while 80% of
the data using the calculation method based on the super-
position technique show a good fitting result (R2 � 0.852).
But in the second case, 75% of the data using the modifi-
cation factor method show a good fitting result (R2 � 0.928),
and 83% of the data using the calculation method based on
superposition technique show a good fitting result
(R2 � 0.952). *e comparison demonstrates that the pro-
posed method based on the superposition technique rea-
sonably describes the feature of surface settlement trough
above the following tunnel.
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Table 1: Engineering details.

Case
NO. Project name Ground conditions D

(m) Reference

1 Bangkok MRTA project Soft clay, hard clay 6.45 Suwansawat and Einstein
[12]

2 *e new Milan metro
line 5 Gravelly sand 6.7 Fargnoli et al. [7]

3 Wuhan Yangtze river
tunnel

Miscellaneous fill, silty clay, Mucky soil, silty clay, silt, silty clay,
fine sand 12.6 Ma [30]

4 Nanjing metro line 1 Silt, mucky silt clay 6.4 Li [31]

Table 2: Data obtained from measurement and fitting.

Case NO. Monitoring section h (m) B (m) L (m) i′ (m) Smax′ (mm) Vloss′ (m3/m) i1 (m) Smax1 (mm) Vloss1 (m3/m)

1 CS-8D 20.1 15 19.26 3.85 3.4 0.033 9 6.5 0.147
2 SS-5T-52E-S 22.2 20 16.45 3.29 4.3 0.035 13 15.4 0.501
3 S19 15 15 10.42 2.08 1.9 0.010 7 8.8 0.154
4 S35 15 16.5 8.72 1.74 1.8 0.007 6 8.8 0.131
5 HS-2 17.4 20 17.46 3.49 27.0 0.236 8 43.7 0.873
6 HS-3 18.4 20 20.98 4.19 19.1 0.201 7 29.9 0.523
7 HS-5 35.6 20 39.91 7.98 7.7 0.155 15 22.6 0.733
8 HS-6 37.6 20 42.15 8.43 7.0 0.148 15 12.8 0.482
9 HS-7 44 20 49.26 9.85 3.3 0.083 22 6.4 0.352
10 HS-8 46.5 20 51.9 10.38 4.1 0.116 23 6.0 0.347
11 H1 11 13 12.09 2.42 4.4 0.026 6 19.0 0.285
12 H6 16.4 13 20.08 4.02 6.6 0.067 8 15.8 0.316
13 H7 17 13 21.20 4.24 4.3 0.046 9 17.8 0.401
14 H15 14 13 16.77 3.35 5.7 0.048 7 13.9 0.243
Note: Cases 1-2 are from Project 1, Cases 3-4 are from Project 2, Cases 3–10 are from Project 3, and Cases 11–14 are from Project 4.

y = 0.2845x + 0.0249
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Figure 5: Fitting results.
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Figure 6: Flowchart of the calculation procedure.

Table 3: Information of the investigated tunnel cases.

Case no. Soil profile h (m) c (kN/m3) c (kPa) φ (°) References

1

Miscellaneous fill 3.1 19.4 16.2 50

Huang [32]Silty clay 4.3 19.8 59 15.3
Sand 3.1 19

Argillaceous siltstone 10.5 20.5 125 32

2

Miscellaneous fill 4 18 15 10

Li [33]Round gravel 6 19.8 25.9 31
Medium-coarse sand 4.5 20.3 27 29.5

Gravelly sand 9.4 20.2 29 30

Table 4: Calculation results of trough width parameters.

Case NO. Monitoring section Field data (m) Calculation result (m)
1 DK16 + 265 5.5 6.0
2 K8+577 6.8 6.7
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5. Conclusion

*is paper establishes a new calculation method of surface
settlement trough induced by the parallel tunnels in layered
soils. *e primary aim was to address the problem that
settlement trough above the following tunnel was affected by
the preceding tunnel in adjacent and parallel tunnels event.

*e following conclusions can be obtained based on the
results of the work:

(1) *e difference of soil properties in layered soils
significantly affects the width parameter of surface
settlement trough. In the calculation, the plastic zone
and unloading disturbance zone are firstly
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Figure 7: Comparison between the measured data and the calculated curves in case 1.
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Figure 8: Comparison between the measured data and the calculated curves in case 2.
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determined in layered soils. And then, according to
the linear relationship between the width parameter
and the width of the unloading disturbance zone, the
width parameter is calculated by the linear formula.

(2) Based on the superposition technique of tunnel
settlement, the surface settlement above the fol-
lowing tunnel can be divided into the single tun-
neling-induced surface settlement and additional
settlement induced by overlapping disturbance. *e
Gaussian curve can approximate the additional
settlement trough according to the fitting results.

(3) *rough extensive data exploration, the method for
calculating the ground loss Vloss′ induced by over-
lapping disturbance is proposed.With the increase of
Vloss1, the value of Vloss′ is gradually increased. *e
approximate relationship of Vloss′ ∼ Vloss1 can be
expressed as

Vloss′ � 0.0249 + 0.2845Vloss, (14)

(4) *e calculated and measured settlement troughs
above the parallel tunnels are in good agreement for
the case study. Generally, the proposed model is
effective and convenient for use in practice.
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-is study investigated the effect of different probabilistic distributions (Lognormal, Gamma, and Beta) to characterize the spatial
variability of shear modulus on the soil liquefiable response.-e parameter sensitivity analysis included the coefficient of variation
and scale of fluctuation of soil shear modulus. -e results revealed that the distribution type had no significant influence on the
liquefication zone. In particular, the estimation with Beta distribution is the worst scenario. It illuminated that the estimation with
Beta distribution can provide a conservative design if site investigation is absent.

1. Introduction

It is now well recognized that natural soil properties exhibit
spatial variability because of depositional and postdeposi-
tional processes. -e inherent variability in soil properties
has found its place in geotechnical design and has been
extensively incorporated in the analysis of slope stability
[1–5], foundation bearing capacity [6, 7], foundation set-
tlement [8–10], and liquefaction [11–13]. A lognormal
distribution has been generally accepted in a geotechnical
reliability analysis [14–16] because of its capability to model
the randomness of positive soil parameters.

Recent studies proved that different distributions im-
pacted the stochastic properties of soil. Popescu et al. [17]
and Jimenez and Sitar [18] performed a series of random
finite element analyses with different probability distri-
butions of soil parameters, which has significant effects on
the foundation settlement and bearing capacity. Most re-
cently, Wu et al. [19] applied the random finite element
method to investigate the effect of different probabilistic
distributions on the tunnel convergence and demonstrated
the mechanisms of tunnel convergence and the probability

of exceeding liquefaction thresholds with different prob-
abilistic distribution types. To date, publications on the
application of random field theory to soil dynamic behavior
are limited and the impact of probabilistic distribution on
the soil liquefiable response has not been clearly defined.
Wang et al. [20] investigated the liquefaction response of
soil using the spatial variability of the shear modulus by
considering different values of the coefficient of variation
and the horizontal scale of fluctuation.

In this study, we performed the nonlinear dynamic
simulation of the liquefiable response of a sand layer with the
water table 1m below the ground level under a seismic load
using the finite difference program FLAC3D. -e finite
difference mesh configuration is shown in Figure 1. -e soil
domain had a length of 40m and a height of 10m, a liq-
uefiable layer of 9m, and a nonliquefiable layer of 1m. -e
Mohr–Coulomb model and the Finn model were used to
simulate the nonlinear soil behavior and the accumulation of
the pore pressure in sand before the liquefaction triggered by
a dynamic load, respectively. -e Finn model can consider
variations of the volumetric strain and display the increase in
excess pore pressure. -e relationship between variations of
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volumetric strain increment (Δεvd) and cycle shearing
strains (r) was defined as follows:

Δεvd � C1 r − C2εvd(  +
C3ε

2
vd

r + C4εvd
, (1)

where C1,C2, C3, and C4 are constant coefficients that can be
obtained from cyclic triaxial tests. Following the study of
Azadi and Hosseini [21], the four values were selected as
0.79, 0.52, 0.2, and 0.5, respectively. Table 1 summarizes the
soil parameters in the constitutive model for the deter-
ministic analysis. In the dynamic analysis, the boundaries
were used to absorb the reflected waves and enforce the
discrete half-space conditions of the numerical model. -e
free-field boundaries were adopted for the right and left
boundaries to simulate the half-space condition.-e seismic
loading in the horizontal direction was applied at the bottom
boundary which was assumed to be rigid.

In the stochastic analyses, the shear modulus G was
assumed to be random variable and generated with the
spectral representation method, which was recently devel-
oped by Shu et al. [7]. -ree probabilistic distributions,
including lognormal, Beta, and Gamma, were applied to
model the spatial variability of G, with a mean μG � 20MPa
and CoVG � 0.1, 0.3, and 0.5. A 2D exponential correlation
function [22] was adopted with the horizontal and vertical
spatial correlation lengths δx � 6 and 60m and δy � 6m,
respectively. 200 sets of Monte Carlo realizations were
undertaken for each combination of a distribution type, a
scale of fluctuation, and a CoVG.

2. Results and Discussion

2.1. Area of Liquefied Zone A80. Figure 2 plots the mean of
A80 (μA80

) varying with the time history curve with different
stochastic distributions. Following Popescu et al. [23], A80(t)
from one finite difference computation is defined as

A80(t) �
area u(t)/σ]0 > 0.8( 

area(total)
, (2)

where σv0′ and μ(t) are the initial effective stress at a specific
location and the excess pore water pressure at the time
instant t after the earthquake, respectively.

