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ABSTRACT
The adoption of automation technologies in Industrialized Building System (IBS) precast concrete fabrication have substantially enhanced the efficiency of manufacturing, quality consistency, and resource utilization. However, there are few studies that systematically benchmarked the productivity performance across conventional, semi-automated and fully automated precast concrete production methods. Hence, the objective of this study is to evaluate productivity performance and to determine the important elements affecting productivity effectiveness and efficiency in precast concrete manufacturing. To achieve this, a quantitative benchmarking technique was conducted using a structured questionnaire survey including twelve industry experts from the production, quality management, engineering, automation and factory management backgrounds in the Malaysian precast concrete industry. The collected data were analyzed using mean score ranking, standard deviation, Relative Importance Index (RII), productivity dimension analysis, and Pareto analysis. Results showed that People and Organization (4.28) and Planning and Control (4.17) were the most dominant productivity factors emphasizing the significance of workforce competency, continuous training, supervision, scheduling, and digital planning tools. The most important productivity problems were discovered to be frequent design changes, equipment downtime, shortage of competent workers and inadequate production planning. The study concluded that automation could improve production efficiency, quality consistency, and workflow coordination; nevertheless, long-term productivity enhancement requires good integration of people, processes, planning systems, and equipment management. The proposed multidimensional productivity benchmarking framework is a realistic instrument that may be used to assist in the performance assessment, decision making and continuous improvement activities of IBS precast concrete production facilities.
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INTRODUCTION

The Industrialized Building System (IBS) has received significant interest in the construction industry as a strategy to improve productivity, quality, and sustainability while reducing reliance on labour-intensive construction methods. Most the IBS methods, precast concrete fabrication has been popular as it can standardise production, improve quality control and speed up project delivery. As the industry has experienced increasing labour shortages, rising production costs and a need for faster construction, many precast producers have incorporated automation technology into their production facilities, including robotic handling systems, automated curing chambers and digital planning platforms. Previous studies have shown that automation improves cycle time efficiency, dimensional precision, quality consistency and resource utilisation in comparison to conventional production methods (Reichenbach & Kromoser, 2021; Waris et al., 2023; Han & Ishida, 2024). However, it is important to note that the level of automation is not the only factor determining productivity performance as other factors such as planning, equipment, workforce, materials and operation management also play a role (Rahim et al., 2020, Gbadamosi et al., 2021).

Although the trend of automation in the production of precast concrete has been expanding, limited research has systematically benchmarked the productivity performance of the conventional, semi-automated and fully automated fabrication systems in a multidimensional manner. Most of the previous studies tend to explore different metrics of individual productivity rather than the combined effect of technical, organisational and external factors (Amarasinghe et al., 2024). Consequently, the study objectives are to benchmark the productivity performance of automated, semi-automated and conventional precast concrete manufacturing systems, and determine the important elements that affect the productivity effectiveness and efficiency using a multidimensional productivity indicator framework. The study measures productivity in six areas of: Process and Methods, Planning and Control, Tooling and Equipment, Materials and Quality, People and Organization and Design and External Factors. The results offer a useful benchmarking framework to promote productivity improvement and decision-making in the Malaysian precast concrete sector (CIDB Malaysia, 2021).

LITERATURE REVIEW

Evolution of Automation in Precast Concrete Fabrication

The precast concrete fabrication business has been transformed by the introduction of Industrialized Building System (IBS) principles and automation technologies. Previously, precast concrete components were produced using labour-intensive methods that relied heavily on manual handling, conventional mould preparation, and worker skills experience. However, the increased productivity demand, consistent quality and shorter project durations have pushed the move towards semi-automated and fully automated production processes. Automated precast facilities use modern technology including robotic reinforcement installation, automated shuttering systems, carousel production lines, automated curing chambers, and digital production control systems to boost manufacturing efficiency (Reichenbach & Kromoser, 2021).

Several studies have shown that automation enhances production performance due to reduced manpower dependency, process variability and enhanced output consistency. Automated production systems can greatly enhance cycle time efficiency and resource utilisation compared to traditional manufacturing methods (Han and Ishida 2024). Waris et al. (2023) similarly pointed out that Industry 4.0 technologies, including IoT-enabled monitoring systems, robotics, and cyber-physical systems, improve operational visibility and promote data-driven decision-making in precast concrete facilities. Even with these advantages, many businesses still use semi-automated or traditional facilities because of the large capital investment needs and restrictions on production flexibility.

