

  buildings-14-00372




buildings-14-00372







Buildings 2024, 14(2), 372; doi:10.3390/buildings14020372




Article



The Impact of Climate Change on Construction Activity Performance



Sertac Oruc 1,2,3,*, Huseyin Attila Dikbas 3,4, Berkin Gumus 5 and Ismail Yucel 5





1



The Center for Sámi Studies, UiT Norges Arktiske Universitet, N-9037 Tromso, Norway






2



Department of Civil Engineering, Faculty of Engineering, Çankırı Karatekin University, Çankırı 18100, Türkiye






3



Construction Law and Management Program, Graduate School of Natural and Applied Sciences, Istanbul Medipol University, Istanbul 34810, Türkiye






4



Department of Architecture, Faculty of Fine Arts, Design and Architecture, Istanbul Medipol University, Istanbul 34810, Türkiye






5



Department of Civil Engineering, Middle East Technical University, Ankara 06800, Türkiye









*



Correspondence: seoru2529@uit.no or sertacoruc@karatekin.edu.tr or sertac.oruc@std.medipol.edu.tr







Citation: Oruc, S.; Dikbas, H.A.; Gumus, B.; Yucel, I. The Impact of Climate Change on Construction Activity Performance. Buildings 2024, 14, 372. https://doi.org/10.3390/buildings14020372



Academic Editor: Maxim A. Dulebenets



Received: 21 November 2023 / Revised: 24 January 2024 / Accepted: 26 January 2024 / Published: 31 January 2024



Abstract

:

There are specific construction operations that require weather forecast data to make short-term decisions regarding construction; however, most resource-related decision making and all project management plans must be carried out to anticipate weather conditions beyond the capabilities of the currently available forecasting technologies. In this study, a series of single- and multi-risk analyses were performed with ~9 km grid resolution over Türkiye using combinations of weather and climate variables and their threshold values which have an impact on the execution and performance of construction activities. These analyses will improve the predictability of potential delays, enable the project to be scheduled on a future-proof basis by considering the calculated normal and periodic predictions on the grid scale, and serve as a dispute resolution tool for related claims. A comprehensive case study showcasing the methodology and illustrating its application shows that the project duration is expected to be extended because of the impact of climate on both historical and future periods. While the original project duration was 207 days, when climate effects were considered, the optimum mean and median values increased to 255 and 238 days, respectively, for the historical period. The optimum duration mean and median change to 239 days by the end of the century, according to the SSP5-8.5 scenario, if the construction schedules consider climate change. The change in duration was mainly due to rising temperatures, which increased winter workability and reduced summer workability. However, if the historical practices are carried over to future schedules, the mean and median increase to 258 days and 244 days, respectively, which may cause unavoidable direct, indirect, or overhead costs.
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1. Introduction


The construction industry has distinct characteristics due to each project’s unique structure, including the project’s category, scope, location, and resources involved [1,2,3,4,5]. Many parties are needed to be involved in the project, and one of the major goals in project management is to complete the project tasks within a defined period [5,6]. However, considerable delays can occur throughout the project lifecycle, leading to adverse consequences such as time and cost overruns, disputes, arbitration, and legal action [7,8]. Disputes that result in cost and schedule overruns are an inevitable aspect of every construction project’s life cycle due to unexpected risks and inherent uncertainties [9,10,11]. Delays in projects are often recurring challenges and generic issues in construction claims with a wide range of causes [12,13]. The loss of clients and contractors due to delay disputes leads to an increase in delay disputes [14,15] which have received significant attention in recent years [15,16]. Efforts have been made to resolve these disputes and minimize conflicts; however, most construction projects fail to resolve time-related disputes [10].



Weather and climate conditions are frequently ranked as one of the most prevalent and detrimental reasons for schedule delays [7]. Weather and climate conditions may have a variety of effects on construction projects, such as decreasing productivity and occasionally interrupting the process, damaging exposed and unprotected components, disrupting communications, and/or obstructing access to construction site areas [17,18]. Furthermore, weather has been perceived to be one of the most critical factors impacting project cash flows [19]. Therefore, disputes between contractors and project owners arise because of the weather- and climate-related claims [20,21]. It is fairly uncommon for unresolved claims to evolve into legal challenges and extensive litigation, leading to production being suspended for a longer duration than the original adverse conditions themselves [7]. When investigating the impact of weather and climate, it is mostly important to differentiate whether the condition is foreseeable or unforeseeable, as well as extreme or non-extreme [22,23].



The adverse impacts of changing climatic conditions are often a contributing factor to delays in construction projects, legal disputes, and financial losses. However, research has been conducted to incorporate the influence of weather and climate change on construction delays, which is limited and generally concentrated on a small collection of weather data that is mostly historical. On the other hand, according to the latest assessment report of the Intergovernmental Panel on Climate Change (IPCC) [24], the CO2 concentration in the atmosphere has reached its maximum in the past two million years. According to Zhang et al. [25], the global construction sector primarily imports CO2 emissions from the secondary and transportation industries and exports small amounts to other sectors, both domestically and internationally. Murtagh et al. [26] revealed that the construction industry is one of the most environmentally damaging sectors, and significant improvements in sustainability and resilience to climate change can be made. However, it is not only the construction industry but also other sectors that contribute to climate change, global warming, and other environmental concerns, primarily through the emission of greenhouse gases (GHGs), such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and fluorinated gases. For example, cement manufacturing contributes to global warming and climate change by emitting carbon dioxide and consuming large amounts of energy [27]. Moreover, the maritime sector, which accounts for over 80% of global trade, emits approximately 2.7% of global carbon dioxide, thereby contributing to climate change [28]. The shipping sector also contributes to atmospheric and gaseous pollutants, impacting both health and the climate, especially in populated coastal areas [29]. Furthermore, the transport and agricultural sectors contribute to global warming and climate change by emitting CO2, CH4, and N2O and consuming large amounts of energy [27,30,31].



Changes in the climate affect land, oceans, air, and ice volumes. Mean surface temperature and water vapor content increase while permafrost extends, and sea ice volumes decrease. The melting of ice leads to an increase in sea levels and sea surface temperatures. On land, precipitation patterns change, and the length of the seasons shifts. Therefore, it is important to obtain up-to-date weather and climate data and incorporate them into construction scheduling by considering not only historical but also projected changes and analyzing the degree of predictability to allocate these risks properly.



This research combines climate change and construction scheduling which enable parties to evaluate weather and climate risks and to establish a basis for disputes and claims, considering the improved skill of predicting delays. Considering the weather-related uncertainties and adjusting the installation accordingly is a common practice among construction contractors. Wang et al. [32] states that the intricate nature of construction projects makes them open to disputes that generate high costs; thus, clear, and well-balanced meanings of responsibilities for the parties are required. Still, several authors highlight the difficulties in outlining provisions for weather-related claims and the associated issues that go through litigation [21,33,34]. Even in litigation, contractors must prove that weather delays have impacted project completion dates, increasing litigation difficulties [19].