For the set of δx in this study, the difference between the
distribution types merely led to a minor diversity of the peak
μA80

by the random shear modulus CoVG � 0.1. However, the

peak μA80
by the Beta distribution was smaller than that by

the Lognormal and Gamma distributions with CoVG � 0.3
and CoVG � 0.5 (Figures 2(b)–2(f)). In addition, the greatest
peak μA80

was correlated with the G conformed to the
Lognormal distribution in these cases.

From the perspective of the decreasing rate of A80, the
residual of A80, and the sensitivity of A80 to instantaneous
seismic loading, it was found that the influence of the dif-
ferent probability distributions on the dynamic liquefaction
results was irregular, considering the results of the non-
Gaussian probability distributions. However, in general, the
differences among the calculated results from the three
probability distributions became more obvious with the
increase in CoVG. Figure 2 presents that the irregular dy-
namic liquefaction results from different probability dis-
tributions, in terms of the residual A80 and the response of
A80 to instantaneous seismic loading. Additionally, the in-
crease in CoVG can amplify the impact from the probability
distribution.

2.2. Excess Pore Water Pressure Ratios Q. -e liquefication
index was calculated from the mean excess pore water
pressure ratio in the horizontal direction and of the form for
one simulation:

Q(z, t) �
1
n


x

r(x, z, t), (3)

r(x, z, t) �
u(x, z, t)

σ ’]0
, (4)

where x and z are the horizontal and vertical coordinates of
the central point of one finite difference element, respec-
tively; r(x, z, t) is the excess pore water pressure ratio at the
central point (x, z) at t-th second after the earthquake; σv0′ is
the initial effective stress in the vertical direction; nwas set to
be 40 in this study, which represents the element number of

80 one-phase element with dimension of 1m × 0.5m

water table

720 two-phase element with dimension of 1m × 0.5mshaking direction
40 m

9 
m

1 
m

Figure 1: Mesh used in finite difference analysis.

Table 1: Summary of soil parameters.

Parameters Value
Shear modulus, G: MPa 20
Total unit weight, c: kN/m3 26.6
Poisson’s ratio, ] 0.35
Permeability coefficient, k: m/s 2.64×10−4

Porosity, N 0.435
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Figure 2: Continued.
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the finite difference model in the horizontal direction; and
Q(z, t) reflects the average excess pore water pressure ratio at
the depth of z at t-th second after the earthquake. Due to the
fact that large accumulation of pore water pressure might
occur in the deep soil layer, this study paid close attention to
the variation of Q at z� 7.25m.

Figure 3 presents the time history curves of the mean
excess pore water pressure ratio (μQ) at z � 7.25m with
different probabilistic distributions. In the case with
CoVG � 0.1 and δx � 6m or 60m, μQ with varying types of
distribution presents a similar trend with the seismic load
imposed to the soil layer (Figures 3(a) and 3(d)). However,
with the increased CoVG, the rebound amplitude of μQ with
different probabilistic distributions gradually declined
(Figures 3(b)–3(f )). In addition, μQ with the Beta distri-
bution was slightly smaller than that with the Lognormal
and Gamma distributions when the CoVG is 0.3 and 0.5,
and its dissipation rate of excess pore water pressure (in
terms of the slope of the descending part of μQ curve) was
smaller than that with the Lognormal distribution and
Gamma distribution.

Figure 3 also shows that μQ dissipated after the occur-
rence of the peak μQ appeared around t� 4 s. Table 2
summarizes μQ with shear modulus by different distribu-
tions after 7 s and 35 s occurrence of the earthquake. Table 3
tabulates the dissipation rate of pore water pressure, which
was depicted from the descending section of the μQ time
history curve. In general, the dissipation rate of μQ increased
with the increase in CoVG, and this increasing trend was
affected by the distribution type. For instance, the ampli-
fication was 16.11% for the Beta distribution as CoVG ex-
tended from 0.1 to 0.5, which was greater compared with
that with the Gamma and Lognormal distributions.

2.3. Ground Displacement D. In this section, the maximum
surface ground horizontal movement (Dx(t)max) in Equation
(4) and settlement (Dz(t)max) in Equation (5) were taken to
evaluate the influence of liquefaction by earthquake,
respectively:

Dx(t)max � Dx,z�0(t) − Dx,z�10(t) max, (5)

Dz(t)max � Dz(t)max − Dz(t)min max, (6)

where Dx,z�0(t) and Dx,z�10(t) represent the horizontal dis-
placements at surface and bottom at the horizontal coor-
dinate x in the soil domain and Dz(t)max and Dz(t)min
represent the maximum and minimum settlement at t-th
second after the earthquake.

Figure 4 plots the time history curve of mean ground
horizontal displacement (μDx

) with different probabilistic
distributions. Similar time history curves of μDx

for different
distributions were obtained provided CoVG � 0.1, indicating
that the distribution types had little influence on the ground
horizontal displacement (Figures 4(a) and 4(d)). -e dif-
ferences between μDx

became pronounced with the increase
in CoVG. It was worth noting that μDx

with the Beta dis-
tribution was always the largest, while μDx

with Lognormal
distribution was the smallest.

As expected, the probability distributions also had
certain impact on the standard deviation of the horizontal
displacement (μDx

) (Figure 5). -e difference of μDx
grad-

ually increased with the increase in CoVG, referring that the
effect of different distribution on μDx

enhanced with the
increase in CoVG. If CoVG is 0.3 or 0.5, it was obvious that
μDx

with the Beta distribution was always greater than that
with the Lognormal and Gamma distributions.
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Figure 2: Time history curve of mean liquefaction range with different distributions: (a) δx � 6m and CoVG � 0.1; (b) δx � 6m and
CoVG � 0.3; (c) δx � 6m and CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f ) δx � 60m and CoVG � 0.5.
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Figure 3: Continued.
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Figure 6 shows the impact of CoVG on μDx
with different

distributions at t� 35 s. In general, an increase in CoVG was
corresponding with the increase in μDx

with different dis-
tributions. -e obtained μDx

with Beta distribution was
greater than that with the Gamma and Lognormal distri-
butions. Moreover, a larger δx correlated with a greater
μDx,max

provided with the same distribution and CoVG
(Figures 6(a) and 6(b)). -is finding highlighted that the
worst scenario was covered by the shear modulus with Beta
distribution. It illuminated that the estimation with Beta

distribution is capable to provide a conservative evaluation if
site investigation is absent.

-e time history curves of mean and standard deviation
of settlement (μDz

and σDz
) are shown in Figures 7 and 8,

respectively. -e influences of the distributions of G on μDz

and σDz
were similar to those on μDx

and σDx
.-e differences

between μDz
and σDz

with different distributions were in-
significant if CoVG � 0.1, which implied that the distribu-
tions had small impact on the settlement. Nonetheless, the
difference was positively correlated with CoVG. For example,
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Figure 3: Time history curves of μQ at (z)� 7.25m with different distributions: (a) δx � 6m and CoVG � 0.1; (b) δx � 6m and CoVG � 0.3; (c)
δx � 6m and CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f ) δx � 60m and CoVG � 0.5.

Table 2: Summary of μQ at z� 7.25m and t� 7 and 35 s (10−2).

δx (m) Probabilistic distribution
CoVG � 0.1 CoVG � 0.3 CoVG � 0.5

t� 7 s t� 35 s t� 7 s t� 35 s t� 7 s t� 35 s

6
Lognormal 73.96 42.76 75.76 37.83 76.00 35.72
Gamma 74.25 43.04 75.70 38.07 75.65 35.13
Beta 74.00 42.37 75.60 37.22 74.58 34.45

60
Lognormal 74.23 42.72 74.75 39.13 74.20 38.10
Gamma 73.88 41.96 74.75 39.02 74.12 38.23
Beta 73.92 42.97 74.48 38.52 73.42 37.49

Table 3: Variation of dissipation rate of μQ (10−3 × s−1) at z� 7.25m.

δx (m) Probabilistic distribution
CoVG Amplification (%)

0.1 0.3 0.5

6
Lognormal 11.14 13.55 14.39 29.17
Gamma 11.15 13.44 14.47 29.78
Beta 11.30 13.71 14.33 26.81

60
Lognormal 11.25 12.72 12.89 14.58
Gamma 11.40 12.76 12.82 12.46
Beta 11.05 12.84 12.83 16.11
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Figure 4: Time history curve of mean ground horizontal displacement (μDx
) with different distributions: (a) δx � 6m and CoVG � 0.1; (b)

δx � 6m and CoVG � 0.3; (c) δx � 6m and CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f ) δx � 60m and
CoVG � 0.5.
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with a given δx of 6m and CoVG � 0.3, μDz
with the Beta

distribution was 7.81% and 7.28% larger than that with
Gamma distribution and Lognormal distribution. If CoVG
was 0.5, the results enhanced 20.51% and 35.89%, respec-
tively. It addresses the conclusion that the influence of the
distributions on μDz

and σDz
increased with the increase in

CoVG. -e settlement obtained from the random fields
obeying Beta distribution was greater and more dispersive
than that calculated by the Lognormal distribution and
Gamma distribution.

