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Abstract. The prefabricated building supply chain faces challenges in multi workshop
coordination, high costs, and weak resilience. This study proposes an integrated framework
combining a multi objective optimization model with blockchain smart contracts to address
these issues. The model minimizes transportation cost, delivery delay, and carbon emissions,
while smart contracts enable automated, trustworthy execution. Case study results show
transportation cost reduced by 25.9%, on time delivery increased by 17.9%, carbon emissions
cut by 28.8%, and the default rate dropped from 8.5% to 2.1%. The framework demonstrates
strong robustness under parameter fluctuations. This research provides a practical pathway for
transforming prefabricated supply chain collaboration from experience based to data driven and
trustless execution.
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Annoramuda. Llerouka mocTaBOK COOPHBIX 3MaHUI CTAIKUBAECTCS C MPOOIeMaMu KOOpPAUHA-
LM MEXIY HECKOJbKMMU II€XaMM, BBICOKMMM 3aTpaTaMd M HHU3KOW YCTOMYMBOCTHIO. B maH-
HOM MCCJIeOBAaHWM TIpeUIaraeTcsi MHTETPUPOBAaHHASI CTPYKTYpa, COUYETarollass MHOTOLEIEBYIO
ONITMMU3ALIMOHHYIO MOJIEJIb CO CMapT-KOHTPaKTaMW Ha OCHOBE OJIOKYEIHA /IS PEeIIeHUs] ITHX
npoGyeM. Moaeab MUHUMHM3UPYET TPAHCIIOPTHBIE PACXOIbI, 3aAE€PXKKU TOCTaBKU M BBIOPOCHI
YIJIGKUCIIOTO ra3a, a CMapT-KOHTPAKThl 00eCeYMBaOT aBTOMATU3MPOBAHHOE W HAIEXKHOE WC-
MoJHeHUe. Pe3yabTaThl MCCIEAOBaHUST MOKA3bIBAIOT CHUXXEHMUE TPAHCIOPTHBIX PAacXOIOB Ha
25,9%, yBennueHue CBOeBpeMeHHO gocTaBku Ha 17,9%, cokpallieHre BBIGPOCOB YITIEKUCIOTO
raza Ha 28,8%, a TakKe CHWXXEHME YPOBHSI HEBBITIOJHEHMSI 00s13aTesbeTB ¢ 8,5% nmo 2,1%.
IpemnoxeHHast CTPYKTypa HEMOHCTPUPYET BBICOKYIO YCTOMYMBOCTH K KOJIEOAHMSIM Iapame-
TpoB. JlaHHOe MccilenoBaHMe TpeaIaraeT MPakTUYECKUA yTh T TTpeodpa3oBaHusl COTPYIHM-
YecTBa B IIETIOYKE MTOCTAaBOK COOPHBIX 3MaHUIA OT MOAX0Ia, OCHOBAHHOTO Ha OMBITE, K TIOAXOMY,
OCHOBAaHHOMY Ha JaHHBIX M He TpeOyIoeMy TOBEpHs.

KioueBbie cioBa: cOOpHBIE 3MaHMSI, COTPYOAHMYECTBO B ILIETIOYKE IOCTABOK, OITHMMMU3ALIUS
MHOT'OIIPOU3BOICTBEHHBIX MIPOLIECCOB, OJOKYEIH, TMOKas 1IeIoYKa ITOCTaBOK

s muruposanus: JIto [I. BoccraHoBieHME TMOKOCTH 1IETTOYKY ITOCTABOK COOPHBIX 3MaHUi //
TexHoskoHomuka. 2026. T. 5, Ne 1 (16). C. 64—74. DOI: https://doi.org/10.57809/2026.5.1.16.6

DTO cTaThsl OTKPHITOTO MOCTYIIa, pacipocTtpaHsemas 1o juiieH3nu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The construction industry’s shift toward prefabricated buildings with factory production and
on-site assembly has reduced traditional construction complexity but introduced new supply
chain challenges (Chen Ke & Zhou Xiaojie, 2025). Unlike conventional projects, the prefabri-
cated building supply chain is characterized by a “multi-entity, multi-link, decentralized serial”
structure involving independently operating production workshops, specialized transportation
providers, and installation teams scattered across regions (Chen Ke & Zhou Xiaojie, 2025; Qi
Baoku et al., 2015). Any disruption in one link can trigger chain reactions, and the traditional
manual order allocation model struggles to balance production capacity, transportation costs,
and delivery timeliness in real time (Wang Heping & Qi Xinran et al., 2022; Anufrieva, 2023).
As a result, the industry faces persistent issues: high transportation costs (often exceeding 20%
of total supply chain costs), low on-time delivery rates (averaging around 82%), and weak resil-
ience against disturbances such as raw material shortages or logistical delays (Wang Jiayi, 2023).

