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ABSTRACT 20 

The purpose of this research is to study the impact of temperature, precipitation and wind speed 21 
on in-situ concrete wall operations, and its combined resulting effect on project duration. The 22 
research presented is anchored in the learnings gained through a literature review on weather 23 
effects on construction operations, an analysis of weather data with high resolution and two field 24 
studies of in-situ concrete wall operations. These learnings are implemented in a discrete event 25 
simulation (DES) model for the analysis of weather impact on project duration. The simulation 26 
results show that 1) weather greatly impacts project duration and has to be accounted for when 27 
planning operations, 2) there are huge differences between weather seasons which could affect 28 
the timing of project startup, and 3) the height of buildings and threshold values for different 29 
types of cranes have to be accounted for when planning lifting operations. The main contribution 30 
of this paper lays both in the methods, in which high resolution weather data can be incorporated 31 
in DES models to analyze project duration, and in the actual results of the simulation runs, 32 
showing to what level weather variables have to be incorporated in the planning of concrete wall 33 
construction. 34 

INTRODUCTION 35 

The productivity of construction operations can be affected by many factors, of which weather is 36 
one that may cause disruptions, delays, and cost overruns in construction projects (Christian and 37 
Hachey 1995; Thomas and Ellis 2009; Nguyen et al. 2010). Low temperature, rain, etc., hampers 38 
the workers’ ability to perform optimally, but also other resources, like machinery, may be 39 
affected. For example, strong winds may result in that cranes cannot be used for safety reasons. 40 
Due to the size of building sites and the fact that they change in layout as the construction 41 
evolves, it is not easy to employ measures to shield production against weather. Consequently, 42 
weather must always be accounted for when planning construction works and it is necessary to 43 
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adjust productivity data for specific weather conditions to get reliable project duration and cost 44 
estimates. 45 

Previous research studies have focused on how different weather parameters influence 46 
productivity, many of them with a focus to establish relationships between weather parameters 47 
and labor productivity. Three main weather parameters seem to be of main interest; temperature, 48 
precipitation, and wind speed, where the former two have gotten the most attention (see e.g. 49 
Koehn and Brown 1985; Thomas, Yiakoumis 1987; Thomas et al. 1999). Fewer studies have 50 
focused on the effect of wind speed, despite the fact that it is pointed out by industry experts as 51 
an important factor to consider (Watson 2004). One exception being the study by Moselhi and 52 
Khan (2010), analyzing the effects of wind speed on formwork productivity. Based on existing 53 
weather-productivity relationships, attempts have also been made to estimate and predict 54 
construction project duration under varying contextual conditions, see e.g. Moselhi et al. (1997), 55 
Ballesteros-Perez et al. (2015), Shahin et al. (2011) and Jung et al. (2016). 56 

However, these projects have addressed weather conditions on a more general level. For 57 
instance, the weather data used are based on monthly or, at the best, on daily average values. 58 
Unfortunately, even daily aggregate level of data is limited to describe the natural daily 59 
variations of weather variables, and how this affect the productivity of construction projects. 60 
Temperature is normally lower at night, the intensity of precipitation or wind speeds may vary on 61 
hourly basis, etc. Obviously, the most interesting time span is to consider weather conditions 62 
during actual working hours and to link current weather conditions with specific work tasks. 63 
Today, weather data with higher resolution (hourly basis) can easily be accessed from 64 
meteorological databases. This enables to study the effects on a more detailed level (work tasks 65 
hour by hour) and thereby provide better predictions. 66 

In this research, a discrete-event simulation-based approach is used to study how weather 67 
conditions, on an hourly basis, affect construction operations and project duration. Furthermore, 68 
this research will focus on construction of in-situ concrete walls. Forming and pouring concrete 69 
on-site is a frequently used method in many types of construction projects (Illingworth 2000). It 70 
is also typically time-critical in order to sustain the planned production cycle and it is exposed to 71 
all three main weather parameters: temperature, precipitation and wind speed. Examples being 72 
erecting and stripping of formwork, pouring concrete, use of crane for lifting formwork, and 73 
curing process of concrete. Any daily deviation in the construction of the concrete walls may 74 
increase the production cycle, and thereby jeopardize the overall project schedule and cost 75 
budget.  76 

Hence, the purpose of this research is to study the impact of weather conditions on 77 
construction operations using a simulation based approach. More specifically, the impact of 78 
temperature, precipitation and wind speed on in-situ concrete wall operations will be studied, and 79 
their combined resulting effect on project duration. Within this purpose, the following research 80 
questions (RQs) will be addressed: 81 