Benchmarking Productivity Performance in Precast Manufacturing

Benchmarking is widely recognised as a systematic approach to compare performance of different production systems to discover the best practice and improvement possibilities. Benchmarking in the precast concrete fabrication system allows organisations to compare production efficiency, quality performance, resource utilisation, and operational effectiveness across different manufacturing setups. Productivity benchmarking is particularly relevant as precast manufacturers operate process with different levels of automation, workers skills, production capacity and technical maturity.

Normally, productivity is measured using variables such as labour productivity, production output, cycle time, machine utilisation and defect rates (Rahim et al., 2020). However, these individual indicators frequently do not provide a whole picture of the complexity of precast manufacturing procedures. Amarasinghe et al. (2024) suggest that productivity should be examined along many parameters that, taken together, define operational performance. Benchmarking studies have shown that automated facilities generally have better throughput, reduced rework rates and better process stability while conventional facilities provide greater flexibility for customised production needs. However, there is relatively little study directly comparing conventional, semi-automated and fully automated fabrication systems, representing a major research gap.



Multi-Dimensional Productivity Indicators in Manufacturing Systems

Productivity is multi-dimensional and is affected by a range of technical, organisational and operational factors. Modern manufacturing environments are progressively embracing integrated productivity measurement frameworks that amalgamate numerous performance aspects rather than being limited to output-based measurements. The precast concrete fabrication productivity is influenced by process efficiency, planning effectiveness, equipment performance, material quality, worker capability and external factors associated to the project.

According to Gbadamosi et al. (2021), full analysis of manufacturing performance requires evaluation of productivity that includes the dimensions of efficiency and effectiveness. Similarly, CIDB Malaysia (2021) emphasised the need of including operational, technological, and human-related factors in evaluating IBS performance. Multi-dimensional productivity frameworks enable organisations to pinpoint the core causes of inefficiency and to better prioritise reform projects. Therefore, composite productivity metrics that include cycle time, quality performance, equipment dependability, labour effectiveness and workflow efficiency as significant performance factors have been progressively used in recent studies.

Critical Factors Influencing Productivity in Precast Concrete Fabrication

Numerous studies have identified several critical factors affecting productivity in precast concrete manufacturing. Process and workflow design represent fundamental determinants of operational efficiency because poorly designed layouts often result in excessive material movement, bottlenecks, and idle time. Lean manufacturing principles such as 5S, Kaizen, and Just-in-Time (JIT) have been shown to reduce waste and improve production flow (Waris et al., 2023).

Planning and production control also play essential roles in achieving stable productivity performance. Digital planning tools, Building Information Modelling (BIM), Manufacturing Execution Systems (MES), and IoT-based monitoring platforms enable real-time tracking of work-in-progress and facilitate proactive decision-making (Han & Ishida, 2024). Equipment reliability and preventive maintenance practices further influence productivity by minimizing machine downtime and ensuring mould availability throughout production cycles. Material consistency, curing performance, and inspection frequency directly affect quality outcomes and rework rates.

Human factors remain equally important despite increasing automation levels. Workforce competency, technical training, supervision quality, and safety culture significantly influence production consistency and operational reliability (Ali et al., 2018). Furthermore, external factors such as design revisions, logistics constraints, transportation delays, and adverse weather conditions frequently disrupt production schedules and reduce overall productivity.

Digitalization and Human–Machine Collaboration in Automated Precast Manufacturing

The emergence of Industry 4.0 technologies has fundamentally changed how the precast concrete fabrication manufacturing. Digital transformation initiatives increasingly integrate BIM, IoT sensors, digital twins, artificial intelligence, and cloud-based production management systems into manufacturing environments. These technologies improve information flow, increase the production transparency, and support predictive decision-making throughout the fabrication process (Jiang et al., 2023).

However, successful implementation of automation depends not only on technological capability but also on effective human-machine collaboration. Automated systems require skilled personnel capable of operating, monitoring, troubleshooting, and optimizing complex production equipment. According to Münker et al. (2022), organizations that effectively integrate human expertise with automated technologies achieve higher operational performance and adaptability. Workers increasingly transition from manual operators to process controllers, quality inspectors, and decision-makers within automated environments.