The debate over the causes and consequences of construction delays is currently a topic of great significance and relevance. However, the analysis of climate change impacts and future changes is not usually integrated into the comprehensive process of scheduling and analyses of delays. Most analysis frameworks focus on historical data and a limited number of stations, while there is a lack of studies that explore the climate change impacts on construction scheduling in a comprehensive manner.



In addition, the concepts of climate and weather conditions are not clear in most of the studies. Researchers argue that weather risk sharing between the owner and contractor is challenging due to specific terms, making it uncertain whether the contractor can escape associated damages despite that he also shares the risk [33]. While this is true, it is also important to consider the changing climate and not just the weather. According to the European Space Agency (ESA) [35], weather changes from minute to minute, hour to hour, and day to day and shows how the atmosphere behaves. Temperature, wind, rain, hail, snow, humidity, flooding, thunderstorms, heat waves, and other factors are just a few of the many elements that make up the weather. Contrarily, climate refers to the weather in a given area over an extended period of time. Seasonal and sub-seasonal weather forecasting have shown promising results, yet forecasts of acceptable quality still just span a maximum 10-day window [7,36]. Yet, patterns or cycles of variability, such as variations in temperature, humidity, precipitation, and ocean surface temperature, are generally discussed within the context of climate [37,38,39]. This study also differs in terms of the way it handles delays, which strongly emphasizes climate change and the quantification of its impacts.



This study substantially contributes to the field of knowledge by filling the gap between short-term weather forecasting and long-term climate planning requirements in construction project management. The generation of single- and multi-risk maps with a grid resolution of approximately 9 km for Türkiye is a significant advancement as it offers a more detailed and localized comprehension of the weather and climate effects on construction activities. This level of detail is particularly beneficial for construction operations that are sensitive to climatic conditions and necessitates precise planning to mitigate potential delays. The study’s application of weather and climate variables coupled with threshold values to predict the execution and performance of construction activities introduces a novel approach for integrating climatic factors into project scheduling. This improved predictability of potential delays provides practical tools that can be utilized by project managers to optimize construction timelines and resource allocation. Furthermore, the application of these risk maps as a dispute resolution tool introduces a new dimension to contract management, potentially reducing conflicts and fostering collaboration between the contracting parties. The case study presented in this research demonstrates the practical application of the methodology, reinforcing its relevance to current industry practices. The quantification of project duration extensions owing to changing climatic conditions offers critical insights for risk assessment and contingency planning. The increase in variability in duration also emphasizes the importance of considering start dates and seasonal variations in project planning. Overall, this study contributes to both the academic understanding of the impact of climate change on construction and the practical application of this knowledge in project management. This highlights the need for future-proof scheduling in the face of climate change and provides a methodology that can be adopted by the construction industry to enhance efficiency and reduce the risk of weather- and climate-related delays.




2. Materials and Methods


2.1. Study Area


The location of Türkiye is mainly on the Anatolian Plateau in Western Asia, which has the coordinates 36° and 42° north latitude and 26° and 45° east longitude (Figure 1). The country has borders with the Black Sea in its north, with the Aegean Sea in its west, and the Mediterranean Sea in its south, and it has a total land area of 783.562 km2. A mild Mediterranean climate is mostly dominant in the Türkiye, yet because it has a complex topography, mountainous regions, and is impacted by the sea, other climate conditions such as temperate continental, oceanic, and dry mid-latitude steppes are also seen. While milder conditions are experienced in the coastal areas, mountains like Taurus and Northern Anatolia located parallel to the sea block the diffusion of marine effects towards the inland parts [40]. This leads to limited precipitation and continental climatic conditions for the inner parts of the country with hot, dry summers and cold winters [41].



Temperature and rainfall patterns also display diverse features in Türkiye. The Central Anatolia region gets around 400 mm of yearly precipitation, while the Black Sea region is subject to over 2200 mm, which is the highest amount in the country. Throughout the year, temperature levels are higher in the southern and southeastern parts, the Mediterranean and the Aegean coasts of Türkiye, in comparison to other regions. The highest and the lowest measured annual average temperature is 21.3 °C in the Mediterranean region (1962, Hatay-İskenderun) and −0.2 °C (1960) in the Eastern Anatolia region (Kars-Sarıkamış). Between the years 1991 and 2020, the country’s annual mean temperature and the rainfall values were 13.9 °C and 573.4 mm, respectively [42].
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Figure 1. Elevation map of Türkiye and its geographical regions [43]. 






Figure 1. Elevation map of Türkiye and its geographical regions [43].
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2.2. Methodology


This section will outline the proposed approach for analyzing historical and future climate data from a construction standpoint, with the goal of developing climate-aligned scheduling techniques. R software version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria) was used to perform all analyses conducted in this study.



2.2.1. Climate Variables Affecting Construction Activities, Climate Impact Factors, and Activity Performance Indices


The first step is to establish which combinations of climate variables and degrees of intensities are responsible for the performance of construction activities to be performed [7,33,44]. In this study, precipitation- and temperature-based variables were selected, and thresholds were assigned to these variables. These threshold values were obtained based on national and international standards, expert judgment, and a literature review. Consequently, a set of activities was also determined based on the inclusion of weather and climate impacts in their execution. In this study, Earthworks (E), Concrete (C), Formworks (F), Steelworks (S), Exterior Finishes (Envelope) (EV), Roof (R), Pavements (P), and Landscape (L) are the selected activities since they also represent remarkable phases of the construction projects. For the purpose of this research, the thresholds for the climate variables that are outlined in Table 1 shall be regarded as prohibiting the construction operations and activities that they are allocated to. The specific combinations of climate variables and their threshold values that can result in substantial implications for the execution of regular and frequent construction activities were utilized.



Once threshold selection and activity combination were completed, daily historical data (ERA5-Land) and bias-corrected CMIP6 data were analyzed. In the analyses, basically any daily calculated value that exceeded the threshold was accepted as non-workable, and the percentage of workable and non-workable days was calculated for each day of the year separately. No parameter can exceed the threshold value for a day to be considered workable; otherwise, activity execution is forbidden that day. For every single day of the selected period or analysis interval (historical, future, etc.), workable and non-workable days were calculated and translated into percentages considering the climate impact factors (Table 1).



