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Abstract

China has a large stock of existing aged buildings that can no longer meet the needs of modern life and need to be reinforced to improve their seismic resistance. Complete demolishing and rebuilding waste resources while retrofitting and reusing are more sustainable. However, residents feel reluctant to invest in retrofitting their dwellings, even with government funding, because of its high cost. Previous research has mainly focused on upgrading heating, ventilation, air conditioning (HVAC), and lighting to benefit from energy-saving and carbon emission reduction without considering holistic renovation requirements. On the other hand, traditional retrofitting techniques were widely reported in the literature worldwide to improve structural integrity, load-bearing capacity, and seismic performance. However, little research has been conducted on the cost-effectiveness of different retrofitting methods, especially the emerging methods involving more advanced construction materials, such as highly ductile fibre-reinforced concrete (HDC). To fill this gap, this study compared two retrofitting plans for an aged masonry building. Satisfying various renovation requirements, the retrofitting plan utilising HDC led to a nearly 32% reduction in cost and approximately 36% reduction in construction time when compared to traditional renovation methods. The building information modelling (BIM) tools helped calculate quantities and improve stakeholder communication efficiency.
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1 Introduction
Masonry construction has a longstanding history in China and has become one of the most prevalent structural forms during the mid-to-late twentieth century, particularly in rural regions. Its widespread use is primarily attributed to its durability, cost-effectiveness, and accessibility to local materials, making it especially suitable for meeting the demand for affordable housing in these areas. However, the inherent brittleness of masonry structures and ageing issues, such as material degradation, cracking, and reduced load-bearing capacity, make them more susceptible to environmental stresses, such as temperature changes, moisture, and seismic activity [1].
It is estimated that by 2015, the buildings in China had a total floor area of 63.6 billion square meters, of which 40% was rural housing and 43% was urban housing [2]. A survey of 167 rural houses in Dongcun Village in Suzhou indicated that 28 vacant or abandoned houses were built before 1980 [3]. As society and the economy develop, the functional layout and structural safety of these 50-year-old buildings have become increasingly incompatible with the current lifestyles of residents.
The Chinese government introduced rural revitalisation in 2017 [4] to improve the rural living environment [3,5]. This strategy emphasises the need to establish a comprehensive management system for rural housing construction, ensure quality and safety, enhance residents' living standards, create livable and business-friendly areas, and continuously meet their needs for a better life [4]. However, tearing down and reconstructing buildings in rural areas is unsustainable. A recent policy also indicated that the maximum reconstruction area in urban regeneration should not exceed 20% of the overall footprint to balance the economic, environmental, and social impacts [6]. Housing reconstruction in rural areas is only allowed after the assessment led by the local Ministry of Housing and Urban-Rural Development (MHURD) if the house's location is considered dangerous or if the structure no longer meets safety requirements [7,8]. This leaves retrofitting as the only viable solution to improve the living conditions of the residents, and retrofitting those outdated buildings and letting them fit into the landscape design or ecosystem becomes a priority for local development [9,10]. However, residents' willingness to invest in building renovation in urban and rural areas is low for various reasons [11], especially considering that retrofitting costs are sometimes even higher than those of new construction. In addition, owing to the high cost of maintenance and the high technical requirements for retrofitting existing buildings towards the vernacular architectural standards [3,12], many new dwellings have been designed and constructed such that they cannot fit into the context, and sometimes even result in the decline of the rural landscape [13]. Therefore, exploring current and emerging retrofitting approaches and comparing their cost efficiencies is worthwhile in identifying the most effective rural building retrofitting method. It can also be beneficial, considering the similar challenges faced by China and other countries[14].
Previous research on urban regeneration and rural revitalisation has mainly focused on upgrading heating, ventilating, air conditioning (HVAC), lighting, or adding solar panels to reduce energy consumption and carbon emissions [15]. Many researchers have experimented with different retrofitting techniques to verify their effectiveness in improving bearing capacity, seismic resistance, and stiffness. However, little attention has been paid to the cost analysis of technologies that meet various renovation requirements. This study compares two renovation approaches through a case study to demonstrate the advantages of the newly developed method utilizing highly ductile fibre-reinforced concrete (HDC). The study can provide evidence and support for promoting the new technology in renovating aged masonry buildings in rural areas.