 82 
 RQ1:  How do different weather variables affect construction productivity? 83 

RQ2:  How can the effect of weather variables be described and analyzed using a 84 
simulation-based approach? 85 

RQ3:  How is construction productivity (measured as total project duration), affected by 86 
different weather conditions and seasonal variations? 87 

 88 
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The results of this research contribute to the knowledge of how weather conditions affect the 89 
duration of construction operations. In contrast to earlier research, the proposed simulation based 90 
approach is more detailed in its description of construction operations and it also uses combined 91 
weather parameters on hourly basis. This allows for natural daily variations in weather 92 
parameters and thus increases the accuracy in estimations of the influence of weather on 93 
construction projects. The presentation of the research in this paper is structured in the following 94 
way. First, the research process is described presenting in detail the work undertaken. Thereafter, 95 
the problem background is presented describing the concept of baseline productivity followed by 96 
a review of previous work related to how weather affects construction efficiency. Next, the two 97 
field studies are presented in where real process data and knowledge are captured, necessary for 98 
model development. This is followed by a detailed description of the simulation model, its 99 
components, and how the effect of weather on construction work tasks are considered. Weather 100 
data analysis together with input data and simulation model validation are also described. The 101 
following two sections describe the work with designing the simulation experiments and the 102 
results. The next following section is devoted to analyzing and discussing the results. Finally, 103 
conclusions, including recommendations for future work, are provided. 104 

RESEARCH APPROACH 105 

The research approach is outlined in Figure 1. The research process contains five main steps, 106 
each described in more detail in this section. Steps 1-3 are used as input to steps 4 and 5. Steps 1-107 
2 are related to RQ1 above, whereas step 4 is related to RQ2. Step 4 is used as a basis for the 108 
simulation experiments in step 5, which is used for answering RQ3. 109 
 110 

*** Insert Figure 1 approximately here *** 111 
 112 

Literature review, weather data and field studies 113 

In the first step, the theory of baseline productivity (Thomas and Zavrski 1999) was studied in 114 
order to estimate ideal work productivity (1.1 in Figure 1), to which then effects of weather 115 
parameters could be added. Then, a literature review focusing on studies treating weather-related 116 
effects (1.2 in Figure 1) on construction productivity was conducted, including both scientific 117 
papers and technical reports. These two parts formed the theoretical base for how the effects of 118 
weather conditions should be treated in this study.  119 

Based on the knowledge gained in step 1, it was concluded that temperature, wind speed and 120 
precipitation are the most significant parameters affecting construction productivity. However, 121 
depending on the geographical location of construction sites the weather conditions will naturally 122 
vary to a great extent. Since the field studies (step 3) were conducted in Sweden in the northern 123 
parts of Europe, cold temperatures and precipitation in terms of snow fall might come at play. 124 
Accordingly, in step 2 climatic data sets including these parameters were obtained from the 125 
Swedish Meteorological and Hydrological Institute (SMHI). The data sets covered hourly 126 
readings for the past 20 years for the city of Stockholm in Sweden. With the assist of SMHI, the 127 
data sets were statistically analyzed in order to identify which year that could either be conceived 128 
as a normal year considering all three weather parameters, or as an extreme year considering one 129 
of the parameters at a time. As a final step, each data set was controlled with respect to 130 
completeness of data readings and formatting the data so it could be used in a simulation model 131 
(step 5). Using data sets representing Swedish weather conditions naturally limits the 132 
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generalizability of the study results. However, other climate data sets could be used in the 133 
simulation model doing similar analyses for other parts of the world.  134 

Field studies of two projects (A and B) were carried out in step 3. In both studies the process 135 
of concrete wall construction was documented by on-site observations and from interviews with 136 
field experts. The two projects involved construction of multifamily buildings with similar 137 
structural design using similar construction methods, and due to the timing of the field studies 138 
the two projects were used slightly different to get a rich picture of the construction processes 139 
and data. For instance, in project A, handling of formwork panels and details about wall 140 
construction sequence and resource usage were documented. In project B, on-site time studies 141 
were carried out to collect work tasks’ productivity data. The productivity values from project B 142 
were compared with other similar studies, and also discussed with field experts involved in 143 
project A to confirm the validity of the measured productivity rates. Moreover, project A was 144 
also used for model validation (step 4) and as a reference case during the simulation experiments 145 
(step 5). 146 