The aforementioned variables, along with their respective threshold magnitudes, were selected due to their direct and straightforward correlation with the adverse physical effects they can have on major construction activities. Although the combination of chosen climate variables and activities could be enriched by other climate variables, such as wind, the aim of this study is to propose a framework to set a basis for the construction disputes that arise from weather- and climate-related delays. However, the combination of climate variables and construction activities in Table 1 might not be appropriate for every region, context, or project, so an adaptation will be needed.



The following climate impact factors were obtained for each individual day during the year for the historical and future periods of analysis considering all the grids over Türkiye.



Temperature-based impact factors:




	
Minimum temperature ≤ 0 °C—Frost days










    T   m i n 0   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   m i n i m u m   t e m p e r a t u r e   b e l o w   0   ° C   Y e a r s   o f   a n a l y s i s    



(1)







	
Mean temperature ≤ 0 °C







     T   m e a n 0   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   m e a n   t e m p e r a t u r e   b e l o w   0   ° C   Y e a r s   o f   a n a l y s i s     



(2)





	
Max temperature ≤ 0 °C—Ice days







     T   m a x 0   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   m a x i m u m   t e m p e r a t u r e   b e l o w   0   ° C   Y e a r s   o f   a n a l y s i s     



(3)





	
Maximum temperature ≥ 40 °C







     T   m a x 40   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   m a x i m u m   t e m p e r a t u r e   o v e r   40   ° C   Y e a r s   o f   a n a l y s i s     



(4)





Precipitation-based impact factors:




	
Precipitation ≥ 1 mm










  P   R   1   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   p r e c i p i t a t i o n   a b o v e   1   m m   Y e a r s   o f   a n a l y s i s    



(5)







	
Precipitation ≥ 10 mm







   P   R   10   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   p r e c i p i t a t i o n   a b o v e   10   m m   Y e a r s   o f   a n a l y s i s     



(6)





	
Precipitation ≥ 30 mm







   P   R   30   ( i ) = 1 −   N u m b e r   o f   d a y s   i   w i t h   p r e c i p i t a t i o n   a b o v e   30   m m   Y e a r s   o f   a n a l y s i s     



(7)





Here,   i   represents a specific day of a year such as January 2nd. The impact factors are calculated for every day of a year for the historical period and projection periods. An impact factor value between 0.00 and 1.00 indicates the likelihood of the occurrence of the same climate phenomenon on average. Consequently, an impact factor closer to 1 indicates that climate-sensitive construction activity might not suffer a delay. However, when more than one impact factor exceeds the threshold, which is a common case, the impact of both coefficients must be combined and, in this study, these combinations are presented and called activity performance indices (performance metrics for activities). Thus, the selected eight major construction activities for this study and their performance indices which were derived from related climate impact factors are shown below in Table 2.




2.2.2. CMIP6 Global Climate Models


In order to monitor the changes in the climate, future projections based on the most recent Coupled Model Comparison Project (CMIP) version 6 global climate models will be used [45,46,47]. CMIP6 is understood to have performed better compared to its predecessor, CMIP5 [48]. The reason for these advancements includes determining the amount of natural or human-induced irradiation, the inclusion of aerosols, and land use effects [45,49,50,51]. Although the CMIP6 data are relatively new, there appears to be a growing interest in implementing the most recent projections [43,48,52].



While these studies produced different results through the regions of interest between CMIP6 and CMIP5, Bagçaci et al. [52] stated that CMIP6 products in Türkiye performed better than CMIP5 for precipitation and temperature, and thus the results of climate change impact studies should be updated with the most recent data in Türkiye. Based on the results of Bagcaci et al. [52], the top 10 ranked models over Türkiye were employed for precipitation and temperature separately in this study (Table 3). It should be noted that some of these models do not provide data for one or more of the interested variables for historical and future periods.



In light of future climate projections, this study examines the Shared Socioeconomic Pathway (SSP) 5-8.5 and 2-4.5 future scenarios. Through the analysis of SSP5-8.5 and SSP2-4.5, a comprehensive picture of the dynamics of the future climate is revealed. With a radiative forcing of 8.5 watts per square meter (W/m2) by the end of the twenty-first century, SSP 5-8.5 depicts a world of fast economic expansion, high energy consumption, and persistent reliance on fossil fuels. This hypothetical situation emphasizes how urgent it is to address our reliance on fossil fuels and the dangers of doing nothing. SSP 2-4.5, on the other hand, is linked to a more moderate socioeconomic trajectory with sustainable practices and corresponds to a radiative forcing of 4.5 W/m2. In order to mitigate the worst effects of climate change, SSP2-4.5 emphasizes the significance of sustainable development and measures to reduce emissions. This comparative research offers insights that can guide climate policy, adaptation plans, and the quest for a more resilient and sustainable future. It also advances a comprehensive understanding of the intricate interactions between socioeconomic determinants and climatic consequences.




2.2.3. Downscaling and Bias Correction


Assessing the impact of climate change at a local level is a challenging process, primarily due to the difficulty in obtaining reliable information from global coarse-resolution models and then transforming it to the local scale. For this reason, downscaling and bias correction techniques have arisen in recent years to obtain data for regional and local impact studies. There are many downscaling methods that can be encountered in the literature; however, in this study, quantile delta mapping (QDM), which has proven to exhibit better performance with extremes [43,53], is used.



The quantile delta mapping method was developed to address and correct the systematic biases while preserving the relative changes in the modeled quantiles of the variable under investigation [53]. The basic equation of the quantile delta mapping method consists of the bias-corrected value obtained using the observation data and the relative change term obtained from the model data. The difference between this method and the detrended quantile mapping method is that all modeled quantiles are taken into account, not just the modeled mean.



The transfer function of regular quantile mapping is as follows:


      x  ^    m , p     t   =   F   o , h   − 1   {   F   m , h       x   m , p     t     }  



(8)




where     F   o , h     and     F   m , h     represent the cumulative distribution functions of the observed and modelled data, respectively, for the historical period.     x   m , p     t     is the model value at time t from the projection period.



The first step of QDM is the calculation of     τ   m , p    , the nonexceedance probability associated with the value at time t, with the following equation,


    τ   m , p     t   =   F   m , p     t         x   m , p     t     ,   w h e r e     τ   m , p     t   ∈ { 0,1 }    



(9)







Then, the relative change in the model data over the historical and projection periods,     Δ   m   ( t )  , can be calculated as follows:


    Δ   m     t   =     x   m , p     t       F   m , h   − 1       F   m , p     t         x   m , p     t          



(10)







The bias correction of the modeled     τ   m , p     quantile can be calculated as


      x  ^    o : m , h : p     t   =   F   o , h   − 1   {   F   m , p       x   m , p     t     }  



(11)







As the final step, relative change     Δ   m   ( t )   is introduced to the bias-corrected model to obtain the bias-corrected future projection at time t,


      x  ^    m , p     t   =     x  ^    o : m , h : p     t   ∗   Δ   m   ( t )  



(12)







The downscaling and bias correction is applied to all models separately, then a multi-model mean ensemble is created from the outputs to be used as the final product.