2 Literature review
2.1 Retrofitting targets
a). Enhancement in structural stability and seismic resistance
The major target for building retrofitting projects is to restore or enhance their functions and meet the requirements for increasing external loads or stricter seismic protection [16,17]. In most cases, structural rehabilitation and strengthening are the priorities of aged masonry buildings. Changes in architectural design, such as the original spatial layout or wall openings, will also lead to a reconsideration of load transfer and structural design.
b.) Reduction in energy consumption
Another goal of building retrofitting is to improve the energy performance of existing buildings. Many researchers have focused on upgrading the thermal performance of external walls, roofs, floor slabs, windows, increasing airtightness, and improving HVAC systems, or considered the benefits of using renewable energy during operation or of the building [12,18–24]. Energy efficiency, which leads to operational cost reduction and carbon neutralisation, is an important target in building retrofitting. For example, upgrading lighting and air-conditioning systems towards energy-efficient standards is the most common and effective way to improve building energy performance [18,20,25]. Upgraded heating systems also result in positive paybacks for heating areas in China [26]. Alev et al. and Mayer et al. investigated the retrofitting of historical rural houses in the Baltic Sea and single homes in Germany. They found that through energy-focused retrofits, positive impacts on the environment were achieved by reducing energy use and carbon emissions [12,22]. Tahsildoost et al. analysed retrofitting in several regions of Iran under different climatic conditions. They found through case studies that solar photovoltaics (PVs) were also essential for improving the energy performance in almost all cases [19], which was confirmed by Silva et al. through a study on PV panels in a case study of retrofitting multi-family dwellings [15]. Meanwhile, multi-objective and agent-assisted models proved to be an effective approach for optimizing building energy efficiency, which helps solve the problem with different and often contradicting design objects [27].
c.) Reduce CO2 emissions and assessment of LCA
Some studies have incorporated zero-carbon techniques and life cycle assessment (LCA) into the renovation to achieve green buildings and cost reduction [15,23,28–31]. However, Rehm et al. mentioned that green renovation might lead to excessive expenses beyond budget limits [32]. Nevertheless, it is noteworthy that a negative return on investment (ROI) was observed in a few renovation cases when the payback time was set to 20 yr [22].
2.2 Existing retrofitting methods
A literature review based on papers published worldwide examined the available retrofitting methods for aged masonry buildings. The main materials and technologies, and the advantages and disadvantages of each method are summarized in Table 1. Further discussions divided the current practices into traditional and emerging methods, based on the material used for retrofitting. The Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis in Figure 1 shows the differences between the methods. The analyses show the benefits of using emerging technologies over the traditional retrofitting methods; however, further quantitative analyses are still necessary.
Traditional techniques can effectively improve the seismic resistance and load-bearing capacity of structures. However, the long duration of construction work and the noise caused by traditional methods discouraged residents from investing in retrofitting [11]. Most emerging technologies are not mature enough and do not have adequate practical applications, such as ultra-high-performance concrete (UHPC) for retrofitting. Among these emerging technologies, highly ductile fibre-reinforced concrete (HDC) is relatively robust in actual housing retrofitted case studies and projects. Therefore, this method was selected for further studies. The traditional retrofitting method of adding additional columns and beams was adopted as a benchmark.
Since its development in the 1990s, high-ductility fibre-reinforced concrete (HDC) has been widely used in modern engineering owing to its superior ductility and crack resistance. It significantly improves deformability by bridging cracks with polyvinyl alcohol (PVA) fibres. Studies have shown that the peak strain of HDC under uniaxial compression is 3.41 to 3.67 times that of mortar and approximately three times that of standard concrete [63]. This increased strain capacity and its excellent energy absorption properties allow it to maintain residual capacity even after damage [58,59,63]. It is extensively applied in bridges, tunnels, and earthquake-resistant structures, improving safety and durability and reducing maintenance costs, making it integral to sustainable construction. The application of HDC can effectively address the issues challenging the continued utilization of the aged masonry buildings by enhancing ductility and crack resistance, preventing brittle failure, and extending the lifespan of structures [57].
Table 1 
Summary of the retrofit methods for aged masonry buildings.

