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Abstract

Tower-crane safety risk is rarely driven by a single defect; it usually emerges from cou-
pled equipment, environmental, operational and management conditions. To make such
risk easier to diagnose and control, this study constructed a 45-factor system across nine
dimensions: wind load and operating weather, lifting load and operating conditions,
surrounding environment, foundation and anchorage, structural connection, mecha-
nisms and key components, electrical control, safety protection and monitoring, and
management and emergency capacity. We then developed a two-stage Pearson correla-
tion screening method to reduce redundant indicators without losing dimensional cov-
erage. The first stage combines Pearson correlations with coefficients of variation to re-
move local redundancy. The second stage uses an information-redundancy contribution
index to evaluate the system-level effect of deleting each factor. Based on 178 valid ques-
tionnaires, the data showed strong internal consistency and structural suitability
(Cronbach’s alpha = 0.961; KMO = 0.898; Bartlett’s p < 0.001). With the final threshold set
at p = 0.55, the method retained 16 factors from 45 candidates while preserving all nine
dimensions; the retained set remained unchanged when p varied from 0.50 to 0.60.
Compared with K-medoids and K-means baselines, the proposed method achieved
stronger information explanation and clearer engineering traceability. Fuzzy-set qualita-
tive comparative analysis (fsQCA) further showed that no single condition was necessary
for high risk. Six positive truth-table configurations produced three intermediate solution
terms (solution consistency = 0.999; solution coverage = 0.490). Across the pathways,
adverse weather, lifting demand, surrounding exposure, weak foundation/anchorage
and structural-connection weakness repeatedly appeared as core conditions, while
mechanism-protection failure and electrical-management failure formed alternative
downstream routes. The findings indicate that tower-crane risk develops through cou-
pled pathways rather than isolated factors, and they provide a basis for path-
way-oriented inspection and targeted safety control.

Keywords: tower crane; construction safety; risk-factor screening; two-stage Pearson
correlation; fsQCA; influence pathway
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1. Introduction

Tower cranes operate at considerable heights, cover wide working radii and un-
dergo frequent changes in load conditions. Installation, dismantling, jacking and an-
chorage are staged operations with strong technical coupling. Tower-crane safety is
therefore shaped by the equipment, operating environment, load conditions, foundation
and anchorage, safety protection, personnel coordination and organizational manage-
ment. Current regulations and standards for lifting appliances, tower-crane products,
design, installation, use, dismantling and safety monitoring all set requirements for these
aspects [1-7]. In multi-crane operations, high-rise anchorage work, complex surrounding
environments and schedule-constrained construction, risk factors may interact, substi-
tute for one another o r accumulate. Single-item inspection and linear evaluation meth-
ods cannot fully explain how high-risk states are formed.

From an accident-causation perspective, tower-crane accidents seldom stem from
one component failure or one isolated violation. They more often occur after technical
defects, environmental disturbances and weak organizational control accumulate along
the construction process. Inadequate foundation bearing capacity, unreliable anchorage
connections, tower-body verticality deviations, fatigue cracks and insufficient bolt
pre-tightening can reduce resistance to overturning and deformation [8,9]. Sudden wind
changes, eccentric loads, repeated starting and braking, and combined movements can
further amplify structural and mechanical demand. When load limiters, travel limiters,
brakes or safety monitoring systems fail, the interception of unsafe states is weakened [1-
3,6,7]. Poor scheme approval, technical disclosure, maintenance records and closed-loop
rectification allow known defects to persist [10-12]. These patterns raise two research
questions: how can a large candidate set be reduced to representative, measurable and
low-redundancy factors, and how do multiple factors combine to form high-risk tow-
er-crane states?

Previous studies provide a useful basis for identifying tower-crane safety factors.
Shapira and Lyachin classified the factors affecting tower-crane safety into project condi-
tions, environment, human factors and safety management, and found that operator
competence, site management and maintenance management had pronounced effects
[13]. Shapira and Simcha used the analytic hierarchy process to weight safety factors and
develop site-evaluation risk scales [14,15]. Tam and Fung showed that inadequate train-
ing, weak responsibility fulfillment and time pressure were important organizational and
personnel factors in Hong Kong construction [10]. Fatality and near-miss studies further
linked lifting operations, personnel exposure, equipment failure, site organization and
human error [8,9,11,12,16-18]. These findings show that tower-crane risks are mul-
ti-source and hierarchical. Less attention has been paid to controlling redundancy within
candidate factor systems and to identifying asymmetric causal pathways.

Accordingly, this study develops a framework that integrates candidate factor
identification, questionnaire data collection, reliability and validity testing, two-stage
Pearson correlation screening, method-comparison validation, fSQCA pathway analysis
and risk-control recommendations. Compared with expert weighting or sin-
gle-correlation filtering, the two-stage Pearson method addresses both pairwise overlap
and system-level information redundancy. Compared with regression-based analysis,
fsQCA is better suited to conjunctural causation, equifinality and conditional substitution
in tower-crane risk formation [19-23].

The study contributes in three ways. First, the candidate system covers installation,
jacking, anchorage, use, inspection, maintenance and dismantling, so risk identification
includes equipment status, operating scenarios and organizational control. Second, the
screening procedure specifies threshold selection, iterative deletion, the infor-
mation-redundancy contribution index and cumulative information contribution, which
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improves reproducibility. Third, the fsQCA analysis moves the study from single-factor
identification to pathway-oriented combinations of priority control factors.

2. Research Design
2.1. Study Design and Analytical Workflow

The research framework contains six linked layers. The first identifies candidate
factors from safety regulations, product and design standards, installation and disman-
tling specifications, site inspection procedures, safety monitoring standards and typical
accident cases [1-7]. The second collects questionnaire data and checks data quality with
Cronbach’s alpha, KMO and Bartlett’s test of sphericity [24,25]. The third screens risk
factors by first using Pearson correlations and coefficients of variation, and then applying
the information-redundancy contribution index. The fourth compares the proposed
method with K-medoids and K-means clustering in terms of factor distribution, infor-
mation contribution, information-explanation strength and KMO change [26,27]. The
fifth conducts fsQCA to identify configurations leading to high-risk tower-crane states
[19-23]. The sixth translates the configurations into engineering interpretation and con-
trol recommendations.

Operationally, each methodological step is tied to a data object and a decision out-
put. The questionnaire converts the 45 candidate factors into a 178 x 45 judgement matrix.
Reliability and validity tests examine whether the matrix is internally consistent and
suitable for correlation analysis. The first Pearson screening stage removes locally re-
dundant variables, whereas the second checks whether the retained system preserves
overall information and dimension integrity. The 16 retained factors are then aggregated
into nine condition variables (Q1-Q9), calibrated into fuzzy-set memberships and used in
fsQCA to identify sufficient combinations for high-risk states. The final configurations
are translated into inspection priorities and control actions, linking standards and survey
evidence to factor screening, pathway identification and engineering control , as shown
in Figure 1.

Research framework for tower-crane risk-factor screening and influence-pathway analysis

Evidence construction, questionnaire data, redundancy screening, benchmark validation, fsQCA pathway analysis and engineering control.
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Figure 1. Research framework.
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2.2. Candidate Risk Factors

The candidate risk-factor system covers the tower-crane process from installation,
jacking, anchorage and use to inspection, maintenance and dismantling. Based on
standards, accident-causation chains and construction-site inspection items, this study
divided the system into nine dimensions with five observable or assessable factors in
each dimension, yielding 45 candidate factors, as shown in Table 1. The system includes
external hazards such as wind load and lifting conditions, equipment vulnerabilities such
as foundation anchorage, structural connections and mechanical components, and con-
trol factors such as protection devices, monitoring systems, personnel qualification and
hazard rectification. This structure keeps the subsequent screening interpretable for en-
gineering practice and feasible for site data collection.

Table 1. Candidate safety risk factors for tower cranes.