Simulation model development and simulation experiments 147 

Based on the knowledge gained from steps 1-3, a simulation model was developed in step 4. The 148 
model contains a detailed description of the construction work tasks and the use of resources, 149 
focusing on construction of in-situ concrete walls. It also contains specific relationships derived 150 
based on the productivity study. The relationships were used to determine the effect on work task 151 
productivity for varying weather parameters and the overall impact on project duration. Typical 152 
methods for verification and validation of the simulation model were employed, e.g. use of the 153 
software’s integrated functions in order to test the logical behavior. For instance, stepwise 154 
animation of logical sequences, and use of embedded blocks to extract critical process data at 155 
certain points in the model structure. Finally, the simulated output was compared with the actual 156 
process documented in field project A.      157 

The effect of weather conditions on work task productivity and total project duration were 158 
studied by simulating a number of scenarios in step 5. To facilitate a systematic approach, a 159 
matrix was developed describing the conditions for each scenario. Based on this matrix, each 160 
scenario was simulated separately under highly controlled conditions. The simulated results were 161 
compiled and analyzed, leading to conclusions on how weather conditions might impact 162 
construction operations, productivity and project duration.  163 

Reflections on the research approach 164 

Discrete-event simulation (DES) was chosen since it offers powerful capabilities to describe and 165 
analyze complex systems in a controlled and precise environment (Lucko, et al. 2008; AbouRizk 166 
et al. 2011). Influencing factors, e.g. weather, can be altered systematically and different 167 
scenarios can be studied in a very short time. An important feature of DES is to perform what-if 168 
scenarios based on stochastic input data. In this research however, the simulation model was run 169 
with deterministic inputs. One reasons was that the methodology used to calculate the effect of 170 
weather in the simulation model were deterministic. Another reason was that climatic data sets 171 
based on hourly records were used. It was not possible to create a weather function that could 172 
provide hourly values based on a statistical distribution.  The research is limited in that it only 173 
focus on one project phase (erection of load bearing concrete walls) using climatic data from one 174 
country. However, erection of the load bearing structure is a crucial part in all building projects 175 
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and due to the design of the simulation model, climatic data sets for other countries could easily 176 
be incorporated in the simulation model. Hence, the results of the simulation are reasonably 177 
general and could be extended with other geographical regions in future studies. 178 

PROBLEM BACKGROUND 179 

Baseline productivity 180 

Productivity is affected by multiple factors simultaneously. Hence, it is difficult to determine the 181 
productivity effect of a single input factor. To deal with this problem, Thomas and Zavrski 182 
(1999) introduced the concept of baseline theory (Figure 2). The idea is to determine the ideal 183 
productivity (baseline) for a specific project. This baseline is considered to reflect the best 184 
performance possible within a specific project, defining an ideal situation with no significant 185 
disruptions. Baseline productivity is considered to be affected only by actual work complexity. 186 
To determine baseline productivity for a specific project, it is reasonable to consider work 187 
complexity as a constant. By adding disruptive factors (one by one) to the baseline, it is possible 188 
to describe the effect of a single factor, e.g. weather conditions, on productivity. The theoretical 189 
procedure to determine baseline productivity for a specific project is described in Thomas and 190 
Zavrski (1999). In principal, baseline productivity is determined for a specific project (or work 191 
tasks within a project) using the following steps: Step 1: Define the size of a subset by selecting a 192 
percentage of the total number of daily productivity measurements. According to Thomas and 193 
Zavrski (1999), a reasonable percentage value is 10%. Step 2: Round this number to the next 194 
highest odd number. This number n should not be less than 5. The variable n defines the size of 195 
(number of days in) the baseline subset. Step 3: The content of the baseline subset is selected as 196 
the n days with the highest measured (or observed) productivity. Step 5: The baseline 197 
productivity is the median of the measured productivity in the baseline subset.    198 
 199 

*** Insert Figure 2 approximately here *** 200 
 201 

More recently, another study have proposed an alternative definition and procedure to 202 
establish baseline productivity (Jarkas et al. 2015). However, in this study, baseline productivity 203 
is defined as a range where productivity varies under normal conditions. Consequently, this does 204 
not reflect an ideal situation since the productivity is assumed to be influenced under normal 205 
circumstances by multiple types of factors. It is believed that the baseline theory according to 206 
Thomas and Zavrski (1999) is better suited to use as a basis for describing the effect of a specific 207 
factor as described earlier. 208 

Weather effects on construction productivity  209 

By reviewing the literature focusing on studies analyzing weather-related effects on construction 210 
productivity, it was possible to identify the most significant weather factors. Table 1 provides an 211 
overview of the identified references used in this study, showing that temperature, precipitation 212 
and wind are the most important factors to include in the study. Each of these weather factors 213 
will be described in more detail below. 214 
 215 

*** Insert Table 1 approximately here *** 216 
 217 
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Influence of temperature and humidity  218 