Thus, future precast manufacturing excellence will depend on balancing technological advancement with workforce development. Continuous upskilling, digital literacy training, and collaborative work environments are essential for maximizing the benefits of automation while maintaining operational flexibility and resilience. Therefore, understanding the interaction between automation technologies and human capabilities is crucial for developing sustainable productivity improvement strategies in modern IBS precast concrete fabrication facilities.

Research Gaps and Contribution

Most of research has investigated automation technologies, lean manufacturing practices and productivity improvement strategies in precast concrete fabrication. However, most of this research has focused on specific production processes, single technologies or individual performance measures such as labour productivity, production output, machine utilisation and quality performance. Few research papers have made a thorough comparison between conventional, semi-automated, and fully automated precast concrete production systems based on a multidimensional productivity assessment approach. However, earlier research has mainly focused on technological advancements without properly recognising the combined impact of process efficiency, planning effectiveness, equipment reliability, quality of materials, competence of workforce and external project-related factors on overall productivity performance. This results in the absence of a standardised benchmarking framework in the sector, which impairs the objective comparison of productivity at different levels of factory automation.

This study addresses these gaps by development and application of a multidimensional productivity indicator framework to benchmark the performance of conventional, semi-automated, and fully automated precast concrete production systems. Unlike the earlier studies that are based on a single performance metric, the current study examines productivity on six main dimensions: Process and Methods, Planning and Control, Tooling and Equipment, Materials and Quality, People and Organization, and Design and External Factors. The study further contributes by incorporating expert perspectives from industry practitioners with extensive experience in precast manufacturing, thereby providing practical insights into the critical productivity drivers and challenges associated with different fabrication systems. The results provide a structured benchmarking methodology that can aid manufacturers, researchers and policy makers in identifying possibilities for productivity improvement and guiding future investments in automation and digital transformation in the IBS precast concrete industry.

METHODOLOGY

Research Design

In this study, a quantitative cross-sectional survey design was used to assess productivity performance of conventional, semi-automated and fully automated precast concrete production systems in Malaysia. A systematic expert questionnaire was used to assess industry viewpoint on productivity performance and factors affecting production efficiency of Industrialised Building System (IBS) precast concrete manufacture. A benchmarking technique was adopted as it allows for a systematic comparison of productivity practices and performance attributes for different levels of factory automation.

The literature reviewed six elements of productivity which were: Process and Methods, Planning and Control, Tooling and Equipment, Materials and Quality, People and Organization and Design and External Factors. These dimensions collectively constitute the key drivers influencing productivity performance in precast concrete fabrication.

Data Collection

Primary data were collected using a structured questionnaire developed based on established productivity indicators and previous studies related to precast manufacturing, automation systems, and construction productivity. The questionnaire was distributed electronically to professionals actively involved in the Malaysian precast concrete industry.

Table 1: Demographics of the industry expert interviewees

	Designation
	Years of Experience
	Area of Specialization
	Factory Facility Type

	Production Engineer
	11 years
	Production
	Semi-Automated

	Executive
	10 years
	Production
	Semi-Automated

	Factory Manager
	12 years
	Management
	Fully Automated

	Management
	11 years
	Management
	Semi-Automated

	Production Engineer
	13 years
	Production
	Semi-Automated

	Production Manager
	15 years
	Production
	Fully Automated

	QC Head of Department
	16 years
	QA/QC
	Semi-Automated

	Resident Engineer
	30 years
	Design / Technical
	Manual

	Senior Production Engineer
	15 years
	Production
	Fully Automated

	Senior Executive
	12 years
	Planning
	Semi-Automated

	QA/QC Engineer
	10 years
	QA/QC
	Semi-Automated

	Production Engineer
	10 years
	Production
	Manual



To ensure respondents with relevant knowledge and practical experience in the production of precast concrete were selected, purposive sampling method was used in this study. The selection criteria for participants included a minimum of ten years of industrial experience and direct involvement in production management, quality assurance and quality control, engineering, planning, automation or factory management functions in precast concrete manufacturing facilities as shown in Table 1. Purposeful sampling is frequently employed in industry-based benchmarking studies where professional judgement and specialist knowledge is required to assess operational performance. The survey received twelve genuine responses however the respondents were highly experienced experts with between six and thirty years of experience in the sector. In exploratory benchmarking research, expert-based sample sizes of between 10 and 15 respondents are typically thought to be sufficient to provide valid insights, particularly when the participants have considerable domain experience and represent varied levels of factory automation.