2.2.4. Reference Data—ERA5-Land


The ERA5-Land dataset which is a reanalysis of global climate and historical weather, from the European Centre for Medium-Range Weather Forecasts (ECMWF) [54], will be used as reference data in this study. The ERA5-Land dataset is available from 1950 to present and provides access to hourly, high-resolution information on surface variables. The data have a grid range of approximately 9 km, which is obtained as a result of reworking the terrain component of the ERA5 climate reanalysis, which was previously available at a coarser spatial resolution [55]. Reanalyzing combines model data with observations collected from all over the world to synthesize a complete and consistent dataset globally. ERA5-Land is a customized variant of ERA5 data on land. The biggest difference from the original is that the horizontal resolution is presented as 0.10° × 0.10° instead of 0.25° × 0.25°. This difference makes it possible to operate on more precise scales [43]. This dataset is utilized in this study as a reference to downscale the CMIP6 global climate model projections and to determine the performance of bias-corrected and downscaled data.






3. Results


The calculations that follow serve as illustrative examples of the results produced by the suggested approach and are adaptable to each individual activity. It should be noted that the proposed approach has too many outputs in terms of combinations of location, selected period, climate scenario, and time of the year. In order to present the results as simplistically and compactly as possible, the results are presented under three sections. First, the activity performances from the historical period and the SSP 5-8.5 scenario covering the period of 2071–2100 are shown for January 30th and July 30th over the entirety of Türkiye. Subsequently, annual cycles of the components forming the activity performance indices are shown for the selected coordinates, considering the historical and far-future periods.



3.1. Spatial Variation in Activity Performances over Türkiye


For the Concrete activity, historical and future activity performance are presented with their constituent climate components in Figure 2a–h. The climate parameters and their threshold values affecting the performance of the Concrete activity were selected as the daily minimum temperature below 0 °C, maximum temperature exceeding 40 °C, and the daily precipitation over 10 mm. Figure 2a–d present the historical analyses for the Concrete works performance index (C) across Türkiye, while Figure 2e–h represent the same analyses by the end of the century under the SSP5-8.5 scenario. All figures show the results for January 30th. The workability of the activity was calculated for the selected day in Türkiye by evaluating and combining the probabilities of TMin 0 °C, TMax 40 °C, and PR 10 mm on the same day.



When Figure 2a–h are analyzed, it can be noticed that the impact factor that is dominant in the performance of the Concrete activity is mostly the minimum temperature. The other two components have a relatively low impact (delay is less likely in Concrete activity because of these components) for January 30th. In addition, when the activity performances are examined for historical and future periods, it is seen that there is an increase in activity performance in the future period for the SSP5-8.5 scenario. The main reason behind this is the increase in minimum temperatures throughout the year because of global warming. Consequently, an increase in the performance of the Concrete works is expected for January 30th.



Besides the spatial figures that demonstrate how the activity performance indices are derived (Figure 2a–h), a comparison between two different times of the year, namely January 30th and July 30th, is given in Figure 2i–l for Concrete activity to obtain an insight about how activity performance can vary depending on the time of the year.



When Figure 2i–l are examined, it can be concluded to what extent the choice of time for both historical and future periods can affect the performance of the activity and, accordingly, the duration as well. It can be understood that the performances for Concrete activity in almost all of Türkiye, except coastal areas, were below 40% for January 30th. This rate was over 90% in the analyses on July 30th in the historical period. Southeast, Western, and Central Anatolia show a reduction in the number of workable days (which can be expected to cause delays) in the summer days of the projection period. These results reveal how critical the selection of start and finish dates is for the activity and, consequently, project durations. Considering the proposed approach and its detailed outputs, remarkable contributions can be accomplished for the planning of activities, while it can also be a good option for the problem mentioned above (Figure 2).



The analyses so far have been given in detail in order to show the variations that can be seen at different times of the year during historical or future periods and to ensure that the path followed when creating activity indices is more understandable. The effect of individual climate parameters such as minimum temperature, maximum temperature, and precipitation intensity may have different weights depending on the selected moment of the year or time period when creating activity performance indices from the proposed approach. Figure 3 and Figure 4 show all activity performances for the same days and periods.



Earthworks (E) activity was analyzed throughout Türkiye for the selected days of the year for the historical period and the SSP 5-8.5 scenario 2071–2100 period. The results can be seen in Figure 3a,b (January 30th) and Figure 4a,b (July 30th). Based on the performance of the activity, it can be concluded that there will be significant improvement in the future in all regions except for the coastal areas during the winter, while summer performance is relatively unchanged. The increase in performance can be observed, particularly in the inner parts and the Eastern Anatolia region.



When the historical and future performance of Formwork (F) activity for January 30th are compared, the increasing workability values can be seen, especially for the coastal, eastern, and southeastern regions (Figure 3c,d). It is also possible to say that the dominant impact factor of the activity for the selected day is Tmax0 °C since an increasing minimum temperature is prominent in the future for the entirety of Türkiye [43]. Similar to Earthworks, summer workability is stationary (Figure 4c,d).



Considering the Pavement activity, Figure 3g,h and Figure 4g,h, the results exhibit increasing activity performance in the future, except in the Eastern and Southeastern Anatolia regions of Türkiye for January 30th. In Western and Central Anatolia, the pavement activity performance almost doubles compared to the historical performance values. However, the performance index for July 30th decreases in most of the regions.



The Envelope activity performance results exhibit increasing activity performance in the future over all regions of Türkiye for January 30th while the northeastern part of the country still exhibits lower activity performance (Figure 3i,j). In Western and Central Anatolia, the Pavement activity performance almost doubles compared to the historical performance values. Figure 4i,j show that performance slightly increases on July 30th in the future period, especially in the eastern Black Sea region.



Steel Works (S) activity (Figure 3k,l) performance is expected to increase in almost the entirety of Türkiye for January 30th. Especially the inner regions, middle Black Sea, and eastern regions benefit from this increase. However, there are still regions such as eastern and northeastern Türkiye that exhibit lower activity performance index, even with the impact of changing climatic conditions. When the possible changes on July 30th are considered (Figure 4k,l), a decrease in performance in all regions except the Black Sea and Eastern Anatolia regions is expected.



Considering the Roof activity, a significant increase in the performance index over the Eastern Anatolia region is expected for January 30th (Figure 3m,n), mainly due to the increasing temperatures. On the other hand, there is no significant change in summer workability (Figure 4m,n).