Not only humans, but also material and equipment could be affected by temperature (Shahin et 219 
al. 2011; Jung et al. 2016). For instance, the curing process of concrete slows down when 220 
temperature decreases. The influence of temperature on construction labor productivity is 221 
relatively well documented. Productivity is affected both at low and high temperatures. 222 
Unpleasant temperatures affects humans, not only physiologically but also psychologically. 223 
Physiologically, high temperature may lead to heat stress or dehydration among individuals. At 224 
cold temperatures, workers may experience general body cooling or tissue damages (Holmér 225 
1994) and reduced finger and hand dexterity (Mäkinen et al., 2005). The cooling effect of wind 226 
speed and low temperature in combination also increases the risk of health effects and air 227 
humidity affects productivity both at high and low temperatures.  228 

The effect of temperature and humidity on construction worker’s productivity was explored 229 
in Koehn and Brown (1985). It was found that temperatures between 10 and 25 °C (50 and 77 230 
°F) did not have any significant effect on productivity at normal humidity levels (about 60 %). 231 
However, at colder or hotter temperatures, the effect is considerable. In a following study, 232 
Thomas and Yiakoumis (1987), claimed that temperatures between 10 to 15 °C (50 to 59 °F) 233 
were optimal in terms of work efficiency. Another study by Hassi (2002) stated that a 234 
temperature around 10 °C (50 °F) has no impact on labor productivity, but significant effects on 235 
productivity were noticeable when temperature rises above 20 °C (68 °F) or drops below -5 °C 236 
(23 °F). A more recent study presented in Moselhi and Khan (2010) suggests that an optimum 237 
temperature interval in terms of productivity is between 14 and 18 °C. Thomas and Ellis (2009) 238 
estimated that cold temperatures below -7 °C (19 °F) resulted in a 50 % productivity loss while 239 
hot temperatures above 29 °C (84 °F) resulted in a 40 % loss. In Figure 3, the relationships 240 
between temperature and productivity based on three of the mentioned studies are presented.  241 
 242 

*** Insert Figure 3 approximately here *** 243 
 244 

In the Figure, a productivity factor (Y-axis) equal to one means no loss in productivity due to 245 
temperature. Accordingly, a factor equal to zero means 100 % loss in productivity (work 246 
stoppage). As seen in the Figure, the estimated productivity loss based on Koehn and Brown and 247 
Mosehli and Kahn are relatively equal, whereas Hassi indicates lower effects at cold 248 
temperatures and higher effects at warm temperatures. 249 

Influence of precipitation  250 

Rain and snow also hamper labor productivity, since workers have to spend time on actions to 251 
cover materials and work areas. Precipitation also has a negative effect of work performance in 252 
general, and precipitation in combination with cold temperatures can also cause slip and fall 253 
accidents (Jung et al. 2016). Moreover, a snowfall on an unprotected work area requires 254 
additional time for shoveling and cleaning. If the intensity of a rain or snowfall becomes too 255 
high, the work may have to stop and Jung et al. (2016) state that precipitation is the weather 256 
factor that causes most work stoppages.  257 

Several studies have reported that labor productivity is affected by precipitation even at light 258 
or moderate intensity. For instance, Moselhi and Khan (2010) reports that light rain or snow 259 
results in a 40 % loss in productivity. Noreng (2005) reports that a rainfall with intensity of 4 260 



 

7 
 

mm (per 12 hours) causes 65 % productivity loss. The effect of snowfall is reported to vary 261 
between 10 % and 60 % depending on intensity. Thomas and Ellis (2009) conclude that the loss 262 
of productivity due to rain or snow is between 50-60 %. Other studies have defined threshold 263 
values for when productivity is affected by precipitation. For instance, Ballesteros-Perez et al. 264 
(2015) state that a daily rainfall more than 10 mm rainfall causes a loss in productivity when 265 
pouring concrete. Another study reported by Jung et al. (2016), state that precipitation with 266 
intensity of 5 mm per hour results in work stoppage of concrete placement. Birgisson (2009) 267 
argues that construction works on a horizontal surface are more sensitive to precipitation 268 
compared with a vertical surface.  269 

Figure 4 presents a summary of, how construction efficiency is affected by precipitation 270 
intensity. The numbers in the diagram are based on documented studies. The red dotted line is a 271 
simplified approximation of the influence on efficiency as a function of precipitation intensity. 272 
The approximation is based on mean values for each of the intervals of precipitation intensity as 273 
indicated by the vertical lines in Figure 4. 274 
 275 