Dimension Code Candidate Risk Factor Main Basis
X1 Working wind speed exceeds or approaches the allowable operat- ~ GB/T 5031 [2],
ing wind speed DB11/T 611 [7]
X2 Sudden gusts or severe convective weather cause load swing or ab- GB/T 5031 [2],

rupt structural stress changes TSG 51 [1]
Q1 er}d load and op- X3 Rain, snow, fog or low visibility affec'ts oPerator judgement and DB11/T 611 [7]

erating weather command coordination
X4 High tempera.ture, low tergperature or high humidity affects elec- GB/T 5031 [2]
trical, hydraulic and braking performance
X5 Insufficient implementation c.)f shutdown and restart inspection TSG 51 [1]
procedures in severe weather

X6 Actual lifting weight approaches rated lifting capacity GB/T 5031 [2]
oo e GB/T 5031 [2],

X7 Actual lifting moment approaches rated lifting moment TSG 51 [1]

2 Lifting 1 B 5144, T 1
Q2 Li .tmg oad. Ejmd X8  Eccentric load, insecure binding or improper lifting-point selection GB 5144, T5G.5
operating conditions [1]

X9 Frequent combined hoisting, luffing and slewing movements GB/T 5031 [2]
X10 Continuous work, night work or frequent starting and braking TSG 51 [1]

causes impact accumulation

X11  Spatial interference occurs during multi-crane crossing operations

DB11/T 611 [7],
GB/T 5031 [2]

Insufficient distance between moving crane parts and buildings,

X12 DB11/T 611 [7
scaffolds or other obstacles [To1L17]
Q3 Surroun.dmg oper- ., Insufficient safety distance betweer_l the tower crane and overhead DB11/T 611 [7]

ating environment power lines
X14 The operating coverage area 1nc1ud.es public areas such as roads, DB11/T 611 [7]
schools or shopping centers
X15 High personnel density and many Crc?ssing operations within the TSG 51 [1]
working radius

196 [4], GB

X16 Insufficient foundation bearing capacity or settlement deformation JeI 51946 4[[ 3],'] =

X17 Rail laying, gauge, levelness or end stops do not meet requirements DB11/T 611 [7]

Q4 Foundation, rail and

X18

Layout, spacing or connection of anchorage devices does not con-

form to the scheme JGJ 196 [4]

anchorage conditions

X19

Insufficient structural strength of anchorage points or reliability of JGJ 196 [4], TSG
embedded parts 51[1]

X20  Independent height, free-end height or verticality exceeds limits

GB/T 5031 [2],
DB11/T 611 [7]
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Deformation or cracks in main structural members such as the tow- GB/T 5031 [2],

X21
er body, jib or counter-jib GB/T 13752 [5]
X22 High-strength bolts, piné or cotter Rins are missing, loose or insuffi- DB11/T 611 [7]
Q5 Metal structure and ciently pre-tightened
connection status X23 Structural corrosion, wear or insufficient effective thickness GB/T 5031 [2]
X24 Weld quality defects or non-standard repair welding GB/T 13752 [5]
Abnormal installation position or fixing method of counterweights GB 5144 [3], JG]
X25
or ballast 196 [4]
X26 Hoisting-mechanism brake wear, improper adjustment or insuffi- GB 5144 [3],
cient braking force DB11/T 611

X27 Wire-rope broken wires, wear, deformation or unreliable end fixing = GB 5144 [3]

Wear or cracks in hooks, pulleys or drums, or failure of an-

Q6 Mechanisms and  X28 . . DB11/T 611 [7]
ti-disengagement devices
key components Abnormal vibration, noise or jamming in slewing, luffing or travel-
X29 s nose of) & & & GB/T 5031 [2]
ing mechanisms
X30 Hydraulic jacking—syste.m leakage, abnc.)r.mal pressure or poor JGJ 196 [4]
climbing-frame condition
X31 Power-supply llnes,' grounding/neutral Protectlon or leakage pro- DB11/T 611 [7]
tection do not meet requirements
Aging control cabinets or electrical components, poor contact or
. X32 . . . GB/T 5031 [2]
Q7 Electrical control insufficient protection grade
and power-.supply X33 Abnormal emergency-stop, inter.lock or zero-position protection GB 5144 [3]
protection functions
X34 Wear or damage in cable dragging, cable-reeling or sliding-contact DB11/T 611 [7]
systems
X35 Insufficient lightning, wind and rain electrical protection measures TSG 51 [1]
X36 Load limiter failure or inaccurate parameter setting GB 5144 [3]
X37 Lifting-moment limiter failure or bypass use B 51;1;1 [[f]]' 156
Q8 Safety protection  X38 Failure of height, radius, slewing or traveling limiters GB 5144 [3]
and monitoring devices X39 Abnormal anemometer, obs.tljuction light, alarm device or an- DB11/T 611 [7]
ti-collision system
X40 Insufficient data acquisi_tior.l, alarm or recording functions in the GB/T 28264 [6]
safety monitoring management system
X41 Incomplete preparation or approval of special schemes for installa- JGJ 196 [4], TSG
tion, dismantling or jacking 51 [1]
x40 Insufficient quallﬁcfatlon or tram-mg of o'perators, signalmen/riggers TSG 51 [1]
or installation/dismantling workers
Q9 Management, Incomplete routine inspection, maintenance and periodic inspection
maintenanceand  X43 P B e P P DB11/T 611 [7]
emergency capability . 5 5
x4 Inadequate hazard rectification, re-inspection and closed-loop TSG 51 [1]
management
X45 Insufficient emergency plans, emergency drills and multi-party co- TSG 51 [1]

ordinated response capability

2.3. Data Sources

The quantitative dataset consisted of expert questionnaire responses. Standards,
site-inspection items and published accident or near-miss evidence were used to con-
struct the candidate factor system and to judge whether the retained factors were ob-
servable and interpretable in practice. The 178 valid questionnaires supported reliability
testing, correlation screening and fsQCA. Five independent accident cases, including the
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Yueyang tower-crane collapse in China, were not used to construct or estimate the ques-
tionnaire model. They were reserved for the retrospective validation reported in Section
5.6.

2.3.1. Data Collection

The questionnaire used a five-point Likert scale to evaluate the importance of each
candidate factor: 1 = very unimportant, 2 = relatively unimportant, 3 = moderately im-
portant, 4 = relatively important and 5 = very important. The sample design covered
equipment manufacturing, installation and dismantling, use management, site inspection
and construction safety supervision, reducing dependence on a single stakeholder per-
spective. The questionnaire design allowed ambiguous, difficult or duplicated items to be
revised after expert pretesting. Returned questionnaires were screened for abnormal re-
sponse time, identical item scores, logical conflicts and excessive missing values.

This study used stratified sampling for tower-crane safety risk factors. Respondents
came from equipment owners, industry regulators, installation companies, inspection
agencies, supervision companies, general contractors and university researchers. The
survey combined online questionnaires with face-to-face interviews. In total, 200 ques-
tionnaires were distributed and 178 valid questionnaires were recovered, giving an
effective response rate of 89%. The seven respondent groups accounted for 15.2%, 11.2%,
14.0%, 16.3%, 10.1%, 15.2% and 18.0% of the sample, respectively. Respondents with 0-5,
5-10, 10-20 and more than 20 years of experience accounted for 25.3%, 21.9%, 24.2% and
28.7%, respectively. The sample therefore captured professional judgement across
different roles and experience levels.

2.3.2. Reliability and Validity Testing

Cronbach’s alpha was used to test internal consistency, while KMO and Bartlett’s
test of sphericity were used to evaluate structural validity before screening. Cronbach’s
alpha values above 0.70 are usually considered acceptable, and values above 0.80 indicate
good internal consistency [25]. The KMO statistic assesses sampling adequacy; values
closer to 1 indicate a stronger common-factor structure [24]. A significant Bartlett’s test of
sphericity (p < 0.05) rejects the null hypothesis that the correlation matrix is an identity
matrix [28].

KMO was not used as a stand-alone criterion for judging redundancy reduction. A
high KMO value at the candidate stage indicates shared information among factors and
supports dimensionality reduction or redundancy screening. If KMO remains high or
increases moderately after screening, the final set still carries a stable common risk
structure. If KMO decreases sharply, the retained factors may have become too dis-
persed. For this reason, KMO is interpreted together with cumulative information con-
tribution and dimension coverage.

The reliability results showed an overall Cronbach’s alpha of 0.961. The alpha co-
efficients for individual dimensions ranged from 0.832 to 0.965, all above 0.80, indicating
good internal consistency. The overall KMO value was 0.898. Bartlett's test of sphericity
gave an approximate chi-square value of 8303.50 with 990 degrees of freedom and p <
0.001, confirming that the correlation structure was suitable for factor screening. The
dimension-level reliability and overall validity results are reported in Table 2 and Figure
2.

The very high overall Cronbach'’s alpha also required caution. It confirms consistent
expert judgement, but it may also indicate that several candidate items measure over-
lapping risk mechanisms. This overlap does not bias regression coefficients because no
regression model is estimated here. However, retaining all 45 items would over-represent
similar safety mechanisms and weaken the interpretability of the subsequent pathway
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analysis. The high alpha value is treated as additional evidence that redundancy screen-
ing is necessary. The two-stage Pearson procedure was used to retain representative
factors while preserving dimension coverage.

Table 2. Cronbach’s alpha coefficients for the overall questionnaire and its nine dimensions.