Figure 9 shows the relationship between μDz ,max and
CoVG. -e distribution type had a similar impact on
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Figure 5: Time history curve of standard deviation of ground horizontal displacement (μDx
) with different distributions: (a) δx � 6m and

CoVG � 0.1; (b) δx � 6m and CoVG � 0.3; (c) δx � 6m and CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f )
δx � 60m and CoVG � 0.5.
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as a function of CoVG: (a) δx � 6m and (b) δx � 60m.
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μDz,max, which is consistent with the findings in Figure 6.
A greater μDX,max

was corresponding with a greater CoVG
for all three distributions. Comparing between

Figures 9(a) and 9(b), it can be observed that small δx

corresponded to large μDX,max
, except for the case of

CoVG � 0.3 under the Beta distribution.
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Figure 7: Time history curve of μDz
with different distributions: (a) δx � 6m and CoVG � 0.1; (b) δx � 6m and CoVG � 0.3; (c) δx � 6m and

CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f ) δx � 60m and CoVG � 0.5.
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3. Concluding Remarks

In this study, the influence of the probability distributions of
soil shear modulus on the area of liquefaction zone, the ratio
of excess pore water pressure, and the ground displacement
is investigated. -e following conclusions can be drawn:

(1) -e probability distribution type of shear modulus
had no significant influence on the reduction rate of
liquefaction zone and the sensitivity of the lique-
faction zone to the instantaneous seismic load.

(2) Compared with the Lognormal distribution and
Gamma distribution, a smaller excess pore water
pressure ratio could be observed with the Beta dis-
tribution employed. -e pore water pressure dissi-
pation rate accelerated with the increase in CoVG
and was affected by the distribution type.

(3) Regarding the ground movement, the estimated
horizontal displacement and settlement with Beta
distribution were the worst scenario. -e sensitivity
of the ground horizontal displacement and
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Figure 8: Time history curve of σz
D
with different distributions: (a) δx � 6m and CoVG � 0.1; (b) δx � 6m and CoVG � 0.3; (c) δx � 6m and

CoVG � 0.5; (d) δx � 60m and CoVG � 0.1; (e) δx � 60m and CoVG � 0.3; (f ) δx � 60m and CoVG � 0.5.
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Figure 9: Variation of μDz ,max as a function of CoVG: (a) δx � 6m and (b) δx � 60m.
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settlement to CoVG decreased successively for Beta,
Gamma, and Lognormal distribution.
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Atmospheric moisture loading can cause a great impact on the performance and integrity of building exteriors in a tropical
climate. Buildings can be highly impacted due to the changing climate conditions over the world. 'erefore, it is important to
incorporate the projected changes of moisture loads in structural designs under changing climates. 'e moisture index (MI) is
widely used in many countries as a climate-based indicator to guide the building designs for their durability performance.
However, this was hardly considered in structural designs in Sri Lanka, even though the country is one of the most affected
countries under climate change.'erefore, this study investigates future climate change impacts on the environmental moisture in
terms of MI, which can be used in climate zoning, investigating indoor air quality, understanding thermal comfort and energy
consumption, etc. 'e moisture index was found as a function of the drying index (DI) and wetting index (WI) to the whole
country for its four rainfall seasons. 'e temporal and spatial distributions were plotted as MI maps and showcased under two
categories; including historical MI maps (1990–2004) and future projected MI maps (2021–2040, 2041–2070, and 2071–2100).
Future projected MI maps were constructed using bias-corrected climatic data for two RCP climatic scenarios (RCP4.5 and
RCP8.5). Results showed that the temporal and spatial variations of MIs are justifiable to the country’s rainfall patterns and
seasons. However, notable increases of MIs can be observed for future projected MIs in two seasons, and thus a careful in-
vestigation of their impacts should be assessed in terms of the construction of buildings and various agricultural activities.
'erefore, the outcome of this research can be essentially used in policy implementation in adapting to the ongoing climate
changes in Sri Lanka.

1. Introduction

Global climate change creates adverse impacts on the
environment. Human living conditions are usually deteri-
orating due to them. Frequent natural disasters, sea-level
rise, water, food scarcity, health concerns, biodiversity ex-
tinction, and so on are a few of the impacts of ongoing
climate change [1, 2]. Recent studies on the global climate
model (GCM) projections discuss that the global mean
surface temperature would increase about 3.7°C (within a
range of 2.6–4.8°C) by the end of the 21st century, in relation
to time period of 1986–2005. 'is is under the “business as

usual” high greenhouse gas emission scenario [3]. In ad-
dition, the recorded global mean temperature rise from 2006
to 2015 was much higher than that from 1850 to 1900 (which
was the preindustrialized time) [4].

Increases in atmospheric temperatures can also be seen
in Sri Lanka under the changing climate. 'e temperature
increasing rate of Sri Lanka from 1961 to 1990 is 0.016°C per
year, and this rate is higher than the global average rate of
0.013°C [5]. 'ey have also reported that the 100-year
warming trend of Sri Lanka from 1896–1996 is 0.003°C per
year. However, the trend for 1987–1996 is 0.025°C, thus
confirming the faster warming environment in more recent
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years. 'erefore, the annual mean temperature over Sri
Lanka by the end of the 21st century would be increased by
0.8–3.2°C [6]. However, this is slightly lower compared to
other South Asian counties [7]. Nevertheless, the increase is
significant and can cause many adverse impacts. In addition,
it is predicted that the number of days with temperatures
higher than 35°C from a baseline of 20 days would increase
to over 100 days by the 2090s under Representative Con-
centration Pathway (RCP8.5) climatic scenario [8].

Studies carried out in Sri Lanka show that there is a high
tendency for the annual rainfall trends to increase in all four
climate zones, which are wet, dry, intermediate, and
semiarid zones. Due to the increase of rainfall in both annual
and seasonal levels, there is an increased risk of floods in the
southern and western provinces in the future and risk of
droughts in the eastern and southeastern districts of Sri
Lanka [9].'erefore, the country is at a severe risk under the
changing climates. Khaniya et al. [10, 11] and Karunanayake
et al. [12] carried out extensive research work on climate
change and its relationships to the water resources and other
ecosystems in Sri Lanka. However, research on the con-
struction industry under the changing climate is yet to be
done in the context of Sri Lanka.

Delaying construction projects is quite frequent in Sri
Lanka due to adverse climate conditions [13, 14]. In addi-
tion, the construction quality is severely affected by adverse
weather conditions [15, 16]. 'erefore, building design
standards are updated to cope with these weather conditions
in different parts of the world [3, 17]. Not only the con-
structions but also the maintenance and healthiness of the
buildings are affected due to changing climates [18]. Walls,
decks, floors, exteriors, and so on can be damaged due to the
higher moisture content in the environment. 'is can
happen in both exterior and interior of the buildings and can
also cause some health risks due to fungus grown inside
buildings [19, 20]. In addition, atmospheric moisture can
adversely affect the performance and durability of building
materials [21]. 'erefore, analysis of moisture content in the
atmosphere is highly important.

A moisture index (MI) was introduced by the Moisture
Management of Exterior Wall Systems (MEWS), Canada, to
evaluate the project areas of structural buildings in Canada on
moisture-related problems [22]. 'e moisture index is cur-
rently used in the National Building Code of Canada (NBCC)
in order to incorporate impact from moisture loading in the
designs of wall assemblies to safeguard its performance and
durability. 'e MI is the hypotenuse of normalized values of
the wetting index (WI), which represents the annual rainfall
recorded, and the drying index (DI), which represents the
drying capacity of the air (the ability to take up water vapor)
[3]. Moisture indices are known to have a significant con-
tribution towards climate zoning for applications such as
agriculture and vegetation [22, 23].

Sri Lanka, being a tropical country, experiences issues
relating to warmer and humid environmental conditions.
'e country had many development projects in the recent
past and many are in the pipeline. Colombo, the capital
of Sri Lanka, is highly exposed to building construction
after ending the country’s war (in 2009). As stated in the

preceding paragraphs, Sri Lanka is highly vulnerable to the
changing climate. 'erefore, it is very important to incor-
porate the moisture index in structural designs to prevent
cracking and moisture-related complications in construc-
tion and finishing work. However, to the authors’ knowl-
edge, this was a grey area in Sri Lanka. 'erefore, this
research study presents a comprehensive analysis of the
moisture index over Sri Lanka and then develops the con-
tour maps to showcase the spatial and temporal variation of
MI. 'e research presents the MI maps for the historical
climatic records (1990–2004) and for future climatic con-
ditions (2021–2100). Future climatic conditions were
assessed under two climatic scenarios (RCP4.5 and RCP8.5)
for three time periods, including near-future period
(2021–2040), mid-future period (2041–2070), and far-future
period (2071–2100). 'e importance of the results was
discussed along the lines of the construction industry as Sri
Lanka showcases a construction boom. In addition, this is
the first related study in the Sri Lankan context for future
projected moisture content in the atmosphere.

2. Study Area and Data Collection

Sri Lanka is a tropical country in the Indian Ocean with a
land extent of 65,610 km2. Sri Lanka is rich in water re-
sources, and thus it has around 2905 km2 of inland waters
[24]. 'e country lies in between 5.92°–9.79°N and
79.68°–81.8°E, latitudes and longitudes, respectively; there-
fore, it has an equatorial climate. Most of the perennial rivers
originated from the central highlands of the country, and
therefore the highlands are hydrologically significant. 'e
rivers subsequently descend radially to the coast. 'e river
system in the country is nutrified by the higher rainfalls
received to the central highlands of Sri Lanka.