	[image: thumbnail]	Fig. 1 SWOT analysis for different retrofit techniques.



2.3 Review of the current workflow
The traditional workflow for a retrofitting project is summarised in Figure 2. As mentioned in the literature [21], users with retrofitting requirements are not necessarily practitioners in the construction industry. Therefore, ineffective communication and information exchange are among the most significant challenges. In addition, an integrated work platform, such as that based on Building Information Modelling (BIM), is missing in current practice. Although the amount of work for a retrofit project is not as large as that for new construction, it is more tedious to summarise the quantities through the software during the quantity survey. Due to inefficient communication, changes in design frequently lead to repetitive work on quantity takeoff.
	[image: thumbnail]	Fig. 2 Traditional retrofit workflow.



2.4 Challenges in the retrofitting
Cost overruns or lower-than-expected paybacks often occur in the architecture, engineering, and construction (AEC) industries, and high costs are always challenging. Furthermore, Shehu et al. found that retrofitting projects were more likely to face cost overruns than new buildings because of Malaysia's technical complexity and the variability of site contingencies [68]. On the other hand, according to Shipley et al., who interviewed investors participating in retrofitting historic buildings in Ontario, Canada, investors perceived adaptive reuse as more expensive than new construction, although with a higher ROI [69]. This is also in line with Filippi's discussion of the impact of renovation on the Italian real estate market; for instance, green retrofits to existing buildings reduce operational costs and drive up rent [70]. The conclusion was that even considering renovation costs, the market value of a renovated historical building is much higher than before, and the building's value is retained for a more extended period. However, green retrofitting is restricted by complicated structures and funding.
Additionally, many stakeholders are involved in a renovation project, and communication and cooperation are challenging. Usually, homeowners, who are also investors, have power over the final decision of the project execution, which is considered a key risk factor in the renovation attempt [21]. Furthermore, Yang et al. surveyed the residents of old neighbourhoods in Beijing. They found that, although most residents showed positive attitudes towards retrofitting, their willingness to fund retrofitting independently was low [11]. In addition, owners who lack expertise require more information from the government and contractors. The disruption of residents' lives caused by construction and the lack of funds are also challenges for retrofitting [21], making total construction time a key factor during decision-making.
3 Methodology
An aged masonry building in the rural area of Suzhou was selected as the subject for the case study to investigate the costs and benefits of the two retrofitting plans. The building's spatial layout and the relevant functions of different spaces were designed based on the owner's requirements and the architect's suggestions. Consultation with industry experts on structural retrofitting was conducted to facilitate the determination of the construction workflow. The actual building before and after retrofitting was modelled in BIM software, relying on which cost and construction duration estimations were carried out. Figure 3 shows the workflow based on the BIM model, which involves all stakeholders. The initial design and any follow-up changes can be reflected directly in the model, with the quantities in the model automatically adjusted. The model also supports daylighting analyses before and after the retrofit, which helps verify the effectiveness of the retrofit solution before the actual construction. Compared to the traditional workflow in Figure 2, the proposed workflow based on the BIM model was implemented for both retrofitting plans in the case study.
Revit 2020® was used to undertake architectural design work, providing visualisation of the project. It aggregates the component data in the model, such as area, volume, and quantity. Insight is a plug-in used in Revit 2020 ®, which provides built-in weather data based on the nearest weather station according to the project's location. Insight was used to analyse sunlight to help designers optimise the design and perform energy analysis for heating and cooling systems. Epoint® is a project-costing software from Guotai Epoint Software Co., Ltd. This allows engineers to obtain the latest prices for the region's workforce, materials, and machinery and add or subtract work based on actual construction conditions in China.
	[image: thumbnail]	Fig. 3 BIM model-based renovation retrofit process.