*** Insert Figure 4 approximately here *** 276 
 277 

Influence of wind speed 278 

The influence of wind on lifting operations depends on a combination of factors, such as wind 279 
speed, height of lifting operation, ambient terrain, and type of objects to be lifted. For instance, 280 
lifting operations of large light-weight formwork panels are more affected by wind compared to 281 
lifting heavy rebar bundles. Wind also affects workers at higher altitudes. Strong gust winds 282 
increase the risk of accidents and may require additional safety measures. 283 

The most comprehensive study of the influence of wind speed was reported in Moselhi and 284 
Khan (2010). Here, wind was studied as one of several factors influencing formwork operations. 285 
It was concluded that wind speeds about 12 m/s reduce formwork productivity with 17 %. Other 286 
studies, e.g. Noreng (2005), indicates a 20-25 % productivity loss at wind speeds above 10 m/s. 287 
A study by Birgisson (2009), concluded that wind speeds between 8-14 m/s reduce formwork 288 
productivity with 20 %. Ballesteros-Perez et al. (2015) points out that handling of formwork is 289 
started to be affected at wind speeds above 5 m/s. 290 

For safety reasons, there also exist recommendations for maximum wind speeds at where 291 
crane usage are not allowed. In general, maximum wind speed for crane usage is dependent on 292 
several factors; crane type, height, wind direction, surrounding terrain and type of load to be 293 
lifted (surface, weight). According to international crane manufacturers, in-service wind speeds 294 
are in general up to 20 m/s for modern tower cranes (Watson 2004). For mobile cranes, in-295 
service wind speeds up to 14 m/s are typically recommended. However, these recommendations 296 
may vary somewhat between countries and manufacturers. Some manufacturers provide 297 
additional information of maximum wind speeds considering the weight and size of the load to 298 
be lifted (Liebherr 2012). As a complement to manufacturer recommendations, there may also 299 
exist local industry praxis and agreements on maximum wind speed for specific lifting 300 
operations. In Sweden, for instance, lifting large formwork panels are normally avoided at wind 301 
speeds above 15 m/s (Andersson 2017, Jönsson 2016). In Jung et al. (2016), maximum wind 302 
speeds of 10 m/s are used as a threshold value for cancelling lifting of curtain walls and pouring 303 
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concrete using crane and skip. In a study reported by Shahin et al. (2011), the crane stoppage 304 
condition was set to wind speeds above 14 m/s 305 

Figure 5 gives an overview of the documented relationship between wind speed and loss in 306 
productivity together with thresholds for both recommended and maximum allowed wind speeds 307 
for lifting operations.  308 
 309 

*** Insert Figure 5 approximately here *** 310 
 311 

Summary of weather effects 312 

A summary of weather effects on construction activities based on reviewed reports is presented 313 
in Table 2. It can be noted that relatively small changes in some weather factors may have 314 
significant impact on work efficiency. For instance, a small increase in precipitation intensity 315 
may reduce work efficiency by 40% or increasing wind speed above 14 m/s may cause a work 316 
stoppage for some lifting operations. It is therefore necessary to describe these relations as 317 
detailed as possible, e.g. by describing effects of weather factors on individual work tasks using 318 
climatic data sets with hourly resolution. In this paper, the relationships presented in Figures 3-5 319 
are used as a basis to describe how weather parameters influence losses in efficiency for different 320 
work tasks. A description of how these relationships are incorporated into the simulation model 321 
is described in section “Procedure for considering weather conditions”. Specific values on the 322 
weather-productivity functions that are used when performing the simulation experiments are 323 
outlined in Table 6.         324 
 325 
 326 

*** Insert Table 2 approximately here *** 327 
 328 

FIELD STUDY PROJECTS 329 

Two projects (A and B) were used to gain knowledge about the construction process of in-situ 330 
concrete walls. An overview of the project characteristics and description of data collection 331 
activities is outlined in Table 3.   332 
 333 

*** Insert Table 3 approximately here *** 334 
 335 

Description of construction process and formwork management 336 

The construction sequence of in-situ concrete walls consists of a set of work tasks carried out 337 
both sequentially and simultaneously. The construction sequence is typically cyclical and repeats 338 
itself on a daily basis. A sequence starts with erecting the first side of formwork. When finished, 339 
box outs for openings are mounted onto the panels. Simultaneously, sub-contractors place pipes 340 
and outlets. Rebars are then mounted and fixed. When all rebars are in place, the second side of 341 
formwork are erected and then concrete is poured. The formwork are then stripped when the 342 
concrete walls have reached sufficient strength. Formwork panels are then moved to the next 343 
position where the sequence starts over again. The construction sequence documented in the field 344 
studies is schematically illustrated in Figure 6. 345 
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 346 
*** Insert Figure 6 approximately here *** 347 