Sri Lanka is divided into four climatic zones based on the
received annual rainfall. 'ey are the wet zone, dry zone,
intermediate zone, and semiarid zone [9]. 'e wet zone re-
ceives more than 2500mm of rainfall, whereas the semiarid
zone receives around 800–1200mm rainfall per year. Rainfall
is not only spatially varied but also temporally varied in
seasons. Southwest monsoon (SWM) and northeast monsoon
(NEM) are the two major monsoon seasons that bring the
majority of rainfall to the country. SWM starts in mid-May of
the year and lasts until the end of September. Western,
southern, and southwestern slopes of the central hill areas
receive the majority of their rainfall during SWM season [25].
Similarly, the NEM season provides rainfall to the northern,
eastern, and northeastern slopes of central hills from De-
cember to February [26]. However, two intermediate seasons,
the first inter-monsoon (FIM) from March to April and the
second inter-monsoon (SIM) from October to November
bring rainfall to the country. 'us, it is evident that the four
rainfall seasons encompass rainfall regimes over the entire
country resulting in a high agro-ecological diversity.

However, Sri Lanka experiences a rather homogenous
temperature pattern in the lowlands with a mean annual
average temperature of 27°C (altitude: 100–150m), and it
decreases to 15°C towards the highlands as the altitude
increases to 1800m [27]. Not only the spatial variation but
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also the temporal variations for temperature can be seen. In
the months of December to February, most of the areas have
cooler temperatures, whereas warmer temperatures are
experienced from April to August. In addition, the relative
humidity (RH) of Sri Lanka is around 70–90% during the
morning hours and 55–80% during the late afternoons.
Furthermore, the country has a significant evaporation rate
which varies from 3 to 8mm per day depending on geo-
graphical region [26].

Daily rainfall data for 35 rainfall measuring stations were
purchased from the Department of Meteorology, Sri Lanka.
'ese 35 rainfall stations are well spread over Sri Lanka as
shown in Figure 1. In addition, daily temperature and relative
humidity data were purchased from the same department for
18 gauging stations. Sri Lanka has many gauging stations to
measure daily rainfall (more than 500); however, there are
only few of them for all other climatic parameters. 'erefore,
the available 18 stations were selected for temperature and
relative humidity data collection. Depending on all data
available for the total number of stations, a common time
frame of 15 years from 1990–2004 was selected. 'e 18
meteorological stations and their spatial variation can be seen
from Figure 1, and the total description including the loca-
tions and elevations can be found in Table 1.

'e daily climate data were extracted for the historical
years (from 1990 to 2004) and future years (from 2021 to
2100) from the climate model IS-ENES Climate4Impact.
Two datasets under RCP4.5 and RCP8.5 were extracted for
future climate data. All these climate data were extracted to
the exact coordinates of the observed gauging station.
'erefore, a clear comparison can be made between the
observed and modeled climate data. RCPs showcase tra-
jectories based on greenhouse gas concentration. RCP4.5
presents an intermediate scenario where the peak of
greenhouse gas concentration is in 2040s, whereas RCP8.5
showcases an extreme case where the peak of greenhouse gas
concentration goes to 2100.

Climate4Impact is a database, which has modeled re-
gional climate model (RCM) climatic data for research
purposes. 'e Coordinated Regional Downscaling Experi-
ment (CORDEX) climate data can be freely extracted from
this European Union-funded database. 'e database was
widely used for many countries and areas [28–33]. 'e
database can be found at https://climate4impact.eu/
impactportal/general/index.jsp.

3. Methodology

3.1. Bias Correction. 'e linear scaling method was used in
order to remove the biases from the rainfall, temperature,
and relative humidity data obtained from the climate model.
'e linear scaling bias correction method is a simple
method, but it also performs other complex methods such as
power transformation, quantile mapping, and delta change
[12]. Measured meteorological data and historical data
obtained from the climate model IS-ENES Climat4Impact
for 1990–2004 were used to carry out bias corrections for the
future projected meteorological data. Additive correction
(refer to equation (1)) was used for temperature while

multiplicative correction (refer to equation (2)) was used for
precipitation and relative humidity data.

t
∗
F,d � tF,d + μO,t × tO,d  − μH,t × tH,d  , (1)

where t∗F,d, tF,d, tO,d, and tH,d are the bias-corrected future
temperature data, raw RCM temperature data, observed
temperature data, and raw RCM temperature data for the
observed duration, respectively. 'e subscript “d” stands for
the daily basis data. μO,t and μH,t represent the long-term
mean of themonthly temperature based on the observed and
RCM temperature data.

P
∗
F,d � PF,d ×

μO,P × PO,d

μH,P × PH,d

, (2)

where P∗F,d, PF,d, PO,d, and PH,d are the bias-corrected future
precipitation data, raw RCM precipitation data, observed
rainfall data, and raw RCM data for the observed duration,
respectively. μO,P and μH,P represent the long-term mean of
the monthly precipitation based on the observed and RCM
rainfalls. Some researchers have suggested using climate-

0 0.25 0.5m

RF, t, Humidity stations
RF stations

Figure 1: Meteorological stations used for the study.
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modeled data directly for relative humidity due to difficulties
in identifying biases [34]; however, a similar formula given
in equation (2) was used to carry out the bias correction for
relative humidity in this study.

3.2. 0e Wetting Index (WI) and Drying Index (DI). 'e
wetting index (WI) indicates the source or the availability of
the moisture loading [3]. It can be calculated using the
annual total recorded rainfall at a location normalized using
1000mm. However, the drying index (DI) indicates the
drying potential of evaporation or sink of the moisture
loading [3]. 'e DI is calculated using the humidity ratio
between saturated and ambient air conditions.'e DI values
are normalized using the maximum limits of DI to represent
normalized DI values between zero and one. 'e drying
index is calculated using the following equation:

DI � 
K

Δw × 1000, (3)

Δw � wsat − wamb, (4)

wsat � 0.622
Vsat

P − Vsat

  andwamb � 0.622
Vamb

P − Vamb

 ,

(5)

where P, w, and K are the total pressure (assumed to be
101.1 KPa), humidity, and the number of hours in a year,
respectively. 'e subscripts sat and amb represent the
saturated and ambient levels of the atmosphere. Saturated
(wsat) and ambient (wamb) humidity levels as shown in
equation (4) are needed to calculate using the change of
vapor pressures (shown in equation (5)).

'e saturated vapor pressure is calculated according to
equation (6) by using the monthly mean temperature
values (t) [8], whereas the ambient vapor pressure is
calculated according to equation (7) using the results of
saturated vapor pressure obtained from the following
equation:

Vsat � 6.112 · exp
17.62 × t

243.12 + t
 , (6)

Vamb � RH × Vsat × 100%. (7)

Table 1: List of meteorological stations and their locations.

No. Station Station type Longitude Latitude Elevation (m)
1 Wellawaya RF 81.1 6.73 16
2 Wariyapola RF 80.25 7.63 16
3 Vavuniya RF, T, RH 80.5 8.75 98
4 Trincomalee RF, T, RH 81.25 8.58 24
5 Tissamaharama RF 81.3 6.28 16
6 Ratmalana RF 79.88 6.82 5
7 Ratnapura RF, T, RH 80.4 6.68 86
8 Pottuvil RF, T, RH 81.83 6.88 4
9 Nuwara Eliya RF, T, RH 80.77 6.97 1894
10 Mutu Iyankaddu RF 80.65 9.22 16
11 Mediyawa Wewa RF 80.28 7.88 16
12 Mannar RF, T, RH 79.92 8.98 4
13 Maha Illuppallama RF 80.47 8.12 117
14 Kurunegala RF, T, RH 80.37 7.47 116
15 Kirama RF 80.67 6.22 122
16 Kekanadura RF 80.57 5.97 49
17 Katunayake RF, T, RH 79.88 7.17 8
18 Katugastota RF, T, RH 80.63 7.33 417
19 Kannukkeni Tank RF 80.8 9.2 30
20 Jaffna RF, T, RH 80.03 9.68 3
21 Hambantota RF, T, RH 81.13 6.12 16
22 Goluwawatta RF 80.48 6.1 16
23 Galle RF, T, RH 80.22 6.03 12
24 Deniyaya RF 80.55 6.33 16
25 Dampahala RF 80.63 6.27 176
26 Colombo RF, T, RH 79.87 6.9 7
27 Batticoloa RF, T, RH 81.7 7.72 8
28 Bandirippuwa RF 79.87 7.33 16
29 Bakamuna RF 80.82 7.77 16
30 Badulla RF, T, RH 81.05 6.98 670
31 Anuradhapura RF, T, RH 80.38 8.35 92
32 Amparai Tank RF 81.67 7.28 27
33 Ambalperumalkulam RF 80.28 9.25 16
34 Bandarawela RF, T, RH 80.98 6.83 1220
35 Puttalam RF, T, RH 79.83 8.03 2
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'e relative humidity is the ratio of ambient vapor
pressure of water (Pw) to the saturation water vapor pressure
(Ppure

s,w (t)) and can be seen from the following equation:

RH �
Pw

P
pure
s,w (t)

× 100%. (8)

3.3. 0e Moisture Index (MI). 'e moisture index (MI)
formulates the potential atmospheric moisture loading as a
function of wetting index (WI) and the drying index (DI)
and then expresses the potential of moisture impacts when
exposed to exterior climates [22]. Equation (9) shows the
mathematical relationship among the indices.