Dimension Cronbach’s Alpha
Overall scale 0.961
Q1 Wind load and operating weather 0.958
Q2 Lifting load and operating conditions 0.892
Q3 Surrounding operating environment 0.965
Q4 Foundation, rail and anchorage conditions 0.832
Q5 Metal structure and connection status 0.879
Q6 Mechanisms and key components 0.860
Q7 Electrical control and power-supply protection 0.962
Q8 Safety protection and monitoring devices 0.886
Q9 Management, maintenance and emergency capability 0.883

0.961

1.00
0750 I I
0.00

Overall

Reliability and Validity Test Results for the Questionnaire

N = 178 valid responses; five-point Likert scale; real questionnaire data

0.965 0.962

0.892 0.879 0.886 0.883
0.832 0.860
KMO = 0.898
Bartlett chi-square = 8303.50
df =990, p < 0.001
Q2 Q3 Q4 Qs Q6 Q7 Q8 Q9

All dimensional Cronbach's alpha values exceed 0.80, and KMO/Bartlett results support factor screening.

Figure 2. Reliability and validity test results.

3. Risk-Factor Screening Procedure

Although the candidate system is comprehensive, strong information overlap can
remain within the same dimension and between adjacent dimensions. Actual lifting
weight approaching rated capacity and actual lifting moment approaching the rated
moment, for example, both reflect severe lifting conditions. Foundation settlement, ex-
cessive verticality deviation and abnormal anchorage connections jointly describe the
crane’s stability boundary. Load limiters, moment limiters, travel limiters and safety
monitoring systems all perform risk-identification and interception functions. Including
all factors directly in an evaluation model can produce dispersed weights, repeated ex-
planations and unnecessarily large early warning indicator sets. Indicator-screening
studies commonly identify redundant variables using correlation, variation or ma-
trix-structure statistics [29-31]. This study adopts a two-stage Pearson correlation meth-
od.
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The proposed method differs from one-step correlation filtering and PCA-based
reduction in four respects. First, correlation is used only to identify potential local re-
dundancy; the deletion decision also considers the coefficient of variation and engineer-
ing substitutability. Second, the procedure is iterative, so each deletion changes the sub-
sequent correlation structure. Third, the second stage uses an information-redundancy
contribution index to examine the system-level effect of each retained factor. Fourth, un-
like PCA, the method does not transform inspection items into latent components. The
final factors remain original, nameable and directly linked to site inspection and
risk-control actions.

3.1. Preliminary Selection of Risk Factors

The preliminary stage reduces local information redundancy. When two candidate
factors are highly correlated, their information overlaps; in that case, the factor with
greater score dispersion and stronger sensitivity to extreme risk is retained. Let x;; de-
note the score of the i-th risk factor in the j-th questionnaire, and let n denote the sam-
ple size. The Pearson correlation coefficient between any two risk factors is calculated as
follows:

z;-lzl(xij — %) (Xxj — %)

Pik = — —
\/Zj=1(xij - JZi)z\/zjzl(xkj — X)?

The coefficient of variation is used to measure the dispersion of risk-factor scores

M

and is calculated as follows:
s;
cv; = x— 2

Here, the numerator is the standard deviation of the i-th risk factor and the de-
nominator is its mean score. A larger coefficient of variation indicates stronger disa-
greement among experts regarding the importance of a factor, or a greater ability to dis-
tinguish risk states across projects. Such factors have higher information value for early
warning and graded control.

The preliminary screening procedure involved four steps. First, a Pearson correla-
tion matrix was calculated from the 45 candidate factors, and a heatmap was used to
examine within-dimension and cross-dimension correlations. Second, the correlation
threshold p was set. In this study, p = 0.55 was selected because it lies in the middle of the
0.50-0.60 sensitivity interval and balances redundancy removal with dimension preser-
vation. The threshold was not applied mechanically: the factor set was recalculated at p =
0.50, 0.55 and 0.60, and the same 16 factors were retained. Third, the coefficient of varia-
tion was calculated and ranked for each candidate factor. For factor pairs whose absolute
correlation exceeded p, the factor with the smaller coefficient of variation was removed
and the factor with the larger coefficient entered the next iteration. Fourth, the compari-
son was repeated until the remaining correlations were below the threshold or further
deletion would damage dimension integrity.

This stage was not designed simply to reduce the number of factors. It preferentially
removed factors that were synonymous, near-synonymous or highly overlapping in en-
gineering function. If a highly correlated factor was irreplaceable for standard inspection,
accident-chain interpretation or engineering rectification, it could be retained after expert
review and reassessed in the final selection stage.

After the questionnaire data were converted into a numerical matrix, the Pearson
correlation matrix was calculated from the 178 valid questionnaires. Absolute correlation
coefficients were used to measure the strength of linear association among candidate
factors.

https://doi.org/10.3390/buildings16142760
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3.2. Final Selection of Risk Factors

The preliminary stage mainly addresses local redundancy between pairs of factors.
Some factors may still contribute little to the overall system, or duplicate information
from several other factors. To address this, the second stage introduces the infor-
mation-redundancy contribution index to optimize the factor system from the perspec-
tive of overall correlation change. This follows the logic of first reducing local overlap
and then checking system-level information retention in risk-factor screening [30].

Assume that h risk factors remain after preliminary selection. The individual corre-
lation between a risk factor and the other factors is defined as:

h
Si= Y 1p(u X)) @)
k=1 ki
The overall correlation of the preliminary risk-factor system is defined as:
L&
Ceotal = Ezl S 4)
i=

After removing a risk factor X;, the overall correlation of the remaining system is

denoted as C_;. The information redundancy contribution index is then defined as:
C_i = Ceotar

®)
Ctotal
When the index is below 0, removing the factor reduces the overall correlation,

Iiz

which indicates that the factor increases system redundancy. The smaller the value, the
stronger the redundancy contribution. When the index is above 0, removing the factor
increases the overall correlation, which indicates differentiated information or a buffering
effect. The larger the value, the less appropriate early deletion becomes. The final stage
retains factors in descending order of the information-redundancy contribution index
and controls information loss using the cumulative information contribution rate. The
cumulative information contribution rate is defined as the ratio of the sum of the coeffi-
cients of variation of the final factors to that of the preliminary factors:
t

=5 ®)

The numerator is the sum of coefficients of variation for the t final factors, and the

0¢

denominator is the sum for the h preliminary factors. The cumulative CV ratio is used
here as an information-concentration and compression indicator. It is not equivalent to
the cumulative variance contribution in PCA because the present method keeps original
indicators rather than extracting orthogonal latent components. When the second stage
further removes factors from the preliminary set, a high within-stage CV-retention ratio
can serve as a stopping rule. When the first stage has already produced a stable, dimen-
sion-complete final set, the ratio should be interpreted together with dimension coverage,
Jaccard stability and the information-explanation strength index N.

Using the 178 questionnaire responses and the 45 candidate factors, this study fur-
ther calculated the normalized overall correlation before and after removing each factor.
The information redundancy contribution index was divided into two categories ac-
cording to its direction: redundancy-increasing and redundancy-reducing factors, as
shown in Figure 3. The normalized overall correlation C;,.,; was 0.3703. Removing X5,
X6, X8, X9 and 22 other factors produced C_; values below Ciyq;, indicating mainly
overlapping information. Removing X1, X2, X3, X4 and 15 other factors produced C_;
values above Cy,4;, indicating stronger differentiated information or structural support.
These results provide a direct basis for factor retention and engineering review.

https://doi.org/10.3390/buildings16142760
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C: Normalized overall correlation

Relationship between the information redundancy contribution index

and normalized overall correlation

Normalized overall correlation calculated from 178 questionnaire samples and 45 candidate tower-crane risk factors

@ /i Information redundancy contribution index (x 1073)
BB Ciotar: Overall correlation
[ C_;: Overall correlation after removing one risk factor

12

0.374

0.369

0.364 -

O
(e—0T )4

Crotal Ci Ctotal Ci

Information-redundancy-added Information-redundancy-reduced

risk factors risk factors
n=26 n=19

Figure 3. Relationship between the information redundancy contribution index and normalized

overall correlation.

The final selection had to satisfy three requirements. First, the retained set should
concentrate discriminating information relative to the number of variables removed, as
reflected by the cumulative CV ratio and the information-explanation strength index N.
Second, the structural distribution should remain balanced, with representative factors
retained in dimensions linked to major tower-crane accident chains. Third, the factors
should be executable on site, meaning that they can be obtained from inspection records,
monitoring data, operation records or expert scores.

The first-stage high-correlation screening retained 16 factors , as shown in Table 3,
and the second-stage information-redundancy check did not remove any additional fac-
tors. The final set was {X2, X7, X8, X13, X16, X18, X19, X21, X22, X26, X27, X33, X37, X38,
X41, X44}, covering all nine risk dimensions. The cumulative CV ratio of 0.463 was cal-
culated relative to the original 45 candidates. This does not mean that only 46.3% of a
PCA-type variance structure was retained. Instead, 35.6% of the original variables re-
tained 46.3% of the total coefficient-of-variation information. The infor-
mation-explanation strength index N was 1.538, showing that the retained factors were
more information-dense than the full candidate system while maintaining complete di-
mensional coverage. Figure 4 visualizes this reduction from the original 45-factor corre-
lation structure to the final 16-factor system. Figure 5 visualizes this reduction from the
original 45-factor correlation structure to the final 16-factor system.