 348 
Moreover, the start of a work task is dependent the of output from a preceding activity. This 349 

dependency is indicated by start condition X and Y in Figure 6. For instance, pour concrete 350 
(work task 6) is allowed to start when work task 5 has finished formwork erection for all walls 351 
subjected to a particular wall phase. Start condition Y enables an overlapping processing. For 352 
instance, fix rebars (work task 4) is allowed to start when one wall has been completed by work 353 
tasks 2 and 3 respectively. It should be noted that on a general level, the starting conditions may 354 
vary from project to project.  355 
The most important work tasks involve handling of the formwork system which include 356 
preparations, erection, stripping, and movement to the next work location. The walls on a floor 357 
plan are divided into groups (wall phases). The division of wall phases and the formwork 358 
handling scheme in field project A are illustrated in Figure 7, where each floor plan consists of 359 
four wall phases with a varying number of walls.  360 
 361 

*** Insert Figure 7 approximately here *** 362 
 363 

The first number in brackets represents wall phase number (overall sequence) and the second 364 
number represents the construction sequence of walls within each phase. The denotations F1 to 365 
F4 represent different types (sizes) of formwork panels. Since the formwork panels are shared 366 
between the two buildings, they are moved between these as indicated by the two opposing 367 
arrows. When the walls in the last wall phase are completed in building 1, the formwork panels 368 
are stripped and lifted to building 2. Here, the work sequence starts over until all walls are 369 
finished and the formwork is moved back once again. The procedure is repeated until all floors 370 
in the two buildings are finished. 371 

Estimation of baseline productivity 372 

Labor productivity for each work task (as described in Figure 6) was collected by time study 373 
observations in field study B. The measurements were carried out during a period of five weeks. 374 
A standardized time study collection form was used where resource usage, work quantities and 375 
man hours for each activity was documented. The collected data was used to determine labor 376 
productivity and also for estimation of baseline productivity according to Thomas and Zavrski 377 
(1999). As an example, a copy of data collection of labor productivity for pouring concrete walls 378 
is given in Figure 8. In the Figure, the baseline subset and the determined baseline productivity 379 
are displayed. Baseline productivity data for remaining work tasks according to Figure 6 were 380 
estimated in the same way and are given in Table 4. 381 
 382 

*** Insert Figure 8 approximately here *** 383 
 384 

*** Insert Table 4 approximately here *** 385 
 386 
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SIMULATION MODEL DEVELOPMENT 387 

Model description 388 

The simulation model was implemented in ExtendSim AT (version 9.2), which is a general-389 
purpose discrete-event simulation software (www.extendsim.com). More details about the 390 
simulation software and how it works can be found in for example Krahl (2003) and Schriber et 391 
al. (2013). A schematic illustration of the simulation model and its components is illustrated in 392 
Figure 9. An essential part of the model is the logical description of the workflow. The model is 393 
hierarchical using ExtendSims’s pre-defined construct block elements to describe project’s 394 
characteristics, including workflow and the use of resources, and for import and export of data. 395 
In the example in Figure 9, the construction setup for field study A is shown. 396 
 397 

*** Insert Figure 9 approximately here *** 398 
 399 

User defined data is imported at the beginning of the simulation from Excel-files and stored 400 
in internal databases. Data are retrieved depending on model update status during the run of the 401 
simulation. Simulation results are continuously logged and stored in output databases. Timing 402 
data of the simulated process can be retrieved both at an overall level (project duration), and at a 403 
work task level (daily output). The model also reports when the crane stops due to high winds 404 
and which activities that are affected. Simulation starts at a user defined date, and simulates the 405 
construction process until all walls have been completed. 406 

Procedure for considering weather conditions  407 

Another essential part of the simulation model is the algorithm for considering the impact of 408 
weather conditions on construction productivity, based on the findings from the literature review. 409 
The loss in productivity as a result of changing temperature is given by the variable ptemp which 410 
is determined by the graphs in Figure 3. In the same way, pprec determines the productivity loss 411 
due to precipitation according to the approximated graph in Figure 4. The loss in productivity 412 
due to increasing wind speed is given by the variable pwind which is determined by the graph in 413 
Figure 5 including thresholds for maximum allowable wind speeds for crane usage. These 414 
variables are used to dynamically calculate the productivity loss for a new set of climatic data 415 
during the run of a simulation. The influence on actual productivity is determined by multiplying 416 
the baseline productivity with a weather factor (𝑤𝑤𝑤𝑤). The weather factor describes the combined 417 
effect of wind speed, temperature, and precipitation intensity (see equation 1).  418 