The last activity performance index, Landscape (L), increases in all regions for January 30th except for the coastal regions, where workability is already at maximum during historical period (Figure 3o,p). Similar to Roof activity, summer performance is relatively unchanged (Figure 4o,p).



The purpose of these performance maps is to illustrate how a daily activity performance can vary throughout the year, both in the past and future. Based on these maps, it is evident that performance analyses conducted over Türkiye indicate that the timing of activities has a significant influence on performance. These maps are also significant as they represent the various outcomes that can be achieved through the subject matter discussed in the article.




3.2. Temporal Variation for Performance Activity at Selected Locations


While the first section investigates the spatial distribution of performance indices for specific dates, this section focuses on the variations in an annual cycle and deviations for the specified timeframe and coordinates. Figure 5 displays the yearly variations in activity performances and their components for the geographical coordinates of Ankara. These changes are observed throughout the reference period and the future period spanning 2071–2100, under the SSP5-8.5 scenario. Given the evolving nature of construction projects, one potential option for implementing a risk-based approach is to incorporate scenario-based calculations. In addition, by calculating the annual cycle of performance for various periods and scenarios, more accurate predictions pertaining to construction project delays caused by weather and climate conditions can be facilitated.



The utilization of yearly distribution graphs is useful for tracking shifts in performance during different periods, which can be used to decide optimal start dates for activities. Considering the Earthwork activity performance index, it is possible to calculate the changes in a yearly cycle and anomalies for the selected period and coordinates. According to the analyses for the chosen coordinate, it is possible to expect an increase in activity performance in winter months due to the increase in mean temperatures (Figure 5).



The changes in the components that form the Formwork activity index for Ankara are also shown in Figure 5. The comparison of the same activity for the observation period and the 2071–2100 period under the SSP5-8.5 scenario shows that the Formwork activity performance will increase in the winter months for the future period (Figure 5), while the differences in the spring and summer months are not significant. Especially the increases in the first months of the year will probably have a positive impact on project durations at the selected coordinate for formwork activities.



In Figure 5, the annual variation in the Concrete activity index and the components that form it for the Ankara coordinates during the historical and future periods are given. Due to the almost negligible probability of the temperature being above 40 degrees and daily precipitation greater than 10 mm in the selected coordinates, it is seen that the minimum temperature parameter is the dominant component for the activity performance. When timeseries are examined, it can be said that Concrete works’ performance at the selected location will experience significant increases during the winter months. Especially in the first months of the year, differences up to 30% indicate that temporal negative effects will decrease in reinforced concrete construction and concrete casting works. However, as a reverse effect of this positive impact in winter, a decrease in workability can be seen in a certain period during the summer; nevertheless, it has a lower impact compared to the aforementioned increase in the winter months.



As in the Concrete activity, it is seen that the minimum temperature and precipitation parameters are more impactful on the performance of Pavement activity due to the low probability of the temperature exceeding 40 degrees for the selected coordinate (Figure 5). The parameter that is particularly effective in spring and summer is the precipitation component. When the historical period and the 2071–2100 period under the SSP5-8.5 scenario for the same activity are compared, it can be said that Pavement performance at the selected point will experience significant increases in the spring and winter months because of increasing temperatures. Increasing temperatures also cause a slight decrease in performance in summer months.



The 360-day variation in the impact factors that form the Envelope activity are shown in Figure 5 for the coordinates of Ankara during the interested periods. It is understood that the performance is influenced by rainfall in the spring and summer months and by temperature in the cold months, as expected. When timeseries are examined, it can be said that increases in performance can be expected in the spring and winter months at the selected point, and these increases will get closer to the observation period values as the summer months are approached, and significant differences will not occur during the period that starts at the end of spring and lasts until mid-autumn.



In Figure 5, the yearly distribution of the components that constitute the Steel Works activity during the observation period for the coordinates of Ankara is shown. It is understood that the daily mean temperature has a significant impact on activity performance. It can be said that significant improvements in Steel Works activity performance can be expected, especially in the winter months at the selected location, while a slight decrease will not be a surprise during the summer months.



When the components of Roof activity are investigated, it is seen that temperature has a significant effect on the performance of Roof activity (Figure 5). Significant increases in performance can be expected during the winter months for this activity at the selected location. In the case of Landscape activity, it is evident that temperature has a significant impact on activity performance. Also, significant performance improvements are expected during the winter months at the selected coordinates.



While Figure 5 shows the daily variation in all activities for a single location, Figure 6 shows the Concrete activity and its constituent parameters in four different cities in order to present the spatial differences in yearly cycles. It is observed that location change also has a significant effect on the performance of the activity. This figure proves that even the same activities can perform very differently based on the selected location of the project, even during the same period. The future behavior of these activities also must be evaluated with a special emphasis based on these variations, such as in Antalya, which presents a remarkable performance decrease in the future period, particularly in the summer months.




3.3. Case Study


In this section, an application of the proposed climate-aligned scheduling is presented. The schedule of a hypothetical four-story reinforced concrete building employing a simplified design was used, which was originally prepared on the Oracle Primavera. It consists of 46 activities and is arranged and coded using predecessor activities with finish-to-start and start-to-start relationship types.



After coding the project plan, the resulting project duration is checked with the Oracle Primavera results in order to validate the coded model without considering climate effects. The reason behind coding the project plan rather than applying the activity performances to the duration of activities was the capability of finding the possible shortest duration, optimizing the start date, and determining the cycle of the project duration within the year for the selected scenario and/or period. A comprehensive analysis has been conducted over Türkiye to ascertain the extent of and variations in weather-related impacts across different geographical areas, and the results of nine major cities were presented for visual inspection.



Figure 7 shows the project duration change according to the selected start date for nine locations with different climatic conditions for the historical and far-future periods with two scenarios. This provides a particular evaluation of the project start date to maintain the project schedule and avoid unexpected delays. Furthermore, the figure also implies that a project can have very different schedules because of the selected location. In Figure 7, although the same project is investigated, nine different locations exhibit remarkably different historical and future schedules when activity performances are applied to the default project schedule (the schedule where activity durations were determined without considering the potential effect of climate).



The process of transforming this fixed schedule into a climate-aligned schedule is relatively straightforward. Each scheduled activity is assigned an identified group of activity performance indices (E, F, C, P, E, V, S, R, or L). If an activity is not climate-sensitive, then it is left empty, which means that if the activity is not affected by climate, then its duration is directly included in the schedule without any modification. Then, the activity performance indices were calculated for all mentioned activities based on all scenarios and periods for the entirety of Türkiye (~10,000 grids) and for every single day of the selected period. This allows for the assessment of the activity duration on a daily basis, and each activity is determined by applying the activity performance indices to that duration by starting the project from day one to the last day of the year for the selected time period (historical, near, mid, or far future). This scheduling procedure was repeated until the project was finished. Initially, the original (climate-neglected) project duration was 207 days, which is approximately 7 months. In the analysis, working days are Monday to Sunday, and no extra holidays have been considered. It is worth saying that the coded project plan has the same duration as the Oracle Primavera results for the original schedules when climatic delays are not considered.