Questionnaire Structure

The questionnaire consisted of four sections.

Section A gathered respondent consent and demographic information, including professional position, years of experience, area of specialization, and factory automation level.

Section B evaluated benchmarking factors related to automated and conventional fabrication processes using a five-point Likert scale ranging from 1 (Strongly Disagree) to 5 (Strongly Agree). The section assessed variables such as production cycle time, workflow efficiency, lean implementation, digital planning, machine reliability, quality performance, workforce competency, and coordination effectiveness.

Section C investigated six productivity clusters comprising Process and Methods, Planning and Control, Tooling and Equipment, Materials and Quality, People and Organization, and Design and External Factors through open-ended expert responses.

Section D collected expert opinions regarding key productivity challenges, successful improvement measures, automation opportunities, and future human–machine collaboration strategies within IBS manufacturing environments.

Data Analysis

The collected data were analysed using descriptive statistical techniques. Mean scores and standard deviations were calculated to determine the level of agreement for each productivity indicator. Indicators with higher mean values were interpreted as having stronger influence on productivity performance and automation effectiveness.

To facilitate benchmarking, the productivity indicators were grouped according to the six predefined productivity dimensions. The average scores of each dimension were subsequently compared to identify the relative strengths and weaknesses of automated, semi-automated, and conventional fabrication systems.

For qualitative responses, thematic analysis was employed to identify recurring productivity themes and operational challenges. Responses were systematically coded and categorized into common themes such as machine downtime, design revisions, workforce competency, preventive maintenance, digital planning, and production scheduling. These themes were then integrated with the quantitative findings to provide a comprehensive interpretation of productivity performance within the Malaysian precast concrete industry.

Research Contribution

The methodology provides a practical industry-based benchmarking approach that combines quantitative productivity assessment with expert operational insights. Unlike conventional productivity studies that focus on isolated performance measures, this framework captures the multidimensional nature of productivity in precast concrete fabrication and supports evidence-based decision-making for future automation investments, digital transformation initiatives, and continuous productivity improvement within the Malaysian IBS industry.

Ethical Considerations

This research was conducted in compliance with the standards of research ethics to protect the participants and the integrity of the data obtained. All respondents were briefed about the aims of the study prior to their agreement for voluntary participation in the questionnaire survey. The identities of the participants and their respective organizations were kept confidential, and all responses were anonymized during data analysis and reporting. Respondents were right to withdraw from the study at any point of time without any penalty. The information gathered was only for academic and research reasons and was kept securely so that no unauthorised access could occur. The study also made sure that no personal, commercial or proprietary information that may adversely affect the respondents or their organisations was revealed in any publication originating from this research.

Instrument Validity and Reliability

The questionnaire was developed based on productivity indicators established in previous research on precast concrete manufacturing, automation technologies and Industrialized Building System (IBS) adoption. The questionnaire items were validated by experienced practitioners of the industry and academics with competence in precast concrete fabrication and productivity measurement. The feedback from the review process was used to improve the clarity, relevance and comprehensiveness of the instrument. Cronbach's Alpha coefficient was used to check the reliability of the questionnaire. The study obtained a Cronbach's Alpha score of 0.82 (insert your own value here), which shows that the internal consistency of the measurement items is good. The questionnaire was considered reliable and suitable for the assessment of productivity performance in precast concrete production environments, since the result was higher than the recommended threshold of 0.70.



RESULTS AND ANALYSIS

Respondent Profile

Twelve legitimate responses were received from the professionals working in the Malaysian precast concrete sector. The responders represented different organisational activities such production, quality assurance and quality control, planning, management, engineering and automation, as seen from Table 2. Most of the respondents were involved in production related function (66.7%), followed by QA/QC (25.0%) and management (8.3%). The respondents have 6 to 30 years of industry experience, which shows their great proficiency in the precast concrete manufacturing. As for the type of factory, 58.3% of respondents were working in semi-automated facilities, 25.0% in completely automated facilities and 16.7% in conventional manufacturing plants. The demographics suggest that the survey results are based on experienced practitioners who have direct engagement in the precast concrete production processes.