4 Case study
4.1 Basic information
The retrofitting of an aged masonry house in Kaixuangong Village, Suzhou, Jiangsu Province, China (Fig. 4), was studied to explore the advantages of adopting emerging techniques in building retrofitting. The aged houses had a floor area of 263 m2. The original room arrangement and appearance are shown in Figure 5. According to the owner's request, it should be retrofitted to serve as a studio space, with office areas on the first floor and two guest rooms on the second floor. The changes in functional requirements also led to the need for structural strengthening, especially masonry walls, to compensate for the wall openings and satisfy the stricter requirements of seismic resistance. The expected service life of the renovated building is 30 yr.
	[image: thumbnail]	Fig. 4 Location of the project site.



	[image: thumbnail]	Fig. 5 Residential maosnry building before renovation.



4.2 Summary of changes in architectural functions
Figure 6 shows the detailed floor plan after retrofitting after considering the design requirements, especially the desire to improve lighting conditions.. The corridor on the first floor was transformed into an indoor space to enable more social activities within the greenhouse and under the sunshade roof. The main tasks in the retrofitting process are summarized in Table 2.
Daylight simulations were performed using Revit® with the Insight plug-in. LEED v4 EQc7 automatically selected the nearest 15 consecutive days of clear, cloud-free weather with intensity illumination analysis. The simulation results are shown in Figure 7. It is clear from the analyses that the original floor plan led to poor lighting conditions in the middle part of the building, particularly in the stairwell. The interior lighting was significantly improved by removing the wall and adding the glass curtain wall and roof, which changed from approximate 8 lux to over 200 lux before and after the retrofitting. The lighting of the second floor is slightly affected by the installed canopy while keeping the same window-wall ratio. The simulation proves that under natural lighting, the updated floor plan eliminated the concerns of low lighting in the first floor raised by the current residents, and reached the minimal 75 lux for the living room.
	[image: thumbnail]	Fig. 6 Residential maosnry building after renovation (Design Concept).



Table 2 
Brief description of the main tasks for the studied case.

	[image: thumbnail]	Fig. 7 Light simulation by using the BIM model.



4.3 Building structure renovation
Figure 8 shows the layout of the 3D model of the first floor before and after renovation, which presents significant changes in the structure of its load-bearing walls. To pursue space flexibility, the original masonry structure is typically replaced with a frame structure consisting of cast-in-place columns and beams. However, this approach may also require upgrading the existing foundation system, which is either impossible or too complicated and expensive to implement. Health and safety are other concerns when the retrofitting of the foundation is involved in the process. Based on the finalised architectural plan, two retrofitting plans, A and B (HDC), were identified as viable solutions. Detailed information on each plan is discussed below.
(a) Scheme of plan A application: H40 grout for wall reinforcement
Following the methods proposed by industry practitioners and experts, the retrofitting plan is summarised in Table 3. The main tasks are to increase the cross-sectional area of the members, such as columns and beams, and improve the connections between the structural components [43]. The wall of this aged building, the rowlock cavity wall, has a hollow ratio of approximately 56% with poor seismic bearing capacity and energy dissipation ability. The columns and walls are generally simultaneously under construction because the reinforcement mesh tying form is also the same as the reinforcement of the walls. Plan A required strengthening the masonry wall by constructing additional ring beams and columns to ensure the integrity of the final structure.
(b) Scheme of plan B application: HDC for wall reinforcement
The emerging retrofitting method involving HDC is attracting the interest of building owners and investors. This approach placed concrete strips horizontally and vertically using HDC to strengthen brick-masonry buildings. The width and thickness of the stripes were highly dependent on the seismic intensity of the area. With a 7-degree seismic intensity, an HDC layer with a thickness of 15 mm should be applied to the walls, the width of the vertical strips should be 1000 mm and 800 mm in the horizontal direction [60], and no reinforcing mesh is required. Moreover, owing to HDC, the scale of the frameworks decreased compared with that of plan A. Figure 9 shows a schematic drawing of all the strengthening strips with HDC.
By adopting plan B, the complicated wall retrofitting procedures in plan A can be simplified. Meanwhile, when switching from plan A to plan B, the retrofitted walls' better structural performance reduced the new columns' total square footage from 3.03 m3 to 1.79 m3.
	[image: thumbnail]	Fig. 8 Transformation of the first-floor wall before and after the renovation.