Table 3. Final risk factors and descriptive statistics.

Code
ion

Dimen-

Mean

Standard De- Coefficient of
viation Variation

Risk Factor

X2 Q1

3.360

1.338 0.398

Sudden gusts or severe convective weather cause load swing
or abrupt structural stress changes
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X7 Q2 3511 1.218 0.347 Actual lifting moment approaches rated lifting moment
X8 Q2 3388 1302 0.384 Eccentric load, insecure bmdmg or improper lifting-point se-
lection
X13 Q3 3371 1243 0.369 Insufficient safety distance between'the tower crane and over-
head power lines
X16 04 3427 1257 0.367 Insufficient foundation bearmg capacity or settlement defor-
mation
X18 04 3365 1978 0.380 Layout, spacing or connection of anchorage devices does not
conform to the scheme
X19 04 3421 1.265 0.370 Insufficient structurél strength of anchorage points or reliabil-
ity of embedded parts
x21 Q5 3365 1210 0.360 Deformation or cracks in mai.r'l structural m?mbers such as the
tower body, jib or counter-jib
X22 Q5 3326 1177 0.354 High-strength b<.)1ts, pins or cotter pins are missing, loose or
insufficiently pre-tightened
X26 Q6 3.494 1.204 0.344 Hoisting-mechanism b.ra'ke wear, improper adjustment or in-
sufficient braking force
X27 Q6 3,393 1236 0.364 Wire-rope broken wires, weaTr,. deformation or unreliable end
fixing
X33 Q7 3410 1.260 0.370 Abnormal emergency-stép, 1nter19ck or zero-position protec-
tion functions
X37 Q8  3.404 1.269 0.373 Lifting-moment limiter failure or bypass use
X38 Q8  3.337 1.306 0.391 Failure of height, radius, slewing or traveling limiters
x41 Q9 3433 1.340 0.390 Incomplete preparat%on or approxfal of sPec1.al schemes for in-
stallation, dismantling or jacking
I h ificati i i 1 -1
x4 Q3152 1046 0.395 nadequate hazard rectification, re-inspection and closed-loop

management

Pearson Correlation Heatmaps Before and After Screening

Absolute correlations ¢

Before screening: 45 candidate factors
Dimension blacks are marked: dense labels are intentionally sampled

ai a2 a3 a4 as as a7 a8 [

questionnaire responses

After screening: 16 final factors
All retained factors are labelled.

Figure 4. Pearson correlation heatmaps before and after screening.
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Results of Two-Stage Pearson Correlation Screening

The procedure reduced redundant variables while preserving representative risk dimensions

45 16 16 Final Factor Set

candidate factors after correlation screening final factors

x2Q1 X22Q5
X7 Q2 X26 Q6
Number of retained factors by risk dimension X8 Q2 X27 Q6

X13Q3 X33aQr

2 K16 Q4 X37 Q8

3
2 2 2 2
X18 Q4 X38 Q8
1 1 1
X19Q4 X41 Q9
. . . xnes e
Q1 Q2 Q3 Q4 Qs Q6 Qr Qs Q9

The final set retained at least one representative factor in each of the 9 dimensions.

Figure 5. Results of two-stage Pearson correlation screening.

3.3. Stability Test

To test whether the screening result was sensitive to sample disturbance, the valid
questionnaire sample was randomly divided into two groups. The same screening pro-
cedure was applied to each group, and the Jaccard similarity coefficient was used to
evaluate agreement between each grouped result and the full-sample result:

|ANB|
JAB) = 3o @

Here, Ais the final factor set obtained from the full sample, and B is the final factor
set obtained from a grouped sample. If the Jaccard coefficient remains above 0.60 and the
cumulative information contribution rate satisfies the requirement, the screening method

can be considered stable. Multiple random splits can further reduce the influence of a
single grouping.

For the stability test, the 178 valid questionnaires were randomly split into two
subsamples and the two-stage Pearson screening procedure was repeated for each sub-
sample. Subsample B1 produced 14 key factors, with a Jaccard coefficient of 0.875 relative
to the full-sample final set. Subsample B2 produced 15 key factors, with a Jaccard coeffi-
cient of 0.938. A sensitivity test then varied p from 0.50 to 0.60, and the final factor set
remained unchanged , as shown in Table 4. These results indicate that the screening
outcome was robust to both sample partitioning and threshold perturbation.

Table 4. Sensitivity of the two-stage Pearson screening result to the correlation threshold.

Correlation Number of Re-  Retained Factor Dimension Cov- Jaccard Similarity Cumulative CV
Threshold p tained Factors Set erage with p = 0.55 Ratio
X2, X7, X8, X13,
X16, X18, X19, X21,
0.50 16 X22, X26, X27, X33, 9/9 1.000 0.463
X37, X38, X41, X44
X2, X7, X8, X13,
X16, X18, X19, X21,
0.55 16 X22, X26, X27, X33, 9/9 1.000 0.463

X37, X38, X41, X44

https://doi.org/10.3390/buildings16142760



Buildings 2026, 16, 2760

13 of 28

0.60

X2, X7, X8, X13,
X16, X18, X19, X21,
16 X22, X26, X27, X33, s 1.000 0.463

X37, X38, X41, X44

The threshold-sensitivity results show that the final factor set was not an artifact of a
single threshold. Across p = 0.50-0.60, the number of retained factors, dimension cover-
age, Jaccard similarity and cumulative CV ratio were unchanged.

4. Method Comparison
4.1. Comparison of Screening Results

To assess applicability, this study compared the two-stage Pearson method with
K-medoids and K-means clustering , as shown in Table 5. K-medoids uses actual sample
points as cluster representatives and is relatively robust to outliers. K-means iteratively
updates mean centroids and is simple to compute, but it is sensitive to initial centroids
and outliers [26,27]. Both methods can group candidate factors by questionnaire-score
features and select representatives from each cluster. However, tower-crane risk factors
have clear engineering dimensions, a moderate sample size and strong correlations
among similar factors. Clustering results may therefore depend on the preset number of
clusters and initial centroids, which can weaken important dimensions. By contrast, the
two-stage Pearson method reduces redundancy while retaining dimension integrity and
provides clearer reasons for retaining or deleting factors.

Table 5. Brief introduction to the three screening methods.

Method

Main Screening Basis Advantages Limitations

Applicability
Judgement

Two-stage Pear-
son correlation

cient of variation and infor-

Correlation coefficient, coeffi-

Highly i le; itabl h
ighly interpretable; Requires a reasonable Suitable as the

considers both local and main method in

mation redundancy contribution correlation threshold .
method caney overall redundancy this study
index
Requires a preset Suitable for
K-medoids clus- Sample distance and representa- Relatively robust to out- d P )
. . . . number of clusters and comparative val-
tering tiveness of medoids liers 1 . .
may omit dimensions idation

K-means clus- Sample distance and mean cen- Simple to compute and Sensitive to initial cen-

tering

Suitable as an

. . . _ auxiliary com-
troid easy to implement troids and outliers Y
parison

The comparison focused on three aspects. First, factor distribution should remain
balanced. A method that concentrates final factors in management or structural dimen-
sions while omitting wind load, safety devices or foundation anchorage is incomplete for
engineering control. Second, factor interpretation should be transparent. The two-stage
Pearson method explains why each factor is removed or retained, whereas clustering
methods usually identify only cluster membership. Third, final factors should be ac-
tionable. In engineering applications, a risk factor must be statistically representative and
linked to specific inspection items and rectification measures.

The questionnaire-based calculation showed that the two-stage Pearson method
reduced the 45 candidate factors to 16 final factors, a 64.4% reduction , as shown in Table
6. At least one representative factor was retained in each of the nine dimensions, giving
100% dimension coverage. Three factors were retained in Q4 (foundation, rail and an-
chorage conditions), indicating that the stability boundary of the whole crane is central to
risk identification. Two factors were retained in each of Q2, Q5, Q6, Q8 and Q9, reflecting
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the load-structure-mechanism-protection-management chain in high-risk formation. Q1,
Q3 and Q7 each retained one factor, representing external disturbance, spatial exposure
and electrical control protection.

Table 6. Applicability comparison of screening methods.