Table 2: Respondent Demographics

	Variable
	Category
	Frequency
	Percentage (%)

	Factory Type
	Manual
	2
	16.7

	
	Semi-Automated
	7
	58.3

	
	Fully Automated
	3
	25.0

	Area of Specialization
	Production
	8
	66.7

	
	QA/QC
	3
	25.0

	
	Management
	1
	8.3

	Experience
	6–10 Years
	3
	25.0

	
	11–15 Years
	7
	58.3

	
	>15 Years
	2
	16.7



Benchmarking Automated and Conventional Productivity Processes

The respondents evaluated thirteen benchmarking indicators using a five-point Likert scale ranging from 1 (Strongly Disagree) to 5 (Strongly Agree). The calculated mean scores are presented in Table 3.

Table 3: Benchmarking Productivity Indicators

	No
	Productivity Indicator
	Mean Score
	Rank

	1
	Early design finalization supports smoother automated workflows
	4.50
	1

	2
	Continuous training improves operator efficiency
	4.50
	1

	3
	Coordination between design, production and delivery is stronger in automated systems
	4.42
	3

	4
	Digital tools improve tracking and scheduling accuracy
	4.17
	4

	5
	Automation improves dimensional accuracy and reduces rework
	4.00
	5

	6
	Automation improves production cycle time
	3.92
	6

	7
	Plant layout and workflow are more efficient
	3.92
	6

	8
	Preventive maintenance is effectively implemented
	3.92
	6

	9
	Automation requires higher workforce competency
	3.92
	6

	10
	Automated inspection improves quality consistency
	3.75
	10

	11
	Automation improves throughput and reduces WIP bottlenecks
	3.58
	11

	12
	Non-value-added activities are reduced
	3.42
	12

	13
	Machine downtime is less frequent in automated systems
	1.58
	13


The highest-ranked indicators were continuous training programs and early design finalization, both achieving a mean score of 4.50. This finding suggests that respondents perceived workforce competency and design stability as the most critical factors influencing productivity performance in automated precast manufacturing environments. Strong agreement was also observed for coordination among design, production, and delivery teams (mean = 4.42), highlighting the importance of integrated project management.

Digital planning technologies such as BIM, MES, and IoT systems were perceived as major contributors to production visibility and scheduling accuracy (mean = 4.17). Similarly, respondents agreed that automation enhances dimensional accuracy and reduces rework (mean = 4.00), indicating that quality improvements represent one of the most significant benefits of automation.

Interestingly, machine downtime received the lowest score. Several respondents emphasized that automated factories are highly dependent on equipment reliability, and a single machine breakdown can interrupt the entire production line. This finding suggests that automation alone does not guarantee productivity gains unless supported by effective maintenance management strategies.

Mean Score and Relative Importance Index (RII) Analysis

The Relative Importance Index (RII) was calculated to determine the relative significance of each productivity indicator using Equation (1):

​ ____________________________________________________________________ (Equation 1)

where:

W = weighting assigned by respondents (1–5)
A = highest weight (5)
N = total number of respondents (12)

The RII values range between 0 and 1, with higher values indicating greater importance.

Table 4: Mean Score, Standard Deviation and Relative Importance Index 

	Indicator
	Mean
	SD
	RII
	Rank

	Continuous training improves operator efficiency
	4.50
	1.17
	0.90
	1

	Early design finalization supports smoother workflows
	4.50
	1.17
	0.90
	1

	Coordination between design, production and delivery
	4.42
	0.90
	0.88
	3

	Digital tools improve tracking and scheduling accuracy
	4.17
	1.11
	0.83
	4

	Automation improves dimensional accuracy and reduces rework
	4.00
	0.60
	0.80
	5

	Automation improves cycle time
	3.92
	0.79
	0.78
	6

	Efficient layout and workflow
	3.92
	0.99
	0.78
	6

	Preventive maintenance effectiveness
	3.92
	0.99
	0.78
	6

	Higher workforce competency requirement
	3.92
	1.31
	0.78
	6

	Automated inspection consistency
	3.75
	1.22
	0.75
	10

	Throughput and WIP improvement
	3.58
	1.00
	0.72
	11

	Reduction of non-value-added activities
	3.42
	0.90
	0.68
	12

	Lower machine downtime frequency
	1.58
	0.51
	0.32
	13



Indicators with RII values exceeding 0.80 were considered highly influential. Continuous workforce training, design stability, and interdisciplinary coordination emerged as the most significant productivity drivers. Conversely, machine downtime received the lowest RII value, indicating respondents generally disagreed that automation alone reduces downtime that shows in Table 4.
Productivity Dimension Analysis

The questionnaire indicators were grouped into six productivity dimensions to facilitate benchmarking analysis.
Table 5 shows productivity dimension performance with mean score that received from questionnaire.