Table 3 
A brief overview of structural reinforcement.

	[image: thumbnail]	Fig. 9 Diagram of reinforcement with HDC.



4.4 Results and discussions
4.4.1 Cost analysis of the retrofitting plan A
Information on the building components is generated from the Revit model as schedule lists and imported into Excel so that the quantity takeoff (QTO) becomes complete. Then, the cost calculation is conducted in the Epoint® software for the direct cost of different work components, considering the price of labor, materials, and machinery, depending on the market in the local region. It is assumed that standard labor cost is required for the renovation work, such as adding new columns, as listed in the provincial level standards, and reflected by the factors embedded in the software. The indirect costs, such as taxes and fees, are estimated based on the percentage of the direct costs. The total renovation cost was 559,679.99 CNY, approximately 77,900 USD, including direct and indirect costs. The detailed construction steps, quantities, units, and amounts incurred to build the engineering entity are shown in Appendix A. Figure 10 divides the total cost into five categories. The expenses incurred to create an engineering entity accounted for 78% of the total cost. The main reason for the high direct cost is the high expense of labor and materials. Narrow roads in the countryside prevent large machines from entering and leaving the site. The estimated construction duration was 109 days. In addition, structural strengthening accounts for 61% of the direct costs, which is the most significant part of the expenses.
A cost breakdown of the structural strengthening part was performed to determine the significant components. As shown in Figure 11, the cost of wall strengthening accounts for up to 64%, of which grouting of the rowlock cavity wall accounts for 57%, followed by work on wall plastering, which accounts for 26%.
	[image: thumbnail]	Fig. 10 Composition of direct and indirect costs.



	[image: thumbnail]	Fig. 11 Decomposition of costs in reinforcement.



4.4.2 Cost analysis of the retrofitting plan B (HDC)
The workflow for Plan B is similar to that of Plan A. Figure 12 shows the total cost of Plan B, which was 477,340.46 CNY. The cost of reinforcement accounted for approximately 54% of the direct cost. Breaking down the cost of the reinforcement works (Fig. 13), the wall expense accounted for approximately 55%.
	[image: thumbnail]	Fig. 12 The total cost of plan B (HDC).



	[image: thumbnail]	Fig. 13 Decomposition of reinforced costs of plan B (HDC).



4.4.3 Comparison between plan A and plan B
The differences between Plans A and B are summarized in Figure 14. Owing to the use of HDC, compared with Plan A, the construction steps of Plan B are reduced. For example, reinforcing mesh cement mortar is eliminated, reducing all associated reinforcement work and eliminating grouting. Because HDC was supported using strips, the plastering workload was reduced by 46%. The number of columns was significantly reduced because they only needed to be set at the corners of the building and where the inner and outer walls meet, which resulted in a 34% reduction.
When using HDC, the material price varies depending on the construction plan, for example, 5850 CNY/t for manual plastering and 5350 CNY/t for the spraying method. Although the sprayed material is cheaper and faster to apply, the hand-applied material was chosen because using the machine for a single-building project is more expensive. Table 4 presents the cost differences due to the application of HDC. Even though the material cost of HDC was more expensive than the grout material, the expense of the wall was reduced by approximately 35%. In addition, the reduction in column volume also helped reduce the cost.
In addition, Table 5 considers other indirect costs in the comparison, revealing that the reduction in direct costs also contributes to the decrease in indirect costs. The project duration can impact costs, such as transportation turnaround, handling, machinery, and formwork. The HDC reinforcement approach reduces the project's overall cost by approximately 32%.
Figure 15 demonstrates the difference in construction time for plans A and B. Eliminating the grouting and reinforcement mesh reduced the processes of plan B and thus reduced the total construction duration from 59 days to 38 days.
	[image: thumbnail]	Fig. 14 Comparison of workload in two plans.



Table 4 
Comparison of the direct costs of the two plans.