MI �

�������������

WI2 +(1 − DI)2


. (9)

Ideally, more parameters such as hourly wind speed and
direction of wind should be considered for MI calculation;
however, the comprehensive form was not used here due to
data scarcity. 'e projected climatic data used in the model
are corrected for their biases using linear bias correction
technique as stated above.'erefore, the model performance
in obtaining MI was kept as a higher level.

3.4. Overall Methodology. 'e historical wetting index (WI)
was calculated using the annual mean rainfall data of 35
rainfall stations spread all across Sri Lanka for the time
period 1990–2004. 'e average monthly mean rainfall was
calculated for observed daily rainfall data. In addition, the
mean seasonal rainfalls were calculated for each monsoon
(NEM, FIM, SWM, and SIM). In order to calculate the
drying index, temperature data and relative humidity of 18
stations across the country for the time period of 1990–2004
were used. Finally, the MI was calculated for the time period
of 1990–2004 as historical MIs and illustrated in maps. 'e
observed climatic data were interpolated using inverse
distance weighting (IDW) in generating these illustrations.

'e future projections of the WI were calculated by
analyzing projected daily rainfall data for three climatic
cycles, including near-future period (2021–2040), mid-fu-
ture period (2041–2070), and far-future period (2071–2100).
Twenty years were considered for the near-future scenario,
and 30 years of climate cycles were considered for the mid-
future and far-future analysis based on the literature
[35–37]. 'e climatic data were extracted under two Rep-
resentative Concentration Pathways 4.5 and 8.5 (RCP4.5 and
RCP8.5), and they were bias-corrected using the linear bias
corrections (refer to equations (1) and (2)). 'ese projected
climate data were used to analyze the future MIs. Finally, the
maps were developed for projectedMIs for the three climatic
cycles.

4. Results and Discussion

4.1. Historical Indices (1990–2004). Figure 2 presents the
historical indices for DI (refer to Figure 2(a)), WI (refer to
Figure 2(b)), and MI (refer to Figure 2(c)) for the observed
meteorological data in the 1990–2004 period. 'e results are

given for the four seasons. As discussed in the methodology,
the DI was normalized by the maximum values obtained for
the DI. 'erefore, the normalized drying index values
ranged from zero to one. However, the WI was normalized
using the minimum values obtained for theWI, and thus the
normalized range was between one to values greater than
one. As a result, MI ranges from 1 to values greater than one.

'e literature states that drying potential can be used as
the normalization factor to calculate the drying index [38].
However, the drying potential for Sri Lanka is unavailable;
therefore, the corresponding minimum and maximum
values of the wetting index and drying index were used in
normalization. Nevertheless, the results obtained for the MI
were greater than 1 [3].

'e major drawbacks of using minimum and maximum
values are that the normalized index does not represent the
value of the index.'us, the highest normalizedWI does not
represent the highest WI. 'e highest normalized wetting
index represents the scenario with the largest range of
wetting index but not the highest value.

It can be seen that the DI is higher in northwestern and
western areas of the country for all four seasons (dark red
patches). In addition, the northeastern and eastern regions
showcase higher DI during the southwestern monsoon
period.'e SWMbrings rain to southwestern Sri Lanka, and
the wind direction is significantly towards the southwestern
to northeastern direction. However, the high central hills
limit the rainfall to eastern and northeastern Sri Lanka
during this period. 'erefore, higher DI can be expected in
northeastern and eastern areas of Sri Lanka.

However, there are no significant changes in WI for the
four seasons. 'erefore, the moisture loading does not
showcase a big difference from one season to another.
Nevertheless, MI is higher in FIM and SWM for the
southwestern area of the country. 'erefore, the atmo-
spheric moisture content in these two seasons is higher
compared to SIM and NEM seasons. Some of the numerical
values for indices are given in Table 2 for more information
for the variations shown in Figure 2. 'e maximum MI is
limited to 15.25 in SWMas shown in Table 2. In addition, the
SWM season has comparably higher DI and WI values.
'erefore, the numerical representation of MI can be im-
portant in identifying the maximums and minimums.

4.2. Near-Future Indices (2021–2040). Figures 3 and 4
illustrate the DI, WI, and MI obtained for near-future cli-
mates from 2021–2040. 'e indices derived for RCP4.5
climate scenario are presented in Figure 3, whereas the
indices for RCP8.5 are given in Figure 4. No significant
differences can be identified from the corresponding indices
for two RCP scenarios. Higher DI values can be seen in the
northwestern region of the country for both historical and
future years for all four seasons. In addition, eastern regions
showcase higher DI during three seasons other than NEM.
'e observations are common for both RCPs.

WI and MI are found to be higher in the southwestern
region for SWM season for both RCPs. 'erefore, the
construction industry in highly developing areas of Sri
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Figure 2: Continued.
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Lanka would be concerned. In addition, the wetting index
has been increased considerably compared to historical
indices, owing to the increasing trends of rainfall. Table 3
presents the minimums and maximums for DI, WI, and MI
for four seasons under both RCPs. Non-normalized DI and
WI do not show a significant difference from RCP4.5 to
RCP8.5. 'is can be seen for the MI too. 'erefore, the
normalized DI and WI reflect the non-normalized indices.
'us, the spatial variations shown in Figures 3 and 4 are
justifiable.

4.3. Mid and Far-Future Indices (2041–2070 and 2071–2100).
Table 4 presents the DI, WI, and MI for mid-future and far-
future periods under both RCP scenarios. DIs do not show a
significant difference from mid-future to far-future periods
in bothminimum andmaximumDIs during the RCP4.5 and
RCP8.5 climatic scenarios. However, differences can be

observed in WIs from mid-future to far-future periods for
RCP4.5. Nevertheless, the differences are not significant for
RCP8.5. In addition, minimum MIs are always kept around
1; however, the maximum MIs have significant variations
from mid-future to far-future periods in RCP4.5. Interest-
ingly, these significant variations cannot be found for
RCP8.5 climatic scenarios. 'e developed maps for DI, WI,
and MI for mid-future and far-future periods for two RCPs
are given in Figures 5–8.

'e highest drying index is experienced in the southeast
regions of the country for the three monsoons—FIM, SWM,
and SIM, whereas for the NEM, the highest drying index is
observed in the southwestern regions (refer to Figures 5–8).
'is phenomenon is consistent for both the time periods in
both RCPs for the spatial variations of DIs. From the results
given in Figures 5–8, it can be derived that the wetting index
has a wide range of spatial distribution as a result of the wet
regions and the dry regions of the country. Since the wetting
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Figure 2: Historical indices from observed climatic parameters (1990–2004). (a) For normalized DI. (b) For normalized WI. (c) Moisture
index.

Table 2: Indices for historical meteorological observations.

Season
DI WI Moisture index

Min Max Min Max Min Max
FIM 2.37 10.13 1.55 21.52 1.06 13.87
SWM 1.58 8.15 3.93 59.86 1.03 15.25
SIM 1.46 5.61 11.95 30.81 1.09 2.64
NEM 2.03 5.98 6.48 29.14 1.04 4.52
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Figure 3: Near-future indices under RCP4.5 (2021–2040). (a) For normalized DI. (b) For normalized WI. (c) Moisture index.
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Figure 4: Continued.
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Figure 4: Near-future indices under RCP8.5 (2021–2040). (a) For normalized DI. (b) For normalized WI. (c) Moisture index.

Table 3: Minimum and maximum indices for near-future climates.

Season DI WI MI
Min Max Min Max Min Max

RCP4.5 (2021–2040)
FIM 2.82 7.08 211 1428.31 1.05 6.79
SWM 1.34 8.82 12.14 2412.34 1.04 19.61
SIM 1.25 5.34 150.81 944.15 1.07 6.31
NEM 2.26 6.61 161.12 1153.98 1.06 7.19
RCP8.5 (2021–2040)
FIM 3.36 7.63 178.82 1359.09 1.04 7.62
SWM 1.37 8.96 126.54 2479.78 1.06 19.62
SIM 1.25 4.95 201.44 1080.84 1.06 5.41
NEM 2.42 6.92 147.98 1090.29 1.03 7.40
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Figure 5: Continued.

Table 4: Mid and far-future indices (2041–2070 and 2071–2100).

Season
DI WI MI DI WI MI

Min Max Min Max Min Max Min Max Min Max Min Max
RCP4.5 (2041–2070) RCP4.5 (2071–2100)

FIM 2.5 6.8 18.1 782 1.0 43.1 2.8 7.2 180.4 1382 1.0 7.7
SWM 2.4 9.9 86.9 2166 1.1 24.9 2.5 10.2 152.9 2260 1.1 14.8
SIM 1.7 5.4 340.4 1206 1.0 3.6 1.8 5.6 554.3 3424 1.1 6.2
NEM 2.4 6.2 154.7 857 1.0 5.6 2.5 6.3 201.4 1702 1.0 8.5

RCP8.5 (2041–2070) RCP8.5 (2071–2100)
FIM 3.5 7.9 192 1534 1.0 8.0 4.7 9.9 200 1499 1.0 7.5
SWM 1.5 9.7 133 2253 1.1 16.9 1.7 11.1 150 2478 1.0 16.6
SIM 1.3 5.1 611 3756 1.1 6.2 1.3 5.2 872 5368 1.1 6.2
NEM 2.4 7.5 180 1789 1.1 9.9 3.2 9.0 173 1810 1.1 10.5
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Figure 5: Mid-future indices under RCP4.5 (2041–2070). (a) For normalized DI. (b) For normalized WI. (c) Moisture index.
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Figure 6: Continued.
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index solely depends on the amount of rainfall, the pattern of
the wetting index variation is evident. During the FIM and
SWM, the southwestern regions experience the highest
wetting index, while the northeastern regions experience the
highest wetting index during the NEM. 'ese observations
clearly showcase the relationship to the rainfall seasons of
the country. During the other two inter-monsoons (FIM and
SIM), the central highlands of the country experience the
highest wetting potential. Unlike the DI, the WI increases at
a significant rate for the RCP8.5 when comparing the two-
time series.