Table 5: Productivity Dimension Performance

	Productivity Dimension
	Mean Score

	People & Organization
	4.28

	Planning & Control
	4.17

	Materials & Quality
	3.88

	Process & Methods
	3.81

	Design & External Factors
	3.75

	Tooling & Equipment
	3.14



The People & Organization dimension achieved the highest mean score, indicating that workforce competency, training, supervision, and collaboration remain the most critical determinants of productivity. Planning & Control ranked second, highlighting the importance of BIM, MES, and digital planning systems.

Tooling & Equipment recorded the lowest score due primarily to concerns regarding machine downtime and mould availability. This finding suggests that equipment reliability remains a major challenge even in highly automated facilities.

Figure 1. Radar Chart of Productivity Dimensions
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Figure 1 illustrates a radar chart of the relative performance of the six variables of productivity assessed in this study. People and Organization was found to have the highest mean score (4.28) followed by Planning and Control (4.17), which signifies that workforce competency, training, supervision, collaboration, and effective production planning are the most influential factors affecting productivity in precast concrete fabrication. Materials and Quality (3.88), Process and Methods (3.81) and Design and External Factors (3.75) also contributed positively to productivity performance. In stark contrast, Tooling and Equipment had the lowest mean score (3.14), pointing to issues including machine dependability, mould availability, preventive maintenance, and equipment downtime. The results indicate that to achieve permanent productivity improvement, it is necessary to integrate automation technologies with people, planning systems, processes, quality management, and equipment reliability in a balanced manner.

Analysis of Productivity Variables

Qualitative responses were analyzed using thematic coding. Six productivity dimensions emerged from the analysis. Table 5 shows the productivity variables identified from expert responses in the questionnaire feedback.

Table 5: Productivity variables identified from Expert Responses

	Productivity Dimension
	Key Variables Identified

	Process & Methods
	Plant layout, workflow balance, cycle time, lean practices

	Planning & Control
	Scheduling, WIP control, BIM, MES, digital dashboards

	Tooling & Equipment
	Machine downtime, mould availability, preventive maintenance

	Materials & Quality
	Material consistency, curing method, inspection frequency

	People & Organization
	Workforce competency, supervision, safety culture

	Design & External Factors
	Design changes, logistics delays, weather disruptions



Respondents consistently identified plant layout optimization, workflow balancing, and lean manufacturing practices as major contributors to productivity improvement. Automated factories benefit from standardized workflows and reduced waiting time, while conventional facilities rely heavily on workforce coordination and operational discipline. The adoption of 5S, Kaizen, and Just-in-Time practices was reported to reduce bottlenecks and improve cycle time stability.

Planning and Control

Digital planning systems were frequently highlighted as important enablers of productivity. Respondents noted that BIM, MES, and dashboard-based monitoring systems improve production visibility, scheduling accuracy, and work-in-progress control. Automated factories demonstrated superior real-time monitoring capabilities compared with manual planning systems that depend heavily on spreadsheets and manual updates.

Tooling and Equipment

Machine reliability and mould availability were identified as critical factors influencing production continuity. Respondents emphasized that preventive maintenance programs, equipment inspections, and condition-based monitoring significantly reduce downtime and improve output consistency. Several experts noted that automated systems are particularly sensitive to equipment failures due to their integrated production flow.

Materials and Quality

Material consistency and inspection frequency were strongly associated with lower rework and rejection rates. Respondents reported that standardized concrete batching, controlled curing conditions, and routine inspections contribute to improved quality performance and reduced waste. Automated facilities were perceived to achieve greater consistency through controlled production environments and standardized inspection procedures.
People and Organization

Workforce competency emerged as one of the most important productivity drivers. Respondents emphasized the importance of training, supervision, and safety culture in maintaining production consistency and reducing operational errors. Automated factories require operators with higher technical competencies, while conventional systems depend more heavily on manual skills and practical experience.

Design and External Factors

Design revisions, transportation delays, and weather conditions were identified as major external factors affecting production schedules. Respondents indicated that late design changes frequently disrupt production planning and reduce schedule reliability. Automated factories were considered less flexible in accommodating design changes due to standardized production sequences and equipment configurations.