Table 5 
Comparison of the total cost of the two plans.

	[image: thumbnail]	Fig. 15 Gantt Chart of the whole project.



5 Conclusions
In addition to improving buildings' comfort and energy savings [11,12,28,31], structural strengthening is essential in renovation projects. As mentioned in the literature [71,72], it is necessary to renovate aged masonry buildings to mitigate their low seismic performance, poor maintenance, and overuse. Because an expensive initial investment is the main obstacle limiting retrofitting projects [11,21,69], it is essential to conduct cost-benefit analyses for various retrofitting alternatives, such as the work presented in the case study. It can be concluded based on the presented case study that:

	The BIM model can facilitate communication, design optimization, and quantity estimation in retrofitting projects, and its usage should be advocated.


	It is reconfirmed that retrofitting can be more expensive than new construction, which verifies prior research findings [68,69].


	For the particular case study presented in this paper, retrofitting plan B using HDC costs less than plan A, which adopts traditional wall strengthening method to reach the same level of structural performance. The estimated total cost and construction duration reductions are 32% and 36%, respectively.



It should be noted that there are still various limitations in this research, with assumptions based on simplifications of the retrofitting plan. For example, the HDC retrofitting scheme is based on general guidelines, without optimizing the particular buildings studied. Further structural analyses may lead to further optimization, cost reduction, and construction time reduction. The data source used in the study is cited from the published documentation of the studied region. It may differ in other parts of the world, affecting the comparison results and conclusions. If the village has a handful of similar masonry buildings, a multi-building renovation project can be enabled. In that case, the increase in scale may lead to a change in cost due to the batch purchasing of raw materials. However, such generalization and scaling are not guaranteed, especially if the owner or developer does not collectively own the property rights. The cost and time savings of the new retrofitting technology shall be further tested in other study cases to obtain generalized conclusions and suggestions for future applications.
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Table A1. Details of divisional and elemental works: Plan A.

Table A2. Details of divisional and elemental works: Plan B.
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      Table 1 

      Summary of the retrofit methods for aged masonry buildings.

      
        


	Retrofitting method
	Advantages
	Disadvantages





	Surface strengthening using steel wire mesh and mortar.
[33–36]
	Help reduce cracks.
Effective in enhancing seismic performance through improved strength and ductility.
	Long construction time and difficult to maintain.
Slight debonding may happen during construction.



	Chemical grouting and cement grouting.
[37–39]
	Help restore the structural integrity and increase strength.
Maintain the original load-bearing system and appearance.
	Irreversibility after reinforcement.
Incompatibility between old and new materials may lead to durability issues.



	Carbon fibre reinforced polymers (CFRP)
[40–42]
	Light, self-weight, and flexible in design and construction.
Help increase ductility and energy dissipation.
	Debonding and delamination may happen between the material and structural layer.



	Adding ring beams and additional columns
[43–45]
	Help improve seismic performance, load-bearing capacity, and deformation capacity.
	Inability to avoid the formation of cracks.
Long construction time.
Increase in structure self-weight.



	Steel patching around the structural components.
[42,46–49]
	Fast construction.
Without the enlargement of the cross-section of the components.
Help improve shear capacity, stiffness, ductility, and seismic performance.
	Complexity during construction.
Corrosion of steel.
The heavyweight of steel plates during transportation, handling, and installation.



	Strengthening using engineered cementitious composite (ECC) *
[50–54]
	Flexible in application scenarios and fast construction.
Help increase structural strength, ductility, and seismic performance.
	The quality of construction, such as the skill level of labour, is critical.
The steel reinforcing bar may fall off from ECC.
ECC shotcrete does not help increase stiffness.



	Strengthening using
ultra-high performance concrete (UHPC) *

[1,55–57]
	Help improve the integrity, stiffness, and seismic resistance.
Less intervention in the structure.
	Limited design codes.
The complex manufacturing process of raw materials.
Low maturity level.



	Strengthening using highly ductile fibre reinforced concrete (HDC) *

[58–64]
	Help enhance deformability, ductility, and stiffness.
Application in real projects
Low impacts on the cross-sectional area and weight of existing members.
	Does not help energy dissipation in confined walls.
Tensile strength is highly sensitive to different fibres.
Availability of raw material.