Figure 9 presents the temporal comparison of minimum
and maximum moisture indices over the years for historical
climatic observations and projected climatic scenarios. No
significant changes can be seen for minimum MIs over the
years for four seasons. However, significant variations can be
seen for the maximum MIs over the years. Decreases and
increases can be seen from historical MIs to near-future MIs
in all four seasons. However, notable changes can be ob-
served in FIM and SWM seasons from 2021–2040 to
2041–2070 for RCP4.5 climatic scenario. Nevertheless, SIM
and NEM seasons do not show significant changes in MIs.

FIM SWM SIM NEM

(b)

FIM SWM SIM NEM

(c)

Figure 6: Mid-future indices under RCP8.5 (2041–2070) (a) For normalized DI. (b) For normalized WI. (c) Moisture index.
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Figure 7: Far-future indices under RCP4.5 (2071–2100). (a) For normalized DI. (b) For normalized WI. (c) Moisture index.
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Figure 8: Continued.

Advances in Civil Engineering 15



FIM SWM SIM NEM

(b)

FIM SWM SIM NEM

(c)

Figure 8: Far-future indices under RCP8.5 (2071–2100). (a) For normalized DI. (b) For normalized WI. (c) Moisture index.
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'erefore, this is very important for the construction in-
dustry in Sri Lanka in the future. 'e quality of the con-
structions can be guided along the lines of the findings of this
research.

5. Summary and Conclusions

'e moisture variation, in the form of the moisture index,
across Sri Lanka for historical climates (1990–2004) and
projected future climatic scenarios (2021–2100) was evalu-
ated in this research work. 'is is the first study in Sri Lanka

to conduct such research and to come up with moisture
maps for the whole country. In addition, future MI pro-
jections are significant in the changing climates. 'erefore,
this research clearly compiles that research gap for Sri Lanka.

'e moisture load in the environment affects the du-
rability of the building exteriors, and therefore the under-
standing of the moisture index over an island nation is
helpful in building construction. Spatial and temporal dis-
tribution results are clearly in agreement with the country’s
spatial and temporal rainfall distribution. Sri Lanka’s eastern
and northeastern areas have and will have higher dry indices
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Figure 9: Comparisons of MI. (a) For minimum MI. (b) For maximum MI.
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during the SWM season. Higher WI and MI can be seen for
western and southwestern areas of the country for both
historical and future projected climates during the SWMand
FIM seasons. However, notable changes as showcased in the
results section for FIM and SWM seasons should be further
investigated.

'erefore, not only the building construction but also
the agricultural activities may have to be streamlined
according to the results of this study. In addition, the results
can effectively be used in climate zoning, investigating in-
door air quality for respiratory issues, and understanding
thermal comfort and energy consumption of buildings.
However, a detailed investigation should be carried out
related to specific disciplines including building construc-
tion and agriculture specifically to the western, southwest-
ern, eastern, and northeastern areas of the country.

In addition, this study was carried out using the most
accurate data available, yet this can be further improved by
using more sophisticated and more accurate climate models
and bias correction techniques. 'is will ensure a higher
level of accuracy and less uncertainty in the results obtained.
Furthermore, other climatic parameters such as wind speed,
wind direction, and solar radiation which have a high impact
on the moisture load in the atmosphere can be used as future
improvements to this study. However, the results obtained
in this study can effectively be used by decision makers in Sri
Lanka and similar countries.
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-is is the first time that the landscape footpath is realized on the suspensionmonorail system. To study the comfort of pedestrians
on the landscape footpath when the vehicle passes, the dynamic responses of the track beam and the landscape footpath at
different speeds were analyzed using the established vehicle-bridge dynamic analysis model. To evaluate the comfort of pe-
destrians on the landscape footpath, two indexes, Root Mean Square (RMS) value of acceleration (ISO 10137) and peak value of
acceleration (EN 03), were adopted. Results show that the displacement and acceleration responses of landscape footpath and
track beam are obviously different. Vertical displacement of the track beam is much larger than that of the landscape footpath due
to the eccentric load of vehicles. Due to the displacement and rotation of the structural components which support the landscape
footpath, the lateral response transferred to the landscape footpath would be slightly weakened. Maximum RMS values of the
lateral and vertical acceleration of landscape footpath are 0.162m/s2 and 0.169m/s2, respectively, which meet the requirements of
ISO 10137. Peak lateral acceleration is 0.546m/s2, which reaches CL3 standard, and the peak vertical acceleration is 0.548m/s2,
which reaches CL2 standard. Lateral comfort is slightly worse than vertical comfort.

1. Introduction

Monorail transit system regards the strip beam as the
pathway, where the vehicles ride on the beam or are sus-
pended under the beam. -e first suspension monorail
system was built inWuppertal in Germany along the river in
1901. Recently, the suspension monorail has been discussed
as an effective transportation solution for connecting dif-
ferent urban areas or scenic areas. Under this circumstance,
the landscape footpath has been proposed to integrate with
one of the commercial-operated suspension monorails in a
tourist attraction in China, to improve the tourists’ expe-
rience, and to optimize the structural dynamic performance
of the vehicle. It is the first case to add a landscape footpath
on the track beam. Due to the large width-span ratio of the
design, the proportion of the live load and dead load of the

monorail system is much larger than that of the conventional
wheel-rail system. Meanwhile, for the steel structure design
of the monorail, the structural damping is small. Relative
standards in China, “Code for Design of Urban Rail Transit
Bridge” GB/T 51234-2017 [1] and “Technical Standard for
Suspension Monorail Transit” DBJ41/T217-2019 [2], have
no clear requirements for the dynamic responses of the
monorail bridge style. -erefore, the influence of the bridge
vibration induced by the passing vehicles on the comfort of
pedestrians on the footpath becomes a practical issue that
needs to be explored.

With the rapid development of suspension monorail
transit system in recent years, several researches on the
dynamic characteristics of the system have been conducted.
Bao et al. [3, 4] utilized the cosimulation method to study
analysis responses of monorail vehicle and bridge, in which
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the effects of tyre stiffness, crosswind, and operating con-
dition were discussed. He et al. [5] carried out field mea-
surement on dynamic responses of suspension monorail
system for straight and curved line. Taking the curved
monorail bridge as research project, Yang et al. [6] took
nonlinear radial stiffness of a suspension monorail rubber
tyre into consideration and analyzed several key parameters.
Zou et al. [7] investigated the aerodynamic characteristics
and interference effects for different spacing ratios (line
distance to beam width) of track beam via wind tunnel test
and CFD (Computational Fluid Dynamics) simulation.

Traditional research on the comfort of pedestrians
commonly focused on pedestrian bridges. Most related
works discussed the dynamic responses of bridges under the
actions of pedestrians. Feng et al. [8] carried out the actual
measurement and questionnaire of pedestrians on 21
footbridges, obtained a comfort design curve of pedestrian
bridge based on peak acceleration, and proposed a comfort
design method of pedestrian bridge. Based on the principle
of probability and statistics, Chen et al. [9] combined the
human body resistance and vibration effect and proposed a
mathematical definition of sensitivity. Ma et al. [10] con-
ducted an experiment to study the perception of human-
induced vibrations of footbridges and proposed perception
scales for lateral and vertical vibrations of footbridges.
Bhowmik et al. [11] utilized an image processing technique
and an automated enhanced frequency-domain decompo-
sition technique to evaluate the damping of the suspension
footbridge with 1.37m width. Apart from the pedestrian
loads, the pedestrian bridge integrated in the complex traffic
system may receive other external excitations, which might
have impacts on the pedestrian comfort level. Responses of
the pedestrian bridge under vehicle-induced excitation were
analyzed by some researchers, and the effects of the
roughness of road surface, vehicle speed, and traffic flow on
the responses were discussed as well [12, 13].

-e article takes the aforementioned 5-span 40m simply
supported suspension monorail system with landscape
footpath project as an example, and the dynamic charac-
teristics of the monorail system with the monorail vehicle
passing at operating speed are analyzed. -e comfort of
pedestrians on the landscape footpaths at different vehicle
speeds is evaluated based on the criteria of pedestrian
comfort. -e results provide a helpful and reasonable ref-
erence for the future design. Section 2 presents the estab-
lished vehicle-bridge coupled model for the dynamic
analysis of the suspension monorail system, including the
vehicle model, bridge model, and tyre model, as well as the
dynamics of multibody system used in the model. Section 3
illustrates the two criteria for the comfort of pedestrians on
the landscape footpath. -e dynamic responses of both
landscape footpath and track beam are analyzed and the
comfort of pedestrians on the footpath is evaluated in
Section 4. Finally, the conclusions are given in Section 5.