Number of Number of

Method Input Fac- Output Dimension Result in This Study
Coverage
tors Factors
Two-stag
e Pearson
correla- 45 16 100% Can reduce redundancy while retaining all 9 risk dimensions.
tion
method
K-medoid K =16; representative factors were X14, X35, X5, X36, X6, X30, X43, X17,
s cluster- 45 16 100%  X23, X22, X42, X27, X39, X9, X18 and X19. Four factors overlapped with
ing the two-stage Pearson result, with Jaccard = 0.143 and N =0.911.
Kemeans K =16; representative factors were X37, X14, X35, X22, X5, X9, X43, X30,
. 45 16 100%  X23, X6, X17, X27, X19, X18, X42 and X36. Five factors overlapped with
clustering

the two-stage Pearson result, with Jaccard = 0.185 and N = 0.956.

For a calculable comparison, the 45 candidate factors were treated as clustering ob-
jects, and the score sequence of each factor across the 178 questionnaires was used as its
feature vector. Each sequence was first standardized using Z-scores to remove the in-
fluence of mean and dispersion differences on distance calculation. Because the two-stage
Pearson method retained 16 factors, both clustering methods were set to K =16 and one
representative factor was extracted from each cluster. In K-medoids clustering, the me-
doid was used directly as the representative factor. In K-means clustering, the factor
closest to the cluster centroid was selected. For reproducibility, K-medoids was imple-
mented with deterministic PAM BUILD + SWAP, and K-means used K-means++ initial-
ization with random seed 20,250,605 and n_init = 100.

Tables 7 and 8 show that, under K = 16, both clustering methods output 16 repre-
sentative factors and cover all nine dimensions. Thus, they are comparable in quantity
control and dimension coverage. Their overlap with the final two-stage Pearson set was
limited: four factors for K-medoids and five for K-means, with Jaccard coefficients of
0.143 and 0.185, respectively. Their information-explanation strength indices were also
lower (0.911 and 0.956) than that of the two-stage Pearson method. This pattern indicates
that clustering methods tend to select factors near cluster centers rather than factors with
stronger score dispersion or risk-state discrimination. For example, K-medoids selected
X5, X6, X14 and X17 in Q1-Q4, whereas the two-stage Pearson method retained X2, X7,
X8, X13, X16, X18 and X19, which better represent extreme disturbances or engineering
weaknesses. K-medoids and K-means can therefore support grouping and robustness
comparison, but they should not replace a screening process that integrates information
redundancy with engineering interpretability.
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Table 7. Summary of screening results from clustering methods.
Cumu-
lative
) Overlap with Infor-
Preset Representative Factor Output lenen- TWO-SI")FAGE .]ac.carc-i CY Ra- mation-Exp
Method Number of Similarity tio of .
Clusters K Set Number Coverage PEARSON Coefficient Candi- lanation
RESULT Strength N
date
Factors
Two-stage X2, X7, X8, X13, X16,
Pearson  Not appli- X18, X19, X21, X22, X26,
correlation cable  X27, X33, X37, X38, X41, 16 on 16 1.000 0463 1.538
method X44
X14, X35, X5, X36, X6,
K-medoids X30, X43, X17, X23, X22,
clustering 16 X42, X27,X39, X9, X18, 16 o 4 0.143 0-338 0911
X19
X37, X14, X35, X22, X5,
K-means X9, X43, X30, X23, X6,
clustering 16 X17, X27, X19, X18, X42, 16 o > 0185 0-347 096
X36
Table 8. Representative factors in each cluster.
. Representative . .
Method Cluster No. Factors in Cluster Dimension
Factor
K-medoids clustering 1 X11, X12, X13, X14, X15 X14 Q3
K-medoids clustering 2 X31, X32, X33, X34, X35 X35 Q7
K-medoids clustering 3 X1, X2, X3, X4, X5 X5 Q1
K-medoids clustering 4 X36, X40 X36 Q8
K-medoids clustering 5 X6, X7, X8, X10 X6 Q2
K-medoids clustering 6 X26, X28, X30 X30 Q6
K-medoids clustering 7 X41, X43, X45 X43 Q9
K-medoids clustering 8 X16, X17, X20 X17 Q4
K-medoids clustering 9 X21, X23, X25 X23 Q5
K-medoids clustering 10 X22, X24 X22 Q5
K-medoids clustering 11 X42, X44 X42 Q9
K-medoids clustering 12 X27, X29 X27 Q6
K-medoids clustering 13 X37, X38, X39 X39 Q8
K-medoids clustering 14 X9 X9 Q2
K-medoids clustering 15 X18 X18 Q4
K-medoids clustering 16 X19 X19 Q4
K-means clustering 1 X37, X39 X37 Q8
K-means clustering 2 X11, X12, X13, X14, X15 X14 Q3
K-means clustering 3 X31, X32, X33, X34, X35 X35 Q7
K-means clustering 4 X22, X24 X22 Q5
K-means clustering 5 X1, X2, X3, X4, X5 X5 Q1
K-means clustering 6 X8, X9 X9 Q2
K-means clustering 7 X41, X43, X45 X43 Q9
K-means clustering 8 X26, X28, X30 X30 Q6
K-means clustering 9 X21, X23, X25 X23 Q5
K-means clustering 10 X6, X7, X10 X6 Q2
K-means clustering 11 X16, X17, X20 X17 Q4
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K-means clustering 12 X27, X29 X27 Q6
K-means clustering 13 X19 X19 Q4
K-means clustering 14 X18 X18 Q4
K-means clustering 15 X42, X44 X42 Q9
K-means clustering 16 X36, X38, X40 X36 Q8

4.2. Comparison of Screening Performance

4.2.1. Comparison of Information-Explanation Strength and Cumulative
Information Contribution

Screening performance was evaluated from two perspectives: infor-
mation-explanation ability and information retention. The information-explanation
strength index measures how strongly the final factor system expresses variance infor-
mation relative to the candidate system. The cumulative information contribution rate
measures how much dispersion information the final factors retain from the preliminary
or candidate factors. A reasonable screening result should reduce variables while re-
taining enough information to support risk diagnosis and pathway analysis.

The information-explanation strength index N can be defined as the ratio between
the mean variance of the final risk-factor data and the mean variance of the candidate
risk-factor data:

1 ot
n i, Var(Xy)

1 om
- 2, Var(Xy)

Here, t is the number of final factors and m is the number of candidate factors. N

N = 8)

greater than 1 indicates that the final system retains strong information dispersion, which
helps distinguish risk states across projects or samples. In empirical work, N, the cumu-
lative information contribution rate and the number of final factors should be reported
together to avoid evaluating screening performance with a single indicator.

As shown in Table 7, the two-stage Pearson method retained 16 factors and covered
all nine dimensions, with a dimension coverage of 1.000. The cumulative CV ratio of
0.463 was calculated relative to all 45 candidates and should be interpreted together with
the information-explanation strength index of 1.538. The result shows that the retained
indicators were more information-dense after compression; it does not mean that the
method failed to meet a PCA-style 85% variance rule. Although K-means and K-medoids
also retained all nine dimensions, their cumulative CV ratios were 0.347 and 0.338, and
their information-explanation strength indices were 0.956 and 0.911, respectively, both
lower than those of the two-stage Pearson method.

4.2.2. Comparison of KMO Changes

The KMO value measures the suitability of a common-factor structure among vari-
ables. Its change should not be read simply as ‘the larger the decrease, the better’. A high
KMO value at the candidate stage indicates shared information among variables and
supports redundancy screening. If KMO remains high or increases moderately after
screening, the final system still has a stable common structure. A sharp decrease may in-
dicate that the representative factors carry the common risk structure less effectively.
This study therefore interprets KMO change together with dimension coverage, Jaccard
similarity and the information-explanation strength index N, as shown in Table 9.

Overall, the two-stage Pearson method balanced statistical association, differences in
risk information and structural integrity of the indicator system. The results from 178
valid questionnaires provide a data basis for tower-crane risk-factor screening and sub-
sequent configuration-pathway analysis.
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Table 9. KMO changes in the risk-factor systems generated by the three screening methods.

KMO
Method Candidate Stage Final Stage
Two-stage Pearson correlation method 0.898 0.920
K-medoids clustering 0.898 0.886
K-means clustering 0.898 0.870

Note: the candidate stage includes 45 candidate risk factors; the final stage includes the 16 risk

factors output by each screening method.

4.3. Comparison of Application Scenarios

The engineering attributes of tower-crane risk factors mean that screening methods
should not pursue statistical compression alone. Most factors come from regulatory in-
spection, site records or expert scoring, and the number of variables is moderate. Clear
information overlap also exists within dimensions. Safety devices, for example, jointly
reflect risk-interception capability, whereas management factors jointly reflect organiza-
tional control. For early warning and rectification, final factors must correspond to in-
spection objects, responsible links and control measures. Based on these requirements,
the two-stage Pearson method is the main screening method in this study. K-medoids
and K-means are used for comparison and robustness explanation, but they do not re-
place a screening process centered on information redundancy and engineering mecha-
nisms.