In order to accurately interpret the increase (or decrease) mentioned above, the spatial distribution and frequency of these increases (or decreases) must be considered. Spatial plots of the selected periods also show the minimum and maximum durations of the aforementioned project over the entirety of Türkiye for the historical period and future period (Figure 8).



While Figure 8a,c show the minimum possible project durations for the historical 1961–2014 period and the SSP5-8.5 2071–2100 periods, respectively, Figure 8b,d represent the optimal start dates to achieve these durations. Figure 8b shows that, apart from the mountainous regions in the Eastern Anatolia region and southeastern borders, most of the country has similar optimal start days in the historical period. However, when the optimal starts by the end of the century for the SSP5-8.5 scenario are investigated, it is seen that there are significant shifts in Thrace, Aegean region, some parts of the Mediterranean region, and the Southeastern Anatolia region (Figure 8d). When the climate change impact is considered, significant decreases in the project duration in Eastern Anatolia are possible (Figure 8c). Figure 8e represents the project durations when climate change impacts are not considered, and historical start dates are utilized in the future. The difference between these durations and optimal durations is presented in Figure 8f which shows avoidable delays in various regions.



Based on these results, the project duration is expected to be extended due to the impact of the climate both in the historical and future periods. While the original project duration was 207 days, when the climate effects are considered, mean and median values increase to 255 days and 238 days, respectively (Figure 8a), for the historical periods. This indicates an extension in mean by 23%. This value is mostly caused by high delays in mountainous regions in Eastern Anatolia. While the duration increased only %5 in the lowest impacted grid, in some grids, project duration increased up to 100%. Considering the 2071–2100 period under the SSP5-8.5 scenario’s optimum durations (Figure 8c), both the mean and median were found to be 239 days, an extension of 16% over Türkiye. However, grid scale delays range between 4% and 81%. If the climate change effects are not considered, the mean and median project durations increase to 258 days and 244 days, respectively, an additional 10% delay in the project on average. Figure 8f shows that this avoidable increase might go up to 60% in some regions which might cause increasing indirect or overhead costs.



In Figure 9, the frequency of the project duration is presented by histograms. The duration extension that was seen in the eastern part of Türkiye in the historical period decreased in the future period, which also decreased the average project duration in the future. The frequency distribution of the project duration shows the response of the project duration to the selected period. It is also possible to figure out the largest responses, such as the locations with a project duration of over 400 days, in Figure 9. Furthermore, a change in the duration range can be obtained for the same project during different time periods. The data obtained can serve in various ways, such as determining the project location, the start date of a project at a specific location, or taking precautions by changing the schedule, activity type, method, and material of construction to some extent.





4. Discussion and Conclusions


4.1. Discussion


Contracts are one of the primary factors that need to be considered for a construction project’s success. Considering the project delivery, it is crucial to identify the risks accurately and allocate them fairly and equitably to ensure the project goals. Construction projects have considerably long project life cycles, which make it possible to face major risks that create pressure not only during the construction phase but also on the functionality and service life of the built asset. It is projected that climate change will be one of these major risks and exacerbate the adverse weather or extreme weather impacts by altering the magnitude and/or frequency of the events. Gumus et al. [43] have reported that there is an increasing trend in the frequency and intensity of extreme rainfall events. Similarly, there is an expected increase in the frequency of temperature extremes, such as the coldest, warmest, and mean daily maximum temperature, across all regions of Türkiye. These findings suggest that temperatures in Türkiye may increase by up to 7.5 degrees Celsius by the end of the century.



These results must be translated into activity performance to obtain accurate construction schedules since it is a common occurrence for construction projects to involve a large number of tasks that are vulnerable to changes in weather conditions. These tasks are often subject to a variety of weather variables, such as temperature, precipitation, and wind. Climate and weather sensitivities create risks such as suspension, extension of time, claims, and termination of the contract. According to Tariq and Gardezi [56], project planning and scheduling are the second of the top five delay causes for civil engineering construction projects from a global perspective, whereas delays in construction projects are the third among the top five conflict causes. Therefore, the likelihood of these unexpected consequences must be reduced to keep the contract running. If climate-sensitive activities are adopted and integrated consistently, these approaches may signify a shift in contract risk allocation and facilitate the understanding and management of projects in the context of climate change and the risks it brings. Quantitative research considering the intersection of climate change and impacts on construction productivity is scarce; therefore, the primary objective of this research was to develop an applicable approach that enables the parties and the practitioners of the construction contract to strategize from the short to the long term, taking into account the changes and fluctuations in climate and weather patterns. On the other hand, the consideration of data-driven planning is an essential tool to perform construction projects in an uncertain environment that accommodates many causes of delays, conflicts, and cost overruns [57,58]. The climate-aligned approach described in this study is not restricted to a limited number of climate variables or small geographical locations but enables for a wide range of activities to be considered depending on the data available. ERA5-Land hourly reanalysis data are used as reference set in this study, so the problems of representativeness, data length, inhomogeneous distribution of stations, missing data, and data quality were avoided, which are some of the main data problems for the climate and weather studies.



The primary accomplishment of this investigation is the formulation of a framework that quantifies the typical probability of a day being suitable for a specific type of activity with a high-resolution base. Seasonal or annual cycles substantially affect construction activities such as concrete pouring and curing, excavation, envelope, or general productivity [59,60,61]. The approach allows for the analysis in a single and joint probability manner, considering the weather and climate data for different periods, which enables us to anticipate the additional duration required for a particular project activity to be completed as a result of weather and climate change at a selected period for a selected future scenario and location. This allows for consideration of the characteristics of each activity, as well as the location and time of the year in which it is carried out. Moreover, the distribution of the project duration is also available by running the project activities to find the shortest project duration for a selected location and period, which is presented in the case study. A further step for this study can be obtaining the best fit distribution that resembles the project duration deviations. This shall be provided both temporally and spatially to determine how likely a particular duration will be. In addition, the proposed approach in this study will also be used to clarify and accurately define some of the key terms in the standard for contracts. For instance, several clauses deal with natural risks in FIDIC Conditions of Contracts and include key definitions such as “exceptionally adverse”, “normal”, and “unforeseeable” [62]. Through the implementation of the proposed approach, critical questions in a contract, such as the ownership of this risk, the determination of the risk, and the period of responsibility, can be more accurately answered, and a better risk allocation can be accomplished among the parties to the contract concerning climate- and weather-induced disputes.