2. Vehicle-Bridge Coupled Model

-e vehicle-bridge coupled model is a combined system
composed of vehicle and bridge models on the basis of the

wheel-rail motion relationship [14–17]. Unlike the tradi-
tional wheel-rail contact method, the contact method in the
suspension monorail needs to take the tyre model into
consideration, due to the fact that the tyre of vehicle is in
contact with the beam [18–20].

In the paper, the multibody dynamic software SIMPACK
and finite element software ANSYS were used to establish
the monorail vehicle and bridge models, respectively. -e
information of bridge, including structure information
(stiffness and mass information), model information, and
geometry information, was obtained by substructure anal-
ysis in the finite element software. -en, the information of
bridge was introduced into the multibody dynamic software
via interface program, the bridge wasmodelled as the flexible
body, and the dynamic coupled model was analyzed in
multibody dynamic system.

2.1. Flexible Body in Multibody Dynamics. In the multibody
system, the bridge structure is regarded as a flexible body
[21, 22]. -e position of point P on the flexible body can be
expressed as

r
P
(c, t) � A(t)(r + c + u(c, t)), (1)

where A is the rotation matrix from the reference coordinate
system to the inertial coordinate system of the body; r is the
position in the reference coordinate system; c is the position
of point P in the reference coordinate system under the
nondeformation state; and u(c, t) is the deformation vector
of the flexible body.

-e Ritz of the deformation of the flexible body can be
approximated via the linear combination of the shape
function ϕj(c) and the mode coordinate qj(t) as

u(c, t) � 

nq

j�1
ϕj(c)qj(t). (2)

Based on the Ritz approximation and Hamilton prin-
ciple, the motion equation can be expressed by the varia-
tional method as

M(q)

a

_ω

€q

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+ kω(ω, q, _q) + k(q, _q) � h, (3)

where M is the mass matrix; kω is the generalized force
matrix of the rotational and centrifugal items; k and h are the
generalized force matrices of the internal force and external
force, respectively; a, ω, and q are the absolute acceleration,
angle acceleration, and modal coordinate, respectively.

2.2. Monorail Vehicle Model. -e single vehicle of suspen-
sion monorail is composed of a car body and two bogies.-e
car body and bogie are connected by suspension devices,
dampers, bolsters, and pins. -e whole bogie is arranged in
the C-beam body.-e stiffness of the traveling tyre is defined
as 13.3×106N/m, which is provided by the vehicle manu-
facturer. -e guide wheels on both sides of the bogies are
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constrained by the beam webs to realize the steering
function. Both the car body and frame include 5 degrees of
freedom, which are lateral, vertical, yaw, pitch, and roll
motions. -erefore, a single vehicle has 31 degrees of
freedom in total.

In the numerical simulation, the car body and frame are
regarded as rigid bodies, and the suspension and dampers are
regarded as force elements. -e scheme of the single vehicle
model is shown in Figure 1. -e monorail train applies three-
vehicle marshalling, and the speeds are 20, 30, 40, 50, and
60km/h. -e load of each axle (at full capacity) is 5.5 tons.

2.3. Bridge Model. -e paper employs a 5× 40m simply
supported bridge.-e single track beam is in the formof a thin-
walled C-shaped steel box girder with an opening in the
bottom. -e beam height is 1.31m at the track beam end and
2.07m in the midspan, and it linearly increases from 1.31m
(3m from the beam end) to 2.07m (9m from the beam end).
-e inner width of the track beam is 0.78m, and the cross
section of the beam end is shown in Figure 2.-e double-track
monorail track beams are all placed underneath the cover beam
of the pier.-e distance between the double-track lines is 5.1m,
and the width of the landscape footpath on the beam is 7.2m.
-e steel pier is 16m in height, 1.34m in width in the lon-
gitudinal direction, and 0.9m in the transverse direction, whose
cross section is a closed rectangular cross section. -e inner
width of track beam is 0.78m, and the cross section of the beam
end is shown in Figure 2.

-e bridge model was established in the commercial
finite element software ANSYS. -e plate element is applied
to the track beam and landscape footpath in the model, and
the spatial beam element is exerted to the pier. -e elastic
modulus and Poisson’s ratio of components are taken in
accordance with the relevant design standards. -e sec-
ondary dead load is evenly added to the beam elements
uniformly. -e finite element model has 29409 nodes and
30261 elements in total. -e bridge model is shown in
Figure 3. -e damping ratio of the bridge is considered as
0.5%.

Natural frequency analysis of the bridge model is per-
formed, and the typical frequencies and corresponding
mode shape descriptions are shown in Table 1 and Figure 4.
It can be seen from the results that the frequencies of the pier
are relatively low and flexible, and the frequencies of the
track beam are above 3Hz. However, due to the small ratio
of the dead load and live load on the suspension monorail
beam, the dynamic responses of the bridge under the live
load of the vehicle would be probably significant.

2.4. Tyre Model. Suspension monorail system adopts the
rubber tyre for the link of the vehicle and track beam. -e
rubber traveling wheels of the vehicle directly act on the
bridge, and the vertical interaction force between the vehicle
and the bridge is the main force in the coupled system. -e
key point to establish the monorail vehicle-bridge coupled
model is to precisely simulate the mechanical parameters of

the rubber tyre, which has typical nonlinear characteristics.
In the dynamics of tyres in a vehicle, some simplification
models, such as Fiala tyre model [23], Gim tyre model [24],
and Pacejka tyre model [25], were developed and applied in
the dynamic analysis.

In the paper, Pacejka tyre model is considered to sim-
ulate the dynamic characteristics of the traveling wheel. In
addition, the guide wheels of the suspension monorail ve-
hicle are in direct contact with the guide tracks on the
sidewalls of the track beams. When the vehicle passes
through the bridge, the guide wheels interact with the track
beam to provide the lateral force to the vehicle. -erefore, it
is essential to build up the mutual effect between the guide
wheel and track beam as well.

2.4.1. Vertical Force of Traveling Wheel. -e vertical force
between the traveling wheel and the track beam is defined by
the relative motion trajectory between the tyre center and
the deck, as shown in Figure 5. To accurately simulate the
contact between the tyre and deck, the traveling wheel can be
separated from the bridge deck. When the traveling wheel
jumps up, the vertical force is set to be zero, which means
that the vertical force of the traveling wheel can be dis-
continuous. -en, it can be expressed as

FZ �
Kz R0 − RH(  − FzN − Cz vBk,Bl

 
z

forRH ≤R0

0 forRH >R0

⎧⎨

⎩ ,

(4)

where Kz and Cz are the vertical stiffness and damping
coefficient of the tyre, respectively; R0 and RH are the height
of the tyre under the nominal vertical force and the height of
the tyre at the moment of movement, respectively; FzN is the
initial nominal force of the tyre; and [vBk,Bl

]z is the vertical
direction of vehicle speed of the tyre center relative to the
deck.

2.4.2. Longitudinal and Side Slip Force of Traveling Wheel.
-e lateral and longitudinal slip force of the rubber tyre of
the traveling wheel can be defined according to the creep and
friction coefficient under the vertical force of the tyre as

Fy � −
σy

σtheo

Fz

Fz0

μy

μy0

F0 σeqy
 ,

Fx � −
σx

σtheo

Fz

Fz0

μx

μy0

F0 σeqx
 ,

(5)

where σx and σy represent longitudinal slip and lateral slip,
respectively; σtheo �

������
σ2x + σ2y


is the theoretical tyre overall

slip value; Fz0
and μy0

are the nominal tyre vertical force in
the figure of lateral force against lateral slip and the friction
coefficient at the moment, respectively; μx and μy are the
friction coefficients of the longitudinal and lateral force in
the current state of motion, respectively; σeqx

and σeqy

represent the friction performances of tyre in x-axis and y-
axis directions, respectively.
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2.4.3. Lateral Force of Guide Wheel. Spring-damping force
element is used to simulate the guiding force between the
guide wheel and the track, which can be expressed as

FDY �
Ky Yr − Y0(  − Cy vDk,Dl

 
y

+ FDy 0 forΔr> 0

0 forΔr≤ 0

⎧⎨

⎩ ,

(6)
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Figure 1: Dynamic model of suspension monorail vehicle.
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Figure 2: Cross section of the track beam end (unit: mm).
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Landscape footpath

(b)

Figure 3: Finite element model of the suspension monorail system. (a) Full-bridge model. (b) Schematic diagram of the partial main beam
section.
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where Δr represents the radial compression of the guide
wheel; Ky and Cy are the lateral stiffness and damping
coefficient of the tyre, respectively; Yr and Y0 represent the

radial compression of the guide wheel in operation state and
preguiding state; FDy0 represents preguiding force of the
guide wheel; and [vDk,Dl

]y represents the lateral component

Table 1: Natural vibration characteristics of bridge structure.

Order Frequency (Hz) Mode shape description
1∼5 0.854∼0.860 Longitudinal drift of pier
6∼11 0.935∼1.729 Transverse bending of pier
12 3.017 Torsion of track beam
13∼16 3.066∼3.453 Vertical bending of track beam and footpath
17∼18 3.582∼3.625 Vertical bending of track beam
19 3.715 Vertical bending of track beam and footpath
20∼22 4.155∼4.562 Torsion of track beam

(a) (b)

(c) (d)

Figure 4: Typical mode shapes of the structure. (a) Longitudinal drift of pier. (b) Transverse bending of pier. (c) Torsion of track beam.
(d) Vertical bending of track beam and footpath.