Recent tower-crane safety studies have increasingly used data-supported decision
tools, including knowledge-based risk assessment, dynamic obstacle-avoidance path
planning and UAV-based intelligent inspection [32-34]. These studies improve moni-
toring, assessment or operational control after safety information has been collected. The
present study instead addresses the upstream problem of reducing a standards-based
candidate factor system to a concise, interpretable set of risk factors and then explaining
how those factors combine into high-risk pathways. This distinction also separates the
proposed method from general filter-based feature selection, which usually prioritizes
predictive compactness rather than dimension integrity and engineering traceability [35].

From a management perspective, the two-stage Pearson method is not intended to
reduce inspection responsibilities. Its purpose is to build a concise set of early warning
indicators and research variables. Items required by regulations should remain in site
safety management even if they are statistically redundant. They can be treated as insti-
tutional inspection items rather than research model variables. In this study, the screen-
ing results mainly support risk diagnosis, early warning modeling and influ-
ence-pathway analysis.

5. Pathways for High-Risk Tower-Crane States

Configurational analysis was conducted after the screening procedure retained 16
factors. With 178 observations, treating all 16 factors as separate antecedent conditions
would produce 65,536 logically possible truth-table rows and severely limited diversity.
The retained factors were aggregated into the nine dimensions used throughout the
study: wind load and operating weather (Q1), lifting load and operating conditions (Q2),
surrounding operating environment (Q3), foundation, rail and anchorage conditions
(Q4), metal structure and connection status (Q5), mechanisms and key components (Q6),
electrical control and power-supply protection (Q7), safety protection and monitoring
devices (Q8), and management, maintenance and emergency capability (Q9). This di-
mensional specification allows practitioners to identify the active pathway first and then
inspect the retained factors within each dimension.
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The outcome represents membership in the set of high-risk tower-crane states. It
was constructed as a principal component analysis (PCA) composite index from the 16
retained factors, whereas Q1-Q9 were calculated as dimensional means. This design
avoids exact duplication between antecedent variables and the outcome while preserving
factor-level variance. However, both the antecedents and the outcome were derived from
the same questionnaire responses. Accordingly, the fsQCA results characterize ex-
pert-perceived high-risk profiles and should not be interpreted as independent causal
effects. The composite index was calculated in three steps.

Step 1. Standardize the data. For retained risk factor X; (i=1, 2, ..., 16) and ques-
tionnairej (j=1, 2, ..., 178), the standardized value is:

X, —X
Zij = % 9
where X, and s; are the sample mean and sample standard deviation of factor X;.

Step 2. Calculate principal component scores. Let the correlation matrix be decom-
posed as R = AAAT, where A = [aiy] is the loading matrix and A = diag(A4, ..., A16). The
eigenvalue-greater-than-one rule retained only two components and explained 45.5% of
the variance, so the cumulative-variance criterion was used. The smallest set exceeding
85% contained 11 components and explained 86.2%. The score of questionnaire j on

component y is:
16

PC] = Z AiyZij (10)
i=1
Step 3. Calculate the composite index. Each retained component was weighted by its
eigenvalue:
& ()
Wy =S
R
11
Cly = Y w,PCy, (12)
i=1

The sign of Cl; was aligned so that a higher value corresponded to a higher mean
score across the 16 retained risk factors.

5.1. Data Calibration and Necessity Analysis

Direct calibration used the 95th, 50th and 5th percentiles as the anchors for full
membership, the crossover point and full non-membership, respectively. Calibrated
membership scores exactly equal to 0.500 were adjusted to 0.501 by adding 0.001, which
prevented cases at the point of maximum ambiguity from being excluded from
truth-table analysis [20]. This adjustment was applied only to exact crossover scores after
calibration. The same calibration procedure was used for Q1-Q9 and CI. Necessity was
evaluated with a consistency threshold of 0.90.

Table 10 reports the necessity results. Neither any condition nor its negation reached
the 0.90 threshold. Q4 had the highest consistency for the high-risk outcome (0.875), fol-
lowed by Q3 (0.871), Q1 (0.838) and Q7 (0.836). The remaining condition consistencies
ranged from 0.788 to 0.832. High-risk tower-crane states did not depend on one indis-
pensable condition, supporting analysis of conjunctural pathways.

Table 10. Results of necessity analysis for high-risk and non-high-risk tower-crane states.

Calibrated Symbol . High-Risk Formation 1\.Ion-High-Risk Formation
Consistency Coverage Consistency Coverage

Q1 0.838 0.736 0.617 0.504

~Q1 0.435 0.550 0.676 0.796
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Q2 0.828 0.821 0.538 0.497
~Q2 0.493 0.534 0.807 0.813
Q3 0.871 0.759 0.617 0.500
~Q3 0.426 0.544 0.702 0.836
Q4 0.875 0.859 0.529 0.484
~Q4 0.474 0.519 0.846 0.863
Q5 0.803 0.856 0.508 0.504
~Q5 0.535 0.538 0.855 0.801
Q6 0.832 0.827 0.545 0.504
~Q6 0.501 0.542 0.813 0.819
Q7 0.836 0.806 0.541 0.486
~Q7 0.467 0.522 0.784 0.817
Q8 0.827 0.857 0.505 0.487
~Q8 0.505 0.523 0.851 0.820
Q9 0.788 0.845 0.501 0.500
~Q9 0.534 0.534 0.845 0.788

Note: A condition is generally regarded as necessary when its consistency is 0.90 or higher. The

tilde denotes the absence of a condition.

5.2. Analysis of Configurational Conditions

The truth table used Q1-Q9 as antecedent conditions and calibrated CI as the out-
come. The case-frequency threshold was 3, the consistency threshold was 0.80 and the
PRI consistency threshold was 0.70. PRI was calculated by subtracting the overlap min(X,
Y, ~Y) from the numerator and denominator of the sufficiency relation [21]. Nine ob-
served rows met the frequency requirement. As shown in Table 11, six rows passed both
consistency criteria and were coded OUT = 1, whereas three rows were coded OUT = 0.
Positive directional expectations were specified because higher scores represent greater
risk exposure or weaker control.

Table 11. Empirically observed truth-table rows meeting the case-frequency threshold.

Antecedent Conditions Truth-Table Diagnostics
Ql Q@ B M4 Q5 Q Q @B Q n Conzl;ten' PRI OUT
1 1 1 1 1 1 1 1 1 28 1.000 1.000 1
1 1 1 1 1 1 1 1 0 3 1.000 0.999 1
1 1 1 1 1 1 1 0 1 3 0.999 0.995 1
1 1 1 1 1 1 0 1 1 4 1.000 0.999 1
1 1 1 1 1 1 0 1 0 3 1.000 0.999 1
1 1 1 1 1 0 1 1 1 4 0.999 0.996 1
0 1 1 0 0 0 0 0 0 3 0.830 0.031 0
1 0 0 0 0 0 0 0 0 5 0.709 0.016 0

o]
o
o
o]
o
o
o
o
o

7 0.557 0.008

o

Note: 1 denotes the presence and 0 the absence of a condition after calibration. OUT = 1 identifies
rows included in Boolean minimization; OUT = 0 identifies rows that failed the consistency and/or
PRI requirement. Logical remainders and observed rows with fewer than three cases are not dis-

played.

Boolean minimization was performed for the six positive truth-table rows. Table 12
reports the complex, intermediate and parsimonious outputs. No unobserved row qual-
ified as a positive directional easy counterfactual; thus, the complex and intermediate
solutions were identical and each contained three terms. Allowing all logical remainders
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produced two parsimonious terms. Conditions appearing in both the intermediate and
parsimonious solutions were classified as core, while conditions appearing only in the
intermediate solution were classified as peripheral.

Table 12. Complex, intermediate and parsimonious fsQCA solution outputs.