There is a limited availability of studies that have examined the seasonal or annual variability of various combinations of weather and climate factors, according to [7,33,44]. The number of studies appears to be even lower when it comes to incorporating climate change. In this study, the inherent variability in climate and weather can be captured and visualized so that the impact of them on construction activities can be quantified and the time-varying aspects of weather and climate conditions can be considered. Furthermore, the impact of climate or weather also significantly impacts construction project materials or labor resources. Ismail et al. [63] and Zhang et al. [64] concluded that it can be empirically proven that environmental factors such as temperature and relative humidity have a significant impact on workers’ performance, whereas Amadi [65] claimed that the meteorological profile of wet-humid climates induces a significantly high percentage of the variance in the real-time demand for bagged cement on construction sites, which reveals that the issue should also be evaluated from a different perspective in terms of activity-specific material demand and supply. This should be one of the results of the duration and cost variability of construction activities during different periods. On the contrary, Ballesteros-Perez et al. [66] reported that contrary to common wisdom, construction activities do not end late on average, but the large variability in the activity duration is the major factor causing significant project delays and cost overruns. Considering this result, further research must be carried out for robust climate-aligned scheduling approaches.



The case study demonstrates a direct method for the computation of individual activity durations and the overall duration of a project. The ability to determine the duration of each activity based on the start date and location presents opportunities for additional applications in the fields of delay analysis and construction management. An examination could be conducted to determine the most effective strategies for reducing project durations and costs in situations where multiple projects need to be executed and their sequencing can be adjusted so that their results can be used for optimal risk and portfolio allocation, as well as resource management and allocation. Furthermore, the use of such an approach can represent an alternative solution for weather- and climate-based disputes and weather-related claims and could help to reduce the costs arising from conflicts. Furthermore, a study could be undertaken to determine the most suitable project location, if such a choice is viable, by combining the activity duration analyses. This analysis comprises both critical activities and non-critical activities that are not influenced by climate and weather conditions. The median, mean, or other agreed-upon values of the possible durations can be used to assess and allocate the project risk, both regionally and location-specific. A climate change or weather impact baseline can be assigned to the contract at the beginning of the project. Furthermore, changing project durations can be considered an example of a transition from deterministic to stochastic scheduling in the context of weather and climate. Moreover, a distribution of the varying project durations can serve as an alternative that informs regarding the shortest, longest, or most probable project execution durations and the probability of a project’s execution time. The results of Balushi et al.’s studies [67] indicate that implementing the influence of hot and humid weather can lead to an extension of 3–38% of the project duration compared to the planned duration. These results, however, depend on the temperature as a variable and neglect the compound effect of variables over construction activities.



Climate change studies employ diverse scenarios, and corresponding projections are being made using these scenarios. The results may vary depending on the scenarios selected for the future period and used to understand the impact of climate change on various sectors, including construction. Recent advancements in the high-resolution usage of climate model results enable the production of regional and local climate projections with sufficient confidence intervals. These projections indicate that changes in precipitation, temperature, and other climate parameters are inevitable. As a result, both the extreme values and the long-term averages for climate conditions are expected to change. The anticipated increase in the severity and frequency of extreme climate conditions could lead to schedule delays or disruptions, as well as other forms of disputes, as supported by Schuldt et al. [68]. Besides contractual aspects, Zidane and Andersen [69] touched upon a very important issue by expressing the social aspects of delays, which are rarely encountered. They argue that the identification of delay factors and causes enables society to receive the service of essential infrastructure projects on schedule or ahead of schedule. On the other hand, Hurlimann et al. [70] noticed that the risks induced by climate change were somewhat downplayed.



It is necessary that contractual terms such as “extreme”, “unpredictable”, and “maximum” be defined with greater clarity and be up to date in the construction contract. Furthermore, a method of working must be established that specifies the expected changes over time, how those changes will impact the project, how the impacts will be decided, and who will be held responsible. Studies such as Gumus et al. [43] and Bodiaf et al. [71] provide evidence regarding the altering climate conditions. These alterations must be handled carefully when designing and planning construction projects. Although there are studies that consider weather- and climate-related delays, these studies rarely account for future climate in modeling and identifying delays [68] and support the findings of Zemra Rachid et al. [72] as they emphasize ineffective planning and scheduling as one of the most important sources of delay. If the parties know the primary climate parameters that may affect the construction project, can estimate how those parameters will change in the area, or have access to information but do not include those details in the contract when deciding the length and conditions of the construction, they will not be able to request an adaptation. However, if reasonable research is conducted and the contractual clauses are established in a way that considers the climate in the area and the rules are followed, even if events of an unexpected nature occur or the limit is already set in the contract terms, requests for changes will be made.




4.2. Conclusions


Adverse weather and climatic conditions have a significant impact on construction projects, leading to delays, legal cases, and economic losses. In general, studies have mostly focused on limited interconnections between climatic variables, single variables, or historical time periods. On the other hand, this study provides a comprehensive analysis of the impact of the weather and climate on project planning and delivery in Türkiye not only for the historical period but also for future periods.



By analyzing daily combinations of climatic variables and developing performance maps, a scientific basis for classifying extreme and non-extreme weather conditions and their effects on construction activities was suggested. With the approach presented in this study, it is possible to reduce uncertainty created by climate change and variability, and this approach can be applied to a variety of projects and geographical regions considering the near to distant future.



The study revealed the sensitivity of construction activities to weather and climate conditions and introduced the need for effective strategies to mitigate delays and financial setbacks. The results of the study show that winter workability increases in the future while summer workability decreases in many regions because of increasing temperatures. According to the case study results, ignoring the effects of climate change might significantly increase construction durations.



The presented approach enables professionals to strategize for the medium and long term, considering seasonal and annual fluctuations in weather conditions in a site-specific manner. The probabilities of accountable weather and climate variables for specific activities present planners with an alternative path to estimate the additional duration required due to weather and climate conditions.



The study also emphasizes the connectedness of activities in construction projects and the importance of integrating weather and climate conditions into project planning to assess the overall impact on project duration when weather- or climate-sensitive activities are involved. The findings suggest that adverse weather conditions in Türkiye can significantly prolong construction projects, but implementing strategies to mitigate weather-related delays can lead to cost reductions. Overall, this research provides valuable insights and planning instruments for governments, contractors, and construction industry professionals at a national level.