R0

RH

R0-RH

vR
ω

Figure 5: Schematic diagram of tyre loading deformation.
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of the speed of the guide wheel center relative to the guide
track.

3. Criteria for Pedestrian Comfort on
Landscape Footpath

Several countries and organizations have carried out a series
of studies on the comfort of pedestrian bridges and for-
mulated indicators and standards of comfort evaluation,
such as BS 5400 [26], ISO 2631 [27] and ISO 10137 [28],
CJJ69-95 [29], and EN 03 [30]. All of these standards provide
the limit of the fundamental frequency, and some also
propose that the structural dynamic response analysis is
required if the fundamental frequency limit is not met. -e
limit of root mean square and peak value of accelerations are
given as well. -e standards of ISO and EN 03 propose the
limits of both vertical and lateral accelerations, while other
standards only confine the vertical acceleration.

In general, the pedestrian bridge is relatively flexible
compared to other types of bridge. Its natural frequency is
relatively low. -e march of people may cause excessive
amount of vibration on the bridge and discomfort them-
selves. -e landscape footpath studied in the paper is dif-
ferent from ordinary pedestrian bridge, which is integrated
with the monorail bridge. In this case, the walking people
can be regarded to be scattered on the landscape footpath, as
for the long span of the whole bridge system. Hence, the
vibration of the landscape footpath caused by people
themselves can be considered much smaller than that caused
by the vehicle, which means the vehicle load dominates the
dynamic responses of the bridge rather than the people load.
-erefore, the paper concentrates on the study of pedestrian
comfort influenced by the monorail vehicle-induced vi-
bration; and ISO 2631 and ISO 10137 (root mean square of
acceleration as the index) and EN 03 (peak value of accel-
eration as the index) are employed in the evaluation of the
pedestrian’s comfort.

3.1. Judgement by Root Mean Square of Acceleration.
According to ISO 10137 and the reference curve of comfort
specified in ISO 2631, for vertical acceleration, the limit of
the root mean square is 60 times of the reference curve for
walking people and 30 times of the reference curve for
stationary people. For the lateral acceleration, the limit of the
root mean square is 60 times of the reference curve. -en,
the evaluation limit of RMS values of acceleration is shown
in Figure 6.

3.2. Judgement by PeakValue ofAcceleration. On the basis of
EN 03, for the pedestrian bridges with the vertical funda-
mental frequency from 1.25Hz to 2.3Hz or second-order
frequency from 2.5Hz to 4.6Hz and the lateral fundamental
frequency from 0.5Hz to 1.2Hz, the peak value of accel-
eration is required to be examined; and the four-class
evaluation standard is proposed, as shown in Table 2.

4. Vehicle-Induced Dynamic Response and
Judgement of Pedestrian Comfort

-e dynamic response of the third span bridge in the middle
of the five-span simply-supported beam is selected for
analysis in the following sections. Since the bridge structure
discussed in the paper is a simply supported beam, the
response of midspan is larger than those of other positions.
-erefore, it is reasonable to evaluate the comfort of the
midspan position as a reference of the whole bridge.

4.1. Comparison of the Dynamic Response of Landscape
Footpath and Track Beam. In this section, the speed of the
vehicle is selected as 60 km/h, and the lateral and vertical
displacements in the midspan of the landscape footpath and
track beam are shown in Figure 7.

According to Figure 7, it can be seen that the response of
the landscape footpath is different from that of the track
beam.-e displacements of the landscape footpath and track
beam basically coincide when the vehicle has not driven into
or exited the span. -e displacement is mainly delivered by
the bridge pier, which is acted by other spans.

It can be seen from Figure 7(a) that the lateral dis-
placement of the track beam is obviously shifted to the
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Figure 6: Evaluation limit of the root mean square value of
acceleration.

Table 2: Evaluation standard of pedestrian comfort.

Comfort class Degree of comfort
Acceleration limit

(m/s2)
Vertical Lateral

CL1 Maximum <0.5 <0.1
CL2 Medium 0.5∼1.0 0.1∼0.3
CL3 Minimum 1.0∼2.5 0.3∼0.8
CL4 Unacceptable discomfort >2.5 >0.8
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loading side, and the lateral displacements of the two track
beams are the same. It is simply due to the fact that the
vibration on the load side is transferred to the other side via
the pier. On the other hand, the landscape footpath vibrates
at its equilibrium position in the lateral direction. -e
landscape footpath is paved on the track beam through the
structure components. -e responses of the landscape
footpath are weakened to a certain extent when the vibration
transmits from the track beam to the footpath. It is supposed
that the structure components between the track beam and
footpath have a certain amount of displacement and rota-
tion.-emaximum lateral displacement of the track beam is
2.34mm, while the maximum value of the landscape foot-
path is only 1.16mm.

As for the vertical displacement in Figure 7(b), when the
vehicle enters the objective span section, the eccentric load of
the vehicle would affect the dynamic response. -e maxi-
mum vertical displacement of the track beam is 22.6mm.
-e maximum value of the landscape footpath is only
13.2mm, which is only 58.4% of the value of the track beam.

-e comparison between the lateral and vertical accel-
erations in the midspan of the landscape footpath and track
beam is shown in Figure 8.

-e lateral and vertical displacements of the track beam
applied to the load are greater than those of the landscape
footpath, due to the fact that the track beam directly bears
the vehicle load. -e peak values of the lateral and vertical
acceleration of the track beam (loading side) are 0.459m/s2
and 0.639m/s2, respectively. -e peak values of the lateral
and vertical acceleration of the landscape footpath are
0.353m/s2 and 0.456m/s2, respectively, which are 30.0% and
40.1% larger than those of the track beam, respectively.

4.2. Dynamic Response Analysis of Landscape Footpath.
-e lateral and vertical displacements in the midspan of the
landscape footpath at different vehicle speeds are shown in
Figure 9.

It can be seen from the figure that the bridge pier will be
induced to vibrate by the load applied to the adjacent beam
before the vehicle enters the objective span. It results in a
large lateral displacement in the midspan and a negligible
vertical displacement. -e peak value of the lateral dis-
placement of the landscape footpath appears at a speed of
30 km/h; and there are two moments where relatively large
displacements occur during the time in which the vehicle
passes the bridge. -e vertical displacement enhances with
the increase of the vehicle speed. When the speed of the
vehicle is 60 km/h, the vertical vibration appears during the
monorail vehicle passes through the bridge.

-e lateral and vertical accelerations in the midspan of
the landscape footpath at different vehicle speeds are shown
in Figure 10.

From Figures 10(a) and 10(b), the lateral acceleration
reaches peak when the vehicle’s speed is 40 km/h, while
vertical acceleration reaches peak when the speed is 50 km/h.
-e lateral and vertical accelerations are comparatively large
when the speed is over 40 km/h. -e lateral acceleration is
large when the vehicle passes on the bridge. -e charac-
teristics of vertical vibration are different from those of
lateral vibration. When the vehicle’s speed is 50 km/h, the
vertical vibration of the landscape footpath markedly in-
tensifies when the vehicle exits the span. When the vehicle’s
speed is 60 km/h, the landscape footpath vibrates obviously
during the time in which the monorail vehicle is passing
through.
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Figure 7: Comparison on time history of midspan displacements of landscape footpath and track beam. (a) Lateral. (b) Vertical.
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4.3. Evaluation of the Pedestrian’s Comfort. By analyzing the
time history of the acceleration in Figure 9, the RMS and
peak values of the acceleration can be obtained; and the time
histories of the acceleration during the time in which the
vehicle passes the bridge can be extracted in Table 3.

Based on the RMS value evaluation of the standard ISO
10137, the maximum values of the lateral and vertical accel-
eration are 0.162m/s2 and 0.169m/s2, respectively, which meet

the requirement. According to the peak value evaluation of the
standard EN 03, the maximum lateral acceleration is 0.546m/s2
which satisfies CL3 standard, while the maximum vertical
acceleration is 0.548m/s2 which meets CL2 standard.

On the whole, the pedestrian comfort of the landscape
footpath paved on the suspension monorail beam meets the
relevant requirements, and the lateral comfort is slightly
worse than the vertical comfort.
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Figure 8: Comparison on time history of midspan accelerations of landscape footpath and track beam. (a) Lateral. (b) Vertical.
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5. Conclusions

Under the background of the first practical application of the
landscape footpath paved on the suspension monorail
system, the paper analyzes the dynamic responses of track
beam and landscape footpath of the suspension monorail at
different vehicle speeds by establishing the monorail vehicle-
bridge coupled system. -e pedestrian comfort level on the
landscape footpath during the time in which the vehicle is
passing the bridge is evaluated. -e main conclusions are as
follows:

(1) -e dynamic response of the landscape footpath is
obviously different from that of the track beam. For
the lateral displacement, due to the displacement and
rotation of the structure components which support
the landscape footpath, the lateral vibration trans-
mitted to the footpath is weakened.

(2) -e lateral and vertical displacements of the loaded
track beam are greater than that of the landscape
footpath; and the maximum acceleration of the track
beam is about 1.3 to 1.4 times that of the landscape
footpath.

(3) -e vertical displacement generally augments with
the increase of the vehicle speed. However, when the
vehicle’s speed is 50 km/h, the vertical acceleration of

the bridgemarkedly intensifies when the vehicle exits
the span.

(4) -e root mean square (ISO 10137) and peak value
(EN 03) of acceleration are chosen to evaluate the
pedestrian comfort.
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