Existing research has explored production scheduling within single workshops (Wang Heping
& Qi Xinran et al., 2022) or applied multi-objective optimization to component distribution
(Wang Heping & Qi Xinran, 2021), yet few studies address the global coordination across
multiple production workshops, logistics providers, and construction sites simultaneously (Sun
Jikun & Zhang Jizhe, 2024). Moreover, while blockchain technology has been recognized for
its potential to enhance supply chain transparency and trust (Wang et al., 2019), its integration
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with optimization models to create a fully automated, trustworthy collaboration mechanism
remains underexplored (Liu Meixia et al., 2025). Information silos, opportunistic behavior, and
inefficient dispute resolution continue to hamper collaboration among supply chain participants
(Chen Ke & Zhou Xiaojie, 2025).

Against this backdrop, this study seeks to answer a core research question: How can the agil-
ity of the prefabricated building supply chain be reconstructed to resolve the imbalance between
capacity allocation and transportation costs in multi workshop collaboration? The research
objectives are threefold:

1. to develop a multi objective optimization model that coordinates order allocation, pro-
duction, transportation, and installation while minimizing cost, delay, and carbon emissions;

2. to design a blockchain smart contract mechanism that automates performance verifica-
tion, reward punishment execution, and information sharing, thereby transforming collabora-
tion from soft constraints to hard, enforceable rules; and

3. to validate the proposed framework through a case study, comparing its performance
against traditional manual allocation practices.

By integrating resource dependence theory (Qi Baoku et al., 2015), collaboration theory (Ma
Shihua & Wang Qingqging, 2010), and agile supply chain theory (Christopher & Peck, 2004;
Ponomarov & Holcomb, 2009), this study constructs a “multi-workshop collaborative manage-
ment framework” that systematically addresses the dependencies among supply chain entities,
designs corresponding collaborative mechanisms, and cultivates agile capabilities. The findings
are expected to provide both theoretical insights into the application of these theories in con-
struction supply chains and practical decision support for component manufacturers, logistics
providers, and construction teams seeking to improve efficiency, resilience, and sustainability.

Materials and Methods

This study employed an integrated methodological framework combining mathematical op-
timization and blockchain-based mechanism design to address multi-workshop collaboration
challenges in a prefabricated building supply chain. The methodology is structured to allow
replication by other researchers.

Multi- Objective Optimization Model

A mixed-integer linear programming model was constructed to optimize order allocation
across multiple production workshops, logistics providers, and construction projects. The mod-
el’s objective function minimizes three weighted and normalized goals: total transportation
cost, order overdue time, and carbon emissions. Decision variables included the quantity of
components allocated and a binary variable for route selection . Key constraints ensured order
demand fulfillment, production workshop capacity limits, logistics capacity limits, and delivery
time windows.

Model Solution Method

The optimization problem was solved using a two-stage approach. First, a genetic algorithm
(GA) was employed for global search, with parameters set to a population size of 200, crossover
probability of 0.8, mutation probability of 0.1, and 500 maximum iterations (Qi Xinran et al.,
2022). The high-quality solution from the GA was then used as an initial input for the COPT
commercial solver to perform precise optimization via branch-and-bound, balancing solution
speed and accuracy (Xiong Fuli et al., 2022).

Blockchain Smart Contract Mechanism

To ensure reliable execution of the optimization outputs, a consortium blockchain with three
core smart contracts was designed (Liu Guiwen et al., 2023; Chen Wei et al., 2024). An order
allocation contract automated the confirmation of the optimization plan. A performance ver-
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ification contract automatically collected and validated on-chain data from IoT sources (e.g.,
RFID for production, GPS for transport) against predefined rules. A reward and punishment
contract automatically enforced financial penalties or rewards based on verified performance .

Case Study Validation

The framework was validated using a simulated case study based on a large prefabricated
building enterprise (Qi Baoku et al., 2015). Data sources included enterprise operational data
(production capacity, costs), IoT real-time data (GPS, RFID), and open industry standards
(carbon emission coefficients) (Li Wenjie et al., 2021). A control group (traditional manual
allocation) was compared to an experimental group (the proposed model with smart contracts).
Key performance indicators, including cost, on-time delivery rate, and resilience, were evalu-
ated to measure the framework’s effectiveness .

Framework Logic Demonstration

Fig. 1. Framework Logic.

Results

The proposed multi-workshop collaborative management framework was validated through
a case study based on a large prefabricated building enterprise (Qi Baoku et al., 2015). The
results are presented in three main areas: performance improvement, smart contract execution
efficiency, and model robustness.

Overall Performance Improvement

Table 1 summarizes the comparison of key performance indicators between the traditional
manual allocation (control group) and the proposed framework (experimental group). The
multi-objective optimization model reduced total transportation costs by 25.9% (from I2.865
million to I2.123 million) and lowered the transportation cost share from 23.5% to 17.8%
(Wang Heping & Qi Xinran, 2021; Li Wenjie et al., 2021). Operational efficiency improved
significantly: on-time delivery rate increased by 17.9 percentage points (from 82.0% to 96.7%),
and average order fulfillment time was shortened by 34.4% (from 12.5 to 8.2 days) (Sun Jikun
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& Zhang Jizhe, 2024; Wang Jingjing et al., 2025). Resource utilization also benefited, with
average capacity utilization rising by 16.8% and vehicle empty-running rate dropping by 57.1%
(Wang Heping & Qi Xinran et al., 2022; Wang Chaoqing et al., 2025). Environmental perfor-
mance improved by 28.8% in carbon emissions per unit output (Liu Meixia et al., 2025), while
the supply chain resilience index (1 — default rate) increased by 21.4% (Wang Jiayi, 2023; Liu
Guiwen et al., 2023).

Table 1. Comparison of key performance indicators between
the traditional manual allocation and the proposed framework.

Dimension Indicator Name ].Sefore. 'A1:ter . Improvement
optimization optimization range

cost Total transportation cost (ten thousand yuan) 286.5 212.3 \L 25.9%
cost Transportation costs as a percentage (%) 23.5 17.8 ¢ 5.7%
efficiency On-time delivery rate of orders (%) 82.0 96.7 T 17.9%
efficiency Average order fulfillment time (days) 12.5 8.2 \L 34.4%
resource Average capacity utilization rate (%) 78.3 91.5 T 16.8%
resource Vehicle empty-run rate (%) 21.0 9.0 \L 57.1%
toughness Supply chain resilience index 76.0 92.3 T 21.4%
environment f):l?trsl?tn (i?és(s;zo/r;?)%eorou;ui;r(l))f 186.2 132.5 \L 28.8%
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Blockchain Smart Contract Execution Efficiency

Table 2 demonstrates that the smart contract mechanism drastically reduced the time re-
quired for key collaborative steps compared to the traditional mode. Order allocation time fell
from 4.5 hours to 8.2 minutes (97.0% improvement), performance verification from 6.2 hours
to 1.5 minutes (99.6%), and breach of contract handling from 3.8 days to 15 seconds (99.9%)
(Liu Guiwen et al., 2023; Chen Wei et al., 2024). The automated, immutable on-chain evi-
dence also shortened quality dispute resolution from 72 hours to 10 minutes and payment set-
tlement from 15 days to 2 minutes (Wang et al., 2019; Chen Wei et al., 2024).

Table 2. Comparison of key performance indicators between
the traditional mode and the smart cotract mode time requirements.

. Traditional mode Smart contract mode Efficiency
Operational steps . . . .
time consumption time consumption Improvement

Order allocation 4.5 hours 8.2 minutes 97.0%

Performance verification 6.2 hours 1.5 minutes 99.6%

Breach of Contract 3.8 days 15 seconds 99.9%

Quality Dispute Resolution 72 hours 10 minutes 99.8%

Payment settlement 15 days 2 minutes 99.9%

Fig. 3. Comparison of process times between traditional and smart constract modes.

Sensitivity Analysis and Robustness

Table 3 shows the model’s response to +20% fluctuations in three key parameters. Total
transportation costs were most sensitive to changes in the transportation cost coefficient (vari-
ation up to £18.5%) (Wang Heping & Qi Xinran, 2021). In contrast, the on-time delivery rate
remained highly stable, with changes not exceeding £3.5% under all parameter variations (Sun
Jikun & Zhang Jizhe, 2024; Wang Chaoqing et al., 2025). This confirms the model’s robustness
and its prioritization of schedule reliability.
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Table 3. The model’s response to £20% fluctuations in three key parameters.

Total transportation

On-time delivery

Parameter Range of change cost change rate rate change rate
Order demand fluctuations +20% +15.2% -2.1%
Order demand fluctuations -20% -12.8% -1.3%
Transportation cost coefficient +20% +18.5% -0.8%
Transportation cost coefficient -20% -16.2% -0.5%
Production workshop capacity +20% -8.6% +1.2%
Production workshop capacity -20% +11.3% -3.5%
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Fig. 4. Sensitivity of total transportation cost.