 419 
𝑤𝑤𝑤𝑤 = 𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑤𝑤) × 𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) × 𝑝𝑝𝑡𝑡𝑝𝑝𝑡𝑡𝑝𝑝(𝑝𝑝)                (1) 420 

 Where: 421 
 𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑤𝑤) defines the effect on productivity as a function of wind speed     0 ≤  𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(w) ≤ 1 422 
 𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) defines the effect on productivity as a function of temperature     0 ≤ 𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ≤ 1 423 

𝑝𝑝𝑡𝑡𝑝𝑝𝑡𝑡𝑝𝑝(𝑝𝑝) defines the effect on productivity as a function of precipitation intensity  0 ≤ 𝑝𝑝𝑡𝑡𝑝𝑝𝑡𝑡𝑝𝑝(𝑝𝑝) ≤ 1 424 
𝑤𝑤 is wind speed (m/s), 𝑡𝑡 is temperature (°C), 𝑝𝑝 is precipitation intensity (mm/hour) 425 

 426 
 427 

 428 
The weather factor (wf) varies between 1 and 0, where 1 indicates no loss in productivity due to 429 
weather effects and 0 means a 100% loss in productivity (equal to work stoppage). In Figure 10, 430 

http://www.extendsim.com/
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the overall procedure for considering the impact of weather conditions on construction duration 431 
is presented. The main steps are;  432 

1) At every hour, actual weather conditions (wind speed, temperature, precipitation) are 433 
imported from the climatic database. The weather data is updated on hourly basis. 434 
Depending on actual temperature, the type of precipitation (rain or snow) is determined.   435 

2) Wind speed is adjusted to current altitude at where construction work is taken place. This 436 
is done according to power law wind profile, see equation 2. 437 
 438 

𝑤𝑤𝑧𝑧 = 𝑤𝑤𝑔𝑔 ∗ �
𝑧𝑧

𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟
�
𝛼𝛼

  �0 < 𝑧𝑧𝑝𝑝𝑡𝑡𝑟𝑟 < 𝑧𝑧�              (2) 439 

 440 
where 𝑤𝑤𝑧𝑧 = wind speed at height 𝑧𝑧; 𝑤𝑤𝑔𝑔 is measured wind speed at measured altitude 𝑧𝑧𝑝𝑝𝑡𝑡𝑟𝑟; 441 
and 𝛼𝛼 = coefficient which is dependent on the surface type and atmospheric stability. 442 
According to (Şen et al. 2012), 𝛼𝛼 is about 0.4 for urban areas.  443 

3) Actual wind speed is then compared with maximum allowed wind speed for lifting 444 
operations. Threshold values are user defined and imported into the model at the 445 
beginning of the simulation. Different types of lifting operations can have different 446 
threshold values. Also, different thresholds can be defined for different formwork types, 447 
e.g. large panels may have a lower threshold value than panels with small surface area 448 
exposed to wind.  449 

4) If wind speed is higher than maximum allowed wind speed, the model stops until next 450 
update of weather conditions.  451 

5) If wind speed is lower than allowable wind speed, the effect on labor productivity is 452 
determined by the weather factor (𝑤𝑤𝑤𝑤). If 𝑤𝑤𝑤𝑤is equal to zero, the work is stopped until 453 
next update of weather conditions. 454 
 455 

*** Insert Figure 10 approximately here *** 456 
 457 

Weather data analysis  458 

Weather data was retrieved and analyzed in collaboration with the Swedish Meteorological and 459 
Hydrological Institute (SMHI). For a specific geographic location (Stockholm), data sets for five 460 
different climatic conditions were compiled based on a 20-years period (1997-2016) of weather 461 
data. 462 

1. Normal: The year that had least deviation in annual precipitation, annual average 463 
temperature, and average wind speed compared with average values for the total period 464 
of 20 years. Based on the analysis, year 1997 was selected. 465 

2. HighTemp: Year2014 was selected as it had the highest annual mean temperature. 466 
3. LowTemp: Year 2010 was selected as it had the lowest annual mean temperature. 467 
4. Windy: Year 2011 was selected as it had the highest average wind speed. 468 
5. HighPrec: Year 2012 was selected as it had the highest annual precipitation. 469 
 470 
For each year selected, wind speed, temperature and precipitation for every hour during a full 471 

year was compiled. Each data set was controlled for completeness. In cases of missing data 472 
points, they were completed manually by interpolating between nearby values. Since the weather 473 
data sets contain hourly data for each parameter, the simulation model accounts for weather 474 
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effects at a detailed level. As a result, the variation of a weather parameter during a day is 475 
considered. This is illustrated in Figure 11 where wind speed variation during a 48 hour period is 476 
given. As seen, the actual wind speed varies and the actual hourly value may deviate from the 477 
average. In the same way, the model accounts for variable temperature, and precipitation 478 
intensity (rain or snow), that occur during working hours. In this way, the effect of weather can 479 
be estimated more precisely. 480 
 481 