4.3. Limitations and Future Research Needs


The proposed method has several potential promising applications as stated above; however, it has limitations and drawbacks. One major drawback is the reliance on accurate data for the reference period, which can be challenging to obtain because of the need for extensive coverage and a significant number of years of data from a wide range of weather stations or other sources, such as reanalysis. Furthermore, this study relies on current climate modeling technologies, which may have limitations in predicting long-term patterns. Although GCMs are the best option for future periods, post-processing is necessary before using data from these GCMs.



Additionally, the computational load involved in processing the data and the various outputs provided is high, and analyses with small study areas or specific time intervals can be less time-consuming. These data dependencies and computational intensities pose potential challenges for the proposed methodology. Finally, while the study focuses on weather- and climate change-related delays, other factors, such as economic conditions, resource availability, and policy changes, can also affect construction schedules and should be considered. Past project data with different site conditions, locations, and time periods should be reanalyzed to improve the results of the proposed method.



Furthermore, adding new climate variables, such as wind speed, could expand the variable range of the analyses. Although a ~9 km grid resolution provides a detailed overview, it may not capture microclimatic variations. Given Türkiye’s diverse geography, regional variability can play a significant role in weather and climate patterns and regional differences could have a significant impact on construction activities in specific locations.



Additionally, this study has several suggestions for further research besides the investigation of limitations. One suggestion is to utilize advanced statistical methods and machine learning algorithms [73] to improve the precision of climate risk predictions and handle large and complex datasets. Another opportunity is to validate risk maps and predictive models against historical climate data and actual construction delays to assess the accuracy and reliability of the predictions. Furthermore, emerging construction technologies, such as building information modeling (BIM) and smart construction management tools, can be integrated into predictive climate and weather risk maps to enhance decision making.



Future research might also include the use of regional climate models from CMIP6 when they are available instead of statistically downscaled global climate models. Additional climate scenarios can also be investigated over different periods to determine the uncertainty range of future climate change effects. Furthermore, it is necessary to explore the consequences of such changes in a variety of pilot projects, as this would enable a more complete understanding of the impact of climate on construction projects of varying durations and complexities.
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Figure 2. Concrete activity performance index and its components for historical period January 30th (a–d), SSP5-8.5 2071–2100 period July 30th (e–h), Concrete activity performance index for historical and SSP5-8.5 2071–2100 periods January 30th (i–j) and July 30th (k–l). 
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Figure 3. Historical (1961–2014) and future (SSP5-8.5 2071–2100) activity performances (workability probability)–January 30th. 
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Figure 4. Historical (1961–2014) and future (SSP5-8.5 2071–2100) activity performances (workability probability)—July 30th. 
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Figure 5. Activity performance indices and components in one coordinate (Ankara, the capital city of Türkiye) over historical (1961–2014) and future (SSP5-8.5 2071–2100) periods. 






Figure 5. Activity performance indices and components in one coordinate (Ankara, the capital city of Türkiye) over historical (1961–2014) and future (SSP5-8.5 2071–2100) periods.



[image: Buildings 14 00372 g005]







[image: Buildings 14 00372 g006] 





Figure 6. Concrete activity performance index and components in four different locations over historical (1961–2014) and future (SSP5-8.5 2071–2100) periods. 
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Figure 7. Start date of the project versus project duration for nine representative cities for historical (1961–2100) period and future (2071–2100) period under SSP2-4.5 and SSP5-8.5 scenarios. 
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Figure 8. Historical (1961–2014) and future period (SSP5-8.5 2071–2100) shortest project duration (a,c), optimal project start date (date of the year to achieve the shortest duration—b,d) and future project duration if climate change effects are not considered (e,f). 
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Figure 9. Histogram of historical and future period project duration of the case study over Türkiye. 
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Table 1. The climate variables and associated thresholds that lead to non-working days (derived based on [7]).
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	Climate Impact Factors
	E
	C
	F
	S
	EV
	R
	P
	L





	Tmin0-Minimum temperature ≤ 0 °C
	
	x
	
	
	
	
	x
	



	Tmax0-Maximum temperature ≤ 0 °C
	
	
	x
	
	
	x
	
	



	Tmean0-Mean temperature ≤ 0 °C
	x
	
	
	x
	x
	
	
	x



	Tmax40-Maximum temperature ≥ 40 °C
	
	x
	
	x
	
	
	x
	



	PR1-Precipitation ≥ 1 mm
	
	
	
	
	x
	
	x
	



	PR10-Precipitation ≥ 10 mm
	x
	x
	
	
	
	x
	
	x



	PR30-Precipitation ≥ 30 mm
	
	
	x
	x
	
	
	
	










 





Table 2. Activity performance indices.
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	Earthworks (E)
	E = Tmean0 × PR10



	Formworks (F)
	F = Tmax0 × PR30



	Concrete (C)
	C = Tmin0 × Tmax40 × PR10



	Pavements (P)
	P = Tmin0 × Tmax40 × PR1



	Exterior Finishes (Envelope) (EV)
	EV = Tmean0 × PR1



	Steelworks (S)
	S = Tmean0 × Tmax40 × PR30



	Roof (R)
	R = Tmax0 × PR10



	Landscape (L)
	L = Tmean0 × PR10










 





Table 3. Top 10 CMIP6 climate models over Türkiye and their initial spatial resolutions.






Table 3. Top 10 CMIP6 climate models over Türkiye and their initial spatial resolutions.





	
Rank

	
Precipitation

	
Temperature




	
CMIP6 GCM

	
Spatial Resolution (°)

	
CMIP6 GCM

	
Spatial Resolution (°)






	
1

	
HadGEM3-GC31-MM

	
0.83 × 0.56

	
MPI-ESM1–2-HR

	
0.94 × 0.94




	
2

	
GFDL-ESM4

	
1.25 × 1.00

	
CNRM-ESM2–1

	
1.41 × 1.40




	
3

	
ACCESS-CM2

	
1.88 × 1.25

	
NorESM2-MM

	
1.25 × 0.94




	
4

	
EC-Earth3

	
0.70 × 0.70

	
MRI-ESM2–0

	
1.12 × 1.12




	
5

	
CNRM-CM6–1-HR

	
0.50 × 0.50

	
EC-Earth3-Veg

	
0.70 × 0.70




	
6

	
MRI-ESM2–0

	
1.12 × 1.12

	
CESM2

	
1.25 × 0.94




	
7

	
EC-Earth3-Veg

	
0.70 × 0.70

	
HadGEM3-GC31-MM

	
0.83 × 0.56




	
8

	
HadGEM3-GC31-LL

	
1.88 × 1.25

	
CNRM-CM6–1

	
1.41 × 1.40




	
9

	
MIROC6

	
1.41 × 1.40

	
CESM2-WACCM

	
1.25 × 0.94




	
10

	
UKESM1–0-LL

	
1.88 × 1.25

	
BCC-CSM2-MR

	
1.12 × 1.12
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