	Strengthening using
fibre-reinforced polymer (FRP) + polypropylene (PP) *

[65–67]
	Help increase ductility, deformation capacity, and residual strength.
Fast construction
There is no requirement for construction personnel.
PP improves the brittleness of FRP.
	High requirements for epoxy.
Not suitable for all brick walls.
FRP may fall off the wall surface.





      

      
*  Identified as emerging technologies due to the utilization of new construction materials on the surface of the brick walls and thus avoiding the extensive column strengthening or addition.
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        Traditional retrofit workflow.
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        BIM model-based renovation retrofit process.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
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        Residential maosnry building before renovation.
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        Residential maosnry building after renovation (Design Concept).

      

    

  
    
      Table 2 

      Brief description of the main tasks for the studied case.

      
        


	Item
	Main tasks and purpose





	External & internal walls
	To be strengthened as the main load-bearing component through limited demolition and new construction.



	Curtain walls
	Replace the existing brick wall to enhance the lighting of the internal spaces.



	Windows & doors
	Remove existing windows and doors and replace windows and doors with an enlargement area of openings.



	Roofs
	Rearranged roof tiles and replaced part of the roof with a glazed roof to help provide light.



	Stair
	Replace the original steep staircase.



	Railings
	Update the handrails with wooden materials to fit the surrounding environment.



	Greenhouse & pergola style canopy
	Increase recreational space.
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        Light simulation by using the BIM model.
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        Transformation of the first-floor wall before and after the renovation.

      

    

  
    
      Table 3 

      A brief overview of structural reinforcement.

      
        


	Item
	Main tasks





	External walls
	To improve the external walls' load capacity by applying grouting with H40 grouting material. For the inner side of the exterior walls, attach reinforcing mesh with cement mortar with a total thickness of 40 mm.



	Internal walls
	Apply reinforced mesh with a mortar thickness of 40 mm on both sides.



	Columns
	Enlarge the cross-section by 80 mm using C30 non-pumped shotcrete concrete.



	Slab
	Apply a layer of carbon fibre cloth (CFC) to increase the carrying capacity of the hollow core slab and reduce the structure's self-weight. Temporary support provided by a Q235B 100 × 5 steel compression bar is needed during construction.



	Additional beams & structural columns
	Construct additional structural columns in the corners of the house and the middle of the walls. Constructing the ring beams around the house is also included. Associated formwork shall be included in the construction.



	Adding strip foundations
	Add strip foundations at the corresponding location to support the curtain wall.





      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
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        The total cost of plan B (HDC).
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        Decomposition of reinforced costs of plan B (HDC).
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        Comparison of workload in two plans.

      

    

  
    
      Table 4 

      Comparison of the direct costs of the two plans.

      
        


	No.
	Item name
	Plan A
(CNY)
	Plan B (HDC)
(CNY)
	Difference
(CNY)





	1
	Wall reinforcement
	170,232.09
	111,473.39
	58,758.70



	2
	New columns
	14,310.86
	9,461.01
	4,849.85



	3
	New beams
	7,873.10
	7,316.57
	556.53



	Total
	∑1 +2 + 3
	192,416.05
	128,250.97
	64,165.08





      

    

  
    
      Table 5 

      Comparison of the total cost of the two plans.

      
        


	No.
	Aggregate content
	Plan A
(CNY)
	Plan B (HDC) (CNY)
	Difference
(CNY)





	1
	Expenses of divisional and elemental works
	192,416.05
	128,250.97
	64,165.08



	2
	Expenses of preliminaries
	36,923.71
	28,460.32
	8,463.39



	3
	Sundry costs
	–
	–
	–



	4
	Prescribed fee
	9,196.52
	6,284.12
	2,912.40



	5
	Tax
	21,468.27
	14,669.59
	6,798.68



	Total
	[image: equation]
	260,004.55
	177,665.00
	82,339.55
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        Gantt Chart of the whole project.
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