*** Insert Figure11 approximately here *** 482 
 483 

Input data and simulation model validation  484 

Validation concerns both analysis and quality check of input data as well as various methods for 485 
ensuring the reliability of the model itself. Validation of model inputs was done as an integrated 486 
part of the data analysis discussed in previous sections, e.g. weather-productivity relationships 487 
(section ”Weather effects on construction productivity”), baseline productivity (section 488 
“Estimation of baseline productivity”), weather data (section “Weather data analysis”).  489 

According to Sargent (2013) validation of the simulation model concerns both underlying 490 
logic descriptions and comparison between simulated results and real world output. The logic 491 
description was closely examined and compared with the documented workflow as was observed 492 
in field studies. The process logic was then validated by stepwise simulating through a 493 
construction sequence. Critical steps were examined in detail with the help of ExtendSim’s 494 
animation functionalities. As a final test, simulated project duration was compared with real 495 
process knowledge gained from field project A, consisting of 138 separate concrete walls divided 496 
in 48 wall phases. In order to facilitate analysis of the simulated output values, the model was 497 
run in an ideal mode with no impact of weather conditions and the results were analyzed and 498 
discussed with site managers from project A. It was concluded that the model was capable of 499 
reproducing the expected construction sequence both at a detailed level (daily output), and in 500 
terms of total project duration.  501 

SIMULATION EXPERIMENTS 502 

To study the effects of weather, project A was used as a reference with the construction process 503 
as described in Figure 6 and project layout in Figure 7.  504 

Design of experiments 505 

Five different weather conditions as described in section “Weather data analysis” were used in 506 
the simulation model and individual and combined effects of temperature, wind speed, and 507 
precipitation were simulated. For each scenario, also seasonal effects were considered by 508 
adjusting the construction start date: Winter (Win) to 1st January, spring (Spr) to 1st April, 509 
summer (Sum) to 1st of July and autumn (Aut) to 1st October. The simulated scenarios, in total 80 510 
different scenarios, are given in Table 5. The effect of wind conditions was also further studied 511 
by changing the height of the building from six to ten floors as well as reducing allowable wind 512 
speed (from 15 to 11 m/s) related to lifting formwork. 513 
 514 

*** Insert Table 5 approximately here *** 515 
 516 
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Table 6 summaries the relationships and thresholds used in the simulation model in order to 517 
describe the effect of weather variables on concrete wall activities. Note that for temperature, the 518 
relationship defined by Mosehli and Kahn (2010) is used for three reasons; 1) the relationship is 519 
based on continuous measurements over a long period of time; 2) it is also valid for formwork 520 
activities; 3) data was collected in climatic conditions similar to the Nordic countries. To 521 
describe the effect of precipitation given in Figure 4, the approximated function defined by the 522 
dotted line is used. 523 
 524 

*** Insert Table 6 approximately here *** 525 
 526 
Finally, specific project characteristics needed as model input are summarized in Table 7 and 8. Also 527 
baseline productivity data according to Table 4 was used as model input. 528 
 529 

Results 530 

The effect of weather conditions are presented in Figure 12, with all values related to an ideal, 531 
baseline, situation with no effects from weather. As seen in Figure 12, temperature is the single 532 
most important weather parameter, followed by wind speed, and then precipitation. The effect of 533 
temperature under normal weather conditions results in a 35 % (1,35) increase in project duration 534 
when the construction is taken place during the winter season (win). For the other seasons, the 535 
effect of temperature varies between 10-17 %. Worst case was found during the winter season 536 
for the year with the lowest annual mean temperature (+60 %), which is not surprising given that 537 
the weather data  is collected in a country with cold winters. Similarly, the effect of temperature 538 
is reduced for the year with highest temperature compared with a normal year 539 

 540 
*** Insert Figure 12 approximately here *** 541 

 542 
Under normal weather conditions, the effect of wind is at the most during winter and spring 543 

season (10 % and 14 % respectively). Somewhat surprising, the year with highest annual wind 544 
speed in average did not result in the largest effect on project duration. This further highlight the 545 
importance of using detailed weather data, rather than daily or weekly averages. It is the weather 546 
conditions during the actual working hours that matters. Precipitation was found to