. . Con- Raw Unique Solution Solution
Solution Term Boolean Expression .
sistency Cov. Cov. Cons. Cov.
Complex T1 Q1*Q2*Q3*Q4*Q5*Q6*Q7*Q9 0.999 0399 0.014 0.999 0.490
Complex T2 Q1*0Q2*Q3*Q4*Q5*Q6*(Q8 1.000 0.454  0.069
Complex T3 Q1*Q2*Q3*Q4*Q5*Q7*Q8*Q9 1.000 0.407  0.022
Intermediate T1 Q1*Q2*Q3*Q4*Q5*Q6*Q7*Q9 0.999 0399 0.014 0.999 0.490
Intermediate T2 Q1*Q2*Q3*Q4*Q5*Q6*Q8 1.000 0454  0.069
Intermediate T3 Q1*Q2*Q3*Q4*Q5*Q7*Q8*Q9 1.000 0.407  0.022
Parsimonious T1 Q1*Q2*Q3*Q4*Q5*Q6*Q8 1.000 0.454  0.069 0.999 0.492
Parsimonious T2 Q1*Q2*Q3*Q4*Q5*Q7*Q9 0.999 0423  0.038
Note: In the Boolean expressions, * denotes logical AND between conditions. The complex solution
uses only observed positive rows. The intermediate solution additionally permits directional easy
counterfactuals; none qualified in this analysis, so it is identical to the complex solution. The par-
simonious solution permits all logical remainders. Core and peripheral status in Table 13 is ob-
tained by comparing intermediate and parsimonious terms.
Table 13. Configuration results for high-risk tower-crane states.
Variables Losﬁ-lf;lc)lzsc(:)t;:)r?;l;znl Electrical-Management Coupling Type
C1 C2a C2b
Wind load and operating weather (Q1) ° ° .
Lifting load and operating conditions (Q2)
Surrounding operating environment (Q3)
Foundation, rail and anchorage conditions . . .
(Q4)
Metal structure and connection status (Q5) ° ° °
Mechanisms and key components (Q6) ° o
Electrical control and power-supply protec- . .
tion (Q7)
Safety protection and monitoring devices . .
(Q8)
Management, maintenance and emergency . R
capability (Q9)
Consistency 1.000 0.999 1.000
Raw coverage 0.454 0.399 0.407
Unique coverage 0.069 0.014 0.022
Solution consistency 0.999
Solution coverage 0.490

Note: A large filled circle denotes a core condition, a small filled circle denotes a peripheral condi-
tion, and a blank cell means that the condition is optional in that configuration. Core and peripheral

status was determined by comparing the intermediate and parsimonious solutions.

The intermediate terms were reorganized into the three interpretable configurations
shown in Table 13. All configurations had consistency at or above 0.999. The overall so-
lution consistency was 0.999, indicating that membership in the combined configurations
was almost entirely a subset of high-risk membership within the questionnaire data. So-
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lution coverage was 0.490, so the configurations covered 49.0% of the calibrated high-risk
outcome. These two measures should be read together: the profiles were highly con-
sistent where they occurred, but they did not represent every high-risk questionnaire
response.

5.3. Configurational Interpretation of High-Risk Tower-Crane Profiles

(1) Load-support-mechanism-protection type. This type consists of configuration
Cl1, expressed as Q1*Q2*Q3*Q4*Q5*Q6*Q8. All seven conditions are core, whereas Q7
and Q9 are not specified by the solution term. C1 links external disturbance, operating
demand, spatial exposure, support stability, structural load transfer, mechanical execu-
tion and safety interception. High wind or adverse weather (Q1) increases lateral action,
and heavy, eccentric or combined lifting operations (Q2) raise dynamic demand. The
surrounding environment (Q3) adds exposure through multi-crane interference, obsta-
cles, power lines and public areas. These demands act on the foundation and anchorage
system (Q4) and the metal structure and connections (Q5), which determine whether the
crane can resist and transfer imposed loads. When mechanisms and key components
(Q6) are also unreliable and safety devices or monitoring systems (Q8) cannot interrupt
unsafe actions, the expert assessments consistently correspond to the high-risk outcome.
This interpretation is consistent with the tower-crane failure mechanisms summarized
earlier [1-7,14-18].

C1 had a consistency of 1.000, raw coverage of 0.454 and unique coverage of 0.069,
giving it the most extensive empirical coverage and unique contribution among the three
configurations. The control sequence should follow the same pathway. Work should first
be suspended or restricted when weather or lifting conditions exceed allowable limits.
Inspectors should then verify foundation settlement, rail condition, anchorage nodes,
tower verticality, free-end height, structural members, bolts and pins. Brake perfor-
mance, wire ropes, hooks, pulleys, limiters, anemometers, anti-collision devices and
monitoring alarms should be checked before operation resumes. The optional status of
Q7 and Q9 in C1 does not mean that electrical control or management is unimportant. It
means only that their membership is not constrained in this minimized configuration.

(2) Electrical-management coupling type. This type comprises configurations C2a
and C2b. Both share the core expression Q1*Q2*Q3*Q4*Q5*Q7*Q9. They retain the same
front-end chain of weather disturbance, lifting demand, surrounding exposure, support
weakness and structural-connection weakness as C1. Their downstream route is charac-
terized by electrical control risk (Q7) and weak management, maintenance and emer-
gency capability (Q9). Electrical interlocks, emergency-stop circuits, grounding and
power-supply protection determine whether unsafe commands or failures can be inter-
rupted. Management and maintenance determine whether defects are detected, rectified
and prevented from recurring. Their joint presence as core conditions indicates that
technical abnormalities are more likely to remain active when organizational closure is
weak.

C2a adds Q6 as a peripheral condition, while Q8 is optional. It represents an elec-
trical-management pathway reinforced by degraded mechanical execution. C2b instead
adds Q8 as a peripheral condition, while Q6 is optional. It represents an electri-
cal-management pathway reinforced by weak safety interception and monitoring. The
two configurations show conditional substitution between mechanical reliability and
automatic protection. C2a had consistency of 0.999, raw coverage of 0.399 and unique
coverage of 0.014. C2b had consistency of 1.000, raw coverage of 0.407 and unique cov-
erage of 0.022. Control should focus first on emergency-stop circuits, zero-position and
interlock functions, grounding, power-supply protection, scheme approval, personnel
qualification, maintenance records, hazard closure and emergency readiness. This

https://doi.org/10.3390/buildings16142760



Buildings 2026, 16, 2760

22 of 28

package should then be supplemented by mechanical inspection for C2a, or by full func-
tional testing of limiters, anti-collision devices and monitoring alarms for C2b.

5.4. Key Condition Analysis

Comparison across the three configurations shows that Q1-Q5 are core conditions in
every pathway. Their repeated occurrence defines a common front-end risk chain rather
than five independent causes. Q1 captures external weather disturbance, Q2 captures
operating and dynamic load, and Q3 captures exposure to surrounding cranes, obstacles,
power lines and people. Q4 defines the support and anchorage boundary of the crane,
while Q5 determines the continuity and reliability of structural load transfer. Q4 also had
the highest necessity consistency (0.875), although it remained below the 0.90 threshold.
Foundation and anchorage should receive priority without being treated as a single
necessary cause.

The downstream conditions distinguish the pathways. Q6 and Q8 form the mecha-
nism-protection route in C1. Q7 and Q9 form the electrical-management route in C2a and
C2b, with Q6 or Q8 providing peripheral reinforcement. In terms of core-condition oc-
currence, Q1-Q5 appear in all three configurations, Q7 and Q9 appear in two, and Q6 and
Q8 each define one principal downstream route. This pattern supports a two-stage in-
spection strategy. The first stage should assess Q1-Q5 for every tower crane. The second
stage should select either the Q6-Q8 mechanical and protection package or the Q7-Q9
electrical and management package according to the observed equipment and organiza-
tional state. Because the evidence comes from expert questionnaire responses, these
conditions should be interpreted as priority combinations in perceived high-risk states
rather than individually verified accident causes.

5.5. Robustness Analysis

Robustness was examined through two threshold adjustments. First, the
case-frequency threshold was raised from 3 to 4. Three truth-table rows remained and
were minimized to two intermediate solution terms, as shown in Table 14. Both terms
retained Q1-Q5, Q8 and Q9; R1 additionally retained Q6, whereas R2 retained Q7. Sec-
ond, the PRI consistency threshold was raised from 0.70 to 0.80 while the case-frequency
threshold remained at 3. All six baseline truth-table rows still passed, and the three in-
termediate terms in Table 13 were unchanged.

Table 14. Configuration results after raising the case-frequency threshold from 3 to 4.

. Electri-
Variables Load-Support-Mechanism-Manag cal-Monitoring-Management
ement Type
Type
Variables R1 R2
Wind load and operating weather (Q1) ° °
Lifting load and operating conditions (Q2) ° °
Surrounding operating environment (Q3) ° °
Foundation, rail and anchorage conditions (Q4) . °
Metal structure and connection status (Q5) [ °
Mechanisms and key components (Q6) °
Electrical control and power-supply protection .
(Q7)
Safety protection and monitoring devices (Q8) ° °
Management, maintenance and emergency ca- R .
pability (Q9)
Consistency 1.000 1.000
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Raw coverage 0.415 0.407

Unique coverage 0.030 0.022
Solution consistency 1.000
Solution coverage 0.437

Note: A filled circle indicates that the condition is retained in the intermediate solution term; a
blank cell indicates that it is optional. This table compares pathway composition after the

case-frequency threshold was changed.

After the frequency threshold was raised, both R1 and R2 retained Q1-Q5, Q8 and
Q9, while Q6 and Q7 remained alternative links. R1 had consistency of 1.000, raw cov-
erage of 0.415 and unique coverage of 0.030; R2 had consistency of 1.000, raw coverage of
0.407 and unique coverage of 0.022. Overall solution consistency remained 1.000, while
solution coverage declined from 0.490 to 0.437 because configurations represented by
only three questionnaires were removed. The persistence of Q1-Q5 under both threshold
tests supports the stability of the common front-end chain. The appearance of Q8 and Q9
in both higher-frequency terms indicates that safety interception and organizational
closure become more prominent when analysis is restricted to better represented con-
figurations.

The robustness checks support substantive stability rather than exact invariance.
After the frequency threshold was raised, the number of intermediate terms decreased
from three to two and coverage fell by 0.053, but the common Q1-Q5 structure and the
distinction between mechanical-protection and electrical-management links were pre-
served. These findings are bounded by the data source. The 178 observations are profes-
sional questionnaire responses, not matched project records with observed accident
outcomes. The configurations identify stable combinations in expert risk assessments and
can guide inspection packages, but they should not be presented as validated acci-
dent-prediction rules.

5.6. Retrospective Case-Based External Validation

To examine whether the retained factors and configurations appeared beyond the
questionnaire data, five independent accident cases were selected after the fsQCA model
had been estimated, as shown in Table 15. These cases included the 2008 New York 51st
Street collapse, the 2008 Rotterdam collapse, the 2019 Seattle dismantling collapse, the
2019 Halifax collapse during Post-Tropical Storm Dorian [36-39], and the 2019 Huarong
Pearl Phase III tower-crane collapse in Yueyang, Hunan Province, China, which was re-
ported by a municipal accident investigation and used as a validation case in a prior
Chinese tower-crane accident-causation study [40,41].

Table 15. Retrospective comparison with independent official tower-crane accident investigations.

Case and Reported Causal Evidence Mappe.d Di- Validation Agaln.st fsQCA Configu-
Source mensions rations
During crane climbing, polyester web slings Supports the
supporting an 11,280-1b steel collar failed. Four load-anchorage-connection-manageme
New York, . e . .
slings were used rather than the specified eight, nt chain, but the report does not estab-
USA (2008) . . Q2,Q4,Q5,Q9 .
[36] attachment and edge protection were improper, lish Q1, Q3 or a complete downstream
and the falling collar destroyed lower tie con- package. Factor-level concordance on-
nections. ly.
Rotterdam, An almost 13-t eccentric load was handled at an 02, Q5, Q6 Supports both downstream branches,
Netherlands excessive radius. Excessive jib deflection, Q7/ 0 8, Q 9' but weather was favorable, and Q3-Q4
(2008) [37] PLC/load-moment security, frequen- i were not established as causal condi-
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cy-regulator, trolley-motor or cable limitations tions. No complete configuration was
and inadequate design-risk analysis contributed reproduced.
to the collapse.
Nearly all mast pins and sleeves were removed Supports interaction among wind,
prematurely during dismantling, contrary to the structural connections and dismantling
Seattle, USA i .
(2019) [38] manufacturer’s procedure.. The weakeneq tower Q1, Q5, Q9 management, but does not establish
was then toppled by a wind gust exceeding 45 Q2, Q4 or a complete downstream

mph. package.

High winds during Post-Tropical Storm Dorian

acted on a hidden weld defect in the lower mast.

The weld failure transferred load to three posts Q1, Q5
and initiated collapse; the owner and operator

Halifax, Can-
ada (2019) [39]

had met applicable preventive requirements.

Supports wind-structure coupling,
while showing that collapse can occur
without documented weak manage-
ment. No complete question-
naire-derived configuration was re-

produced.
During dismantling/jacking of a QTZ63 tower
crane at the Huarong Pearl Phase III project, the Supports a China-based jack-
jib and counter-jib were not kept balanced, trol- ing/dismantling pathway coupling
ley movement occurred during leveling, the lifting condition, structural connec-
Yueyang, jacking anti-falling device was not used, the Q2, Q5, 06 tion/key component, protection-device
China (2019) jacking-beam pin was not reliably seated in the ('2 g ('2 9 and management failures. Q1, Q3 and
[40,41] step groove, and the standard section to be re- ! Q4 were not established, so the case
moved was pushed outward. The dismantling does not reproduce a complete C1/C2
organization lacked proper qualification, and configuration. Strong factor-level con-
technical disclosure, personnel qualification cordance.

control and on-site supervision were deficient.

Note: Mapping was limited to causal evidence explicitly reported by the investigating authority.

An unreported dimension was treated as unknown rather than absent.

The five cases showed clear factor-level concordance. New York documented lifting,
anchorage, connection and procedural failures. Rotterdam documented load-radius,
structural, mechanical, control, protection and risk-management failures. Seattle docu-
mented the interaction of wind, prematurely removed structural pins and dismantling
management. Halifax documented high wind acting on a hidden mast-weld defect.
Yueyang documented imbalance during jacking and dismantling, unreliable seating of
the jacking-beam pin, non-use of anti-falling protection, outward movement of the
standard section, insufficient dismantling qualification, weak technical disclosure and
deficient on-site supervision. Across the five cases, at least two retained dimensions were
involved in every event, and all nine dimensions appeared in at least one investigation.

The stronger pathway-level test was not satisfied. None of the five cases supplied
evidence for all five common Q1-Q5 conditions together with either the Q6-Q8 or Q7-Q9
downstream package. Rotterdam occurred under favorable weather, while Halifax oc-
curred even though the investigating authority found that the owner and operator had
met applicable preventive requirements. Yueyang reproduced a China-based jack-
ing/dismantling chain involving Q2, Q5, Q6, Q8 and Q9, but did not establish Q1, Q3 or
Q4 as causal evidence. The external cases support the engineering relevance of the
screened factor system but do not validate the complete questionnaire-derived configu-
rations as universal accident pathways. This finding reinforces the bounded interpreta-
tion adopted in this study: C1, C2a and C2b are structured profiles for prioritizing in-
spection under expert-perceived high-risk states, not deterministic or predictive accident
rules.

6. Conclusions and Discussion
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This study examined key factor identification and questionnaire-derived high-risk
configurations for tower-crane construction safety. It developed a 45-factor candidate
system covering equipment status, operating conditions, site environment, foundation
and anchorage, structural connections, mechanical and electrical control, safety protec-
tion, and management and maintenance. By integrating standards, accident-causation
characteristics and site inspection items, the system reflects the central feature of tow-
er-crane construction risk: equipment conditions, operational processes, environmental
disturbances and organizational management jointly shape the high-risk state.

For risk-factor screening, this study introduced a two-stage Pearson correlation
method to reduce redundancy in the candidate system. The final threshold was set at p =
0.55, and sensitivity tests at p = 0.50, 0.55 and 0.60 produced the same 16-factor set.
Compared with one-step correlation filtering, PCA-based reduction and clustering-based
representative selection, the method keeps the engineering meaning of the original indi-
cators while considering local correlation, score dispersion, system-level redundancy and
dimension integrity. The final 16 factors covered all nine dimensions and showed higher
information density than the full candidate system.

For the questionnaire-derived high-risk profiles, no antecedent condition reached
the 0.90 necessity threshold. The truth table retained six positive rows at a case-frequency
threshold of 3, consistency threshold of 0.80 and PRI threshold of 0.70. Minimization
produced three intermediate solution terms with overall consistency of 0.999 and cov-
erage of 0.490. Q1-Q5 were core conditions in every term, whereas Q6 and Q8 formed
one downstream combination and Q7 and Q9 formed another. Raising the
case-frequency threshold to 4 reduced the solution to two terms but retained Q1-Q5 in
both; raising PRI to 0.80 did not alter the baseline result. Retrospective comparison with
five independent accident investigations supported the external relevance of individual
retained dimensions but did not reproduce any complete configuration. Tower-crane
safety management can use the configurations as structured inspection profiles, while
avoiding interpretation as validated accident-prediction rules.

The study has limitations. The fsQCA conditions and outcome were derived from
the same questionnaire responses, although they were constructed at different aggrega-
tion levels. The resulting configurations therefore describe expert-perceived high-risk
profiles rather than causal effects estimated from independent project outcomes. The
retrospective accident comparison was qualitative because the official reports did not
provide calibrated membership scores for all nine conditions, and an unreported condi-
tion could not be coded as absent. Future research should link the final factor set with
monitoring data, inspection records and accident or near-miss outcomes from real tow-
er-crane projects. It should also construct an outcome independent of the antecedent
conditions and test predictive performance prospectively.

Overall, this study makes three contributions. It builds a candidate factor system for
tower-crane construction safety, specifies a screening strategy that considers both corre-
lation redundancy and information retention, and identifies questionnaire-derived
high-risk profiles from a configurational perspective. The independent accident compar-
ison supports the engineering relevance of the retained dimensions while defining the
boundary of the configuration claims. The results can support optimization of key in-
spection items and graded on-site control, but project-level outcome data are needed
before predictive use.
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