Fig. 5. Sensitivity of on-time delivery rate.
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Discussion

The results demonstrate that integrating a multi objective optimization model with block-
chain smart contracts effectively addresses the core challenges of multi workshop collaboration
in prefabricated construction.

Interpretation of Key Findings

The 25.9% reduction in transportation costs and 17.9% increase in on-time delivery rate
align with the theoretical expectation that a systematic, multi-objective approach can overcome
the trade-offs inherent in manual allocation (Wang Heping & Qi Xinran, 2021). The model’s
ability to simultaneously consider capacity, time windows, and carbon emissions reflects a shift
from single-objective to holistic supply chain management (Liu Meixia et al., 2025). The sub-
stantial improvement in vehicle empty-running rate (from 21% to 9%) indicates that integrated
production-logistics planning can significantly reduce waste, a finding consistent with the re-
source synergy dimension of collaboration theory .

The blockchain smart contract results validate the technological empowerment path of col-
laboration theory (Liu Guiwen et al., 2023). By converting collaborative rules into self-execut-
ing code, the mechanism eliminates information silos and opportunistic behavior (Chen Wei et
al., 2024). The reduction of the default rate from 8.5% to 2.1% and the 90.9% credibility sat-
isfaction rate among alliance nodes empirically support the argument that blockchain provides
a “hard constraint” alternative to traditional trust-based collaboration (Chen Wei et al., 2024).

Comparison with Existing Literature

The findings align with previous studies that reported the effectiveness of multi-objective
optimization in prefabricated component distribution (Wang Heping & Qi Xinran et al., 2022;
Wang Heping & Qi Xinran, 2021; Wang Heping & Zhao Dengyu et al., 2022). For example,
Wang Heping and Qi Xinran (2021) achieved cost reductions using bi-level programming, but
their work did not incorporate carbon emissions or blockchain-based execution. The current
study extends this by embedding environmental objectives and an automated execution layer,
achieving a more comprehensive performance gain.

The efficiency improvements from smart contracts (97—99.9%) are consistent with the sim-
ulation results reported by Liu Guiwen et al. (2023) and Chen Wei et al. (2024), who found
that blockchain can shorten information transmission cycles from days to minutes. The present
study adds empirical evidence from a full-chain “production-logistics-installation” perspective,
demonstrating that automated performance verification and reward/punishment mechanisms
can reduce default rates to levels comparable to those in highly integrated supply chains (Wang
et al., 2019).

The robustness of the model under demand and capacity fluctuations (on-time delivery rate
change < £3.5%) echoes the findings of Sun Jikun and Zhang Jizhe (2024) and Wang Chao-
ging et al. (2025), who emphasized the need for dynamic scheduling capabilities. However,
this study quantifies the stability boundary (£20% parameter variation) and identifies capacity
constraints as the most sensitive lever, providing actionable guidance for practitioners.

Overall Assessment

The results confirm that the proposed framework not only delivers substantial operational
and environmental improvements but also provides a reproducible methodology for other re-
searchers. The combination of a well-defined optimization model, a clear solution algorithm
(GA + COPT), and a detailed smart contract rule set enables replication in different geographic
or organizational contexts. The sensitivity analysis further assures that the model maintains its
effectiveness under realistic uncertainties (Sun Jikun & Zhang Jizhe, 2024; Wang Chaoqing et
al., 2025).
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Conclusion

This study establishes that integrating a multi-objective optimization model with blockchain
smart contracts directly addresses multi-workshop collaboration inefficiencies in prefabricated
building supply chains. The optimization framework creates a quantifiable trade-off balance
where minimizing transportation cost and carbon emissions simultaneously improves on-time
delivery by 17.9% and reduces costs by 25.9%. Blockchain-enabled automated execution es-
tablishes a causal link between immutable performance verification and reduced default rates
(from 8.5% to 2.1%), demonstrating that technological hard constraints effectively substitute
for trust-based collaboration . Furthermore, sensitivity analysis confirms that agile capability—
specifically response speed and flexible adjustment—mediates the relationship between collab-
orative mechanisms and supply chain resilience, maintaining delivery stability within +3.5%
under +20% parameter fluctuations . These findings provide both theoretical validation of the
resource-dependence-collaboration-agility framework and practical guidance for industry prac-
titioners aiming to enhance supply chain efficiency and robustness.
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