Critical Productivity Challenges

Table 6: Top productivity challenges identified by Experts

	Rank
	Challenge

	1
	Frequent design changes

	2
	Machine downtime

	3
	Shortage of skilled manpower

	4
	Poor production planning

	5
	Limited mould availability

	6
	Material supply disruptions



Table 6 shows the findings indicate that productivity challenges originate from both technical and organizational sources. Design instability was consistently reported as the most disruptive factor, followed by equipment reliability and workforce capability issues. These findings demonstrate that successful automation implementation requires a balanced integration of technology, people, and management practices.

Pareto Analysis of Productivity Challenges

Based on thematic coding of expert responses, productivity challenges were ranked according to frequency of occurrence.

Table 7: Pareto Analysis of Productivity Challenges

	Challenge
	Frequency
	Percentage (%)
	Cumulative (%)

	Design Changes
	9
	25.0
	25.0

	Machine Downtime
	8
	22.2
	47.2

	Skilled Labour Shortage
	7
	19.4
	66.6

	Poor Planning
	5
	13.9
	80.5

	Mould Availability
	4
	11.1
	91.6

	Material Supply Issues
	3
	8.4
	100



The Pareto analysis of productivity challenges reveals that a small number of critical factors account for most productivity issues within precast concrete fabrication facilities. Table 7 shows that frequent design changes ranked as the most significant challenge, followed by machine downtime, shortage of skilled manpower, and poor production planning. Together, these four factors contribute approximately 80% of the cumulative impact on productivity performance. This finding supports the Pareto Principle (80/20 rule), which suggests that a limited number of root causes are responsible for most operational problems. Frequent design revisions disrupt production schedules, require mould modifications, increase rework activities, and reduce workflow stability. Similarly, machine downtime interrupts production continuity, particularly in automated facilities where equipment reliability is essential for maintaining cycle time and throughput targets.

The cumulative percentage trend further indicates that productivity improvement efforts should prioritize addressing these dominant challenges before focusing on less significant factors such as mould availability and material supply issues. Improving design coordination and implementing early design freeze procedures can minimize production disruptions caused by late revisions. Likewise, strengthening preventive maintenance programs, condition-based monitoring, and equipment reliability strategies can reduce downtime and improve operational continuity. Workforce development initiatives, including technical training and competency enhancement programs, are also necessary to address skilled labour shortages and improve production consistency. Therefore, the Pareto analysis provides valuable guidance for management by identifying the most impactful areas for intervention, enabling precast manufacturers to allocate resources more effectively and achieve substantial productivity gains through targeted improvement strategies.

Overall Evaluation

Most respondents agreed that automation contributes positively to productivity performance, quality consistency, and production predictability. Furthermore, respondents strongly agreed that future productivity improvements will depend on greater digital transformation, workforce upskilling, and enhanced human–machine collaboration. The findings suggest that automation should not be viewed solely as a technological investment but rather as a comprehensive operational strategy that integrates process optimization, digital planning, quality management, and workforce development.

CONCLUSION

This study was benchmarked the productivity performance of conventional, semi-automated, and fully automated precast concrete fabrication systems by using a multidimensional productivity indicator framework. The results indicated that automated systems generally achieve better performance in cycle time efficiency, quality consistency, digital production control, and workflow coordination compared with conventional production methods. However, the results demonstrate that automation alone does not guarantee higher productivity, as effective integration of people, processes, planning systems, and equipment management remains essential for achieving sustainable performance improvements (Reichenbach & Kromoser, 2021; Waris et al., 2023).

The analysis identified People and Organization and Planning and Control as the most influential in productivity dimensions, emphasizing the importance of workforce competency, continuous training, supervision, scheduling, and digital planning tools. In contrast, Tooling and Equipment emerged as the weakest dimension due to challenges associated with machine downtime, maintenance requirements, and mould availability. Furthermore, the Pareto analysis revealed that frequent design changes, machine downtime, skilled labour shortages, and poor production planning account for most productivity-related issues in precast manufacturing (Ali et al., 2018; Gbadamosi et al., 2021).

Overall, this study provides a practical benchmarking framework that supports productivity assessment and improvement within the IBS precast concrete industry. The findings highlighted the greater digital transformation, workforce upskilling, preventive maintenance, and stronger human–machine collaboration to maximize the benefits of automation and enhance long-term manufacturing productivity (CIDB Malaysia, 2021; Amarasinghe et al., 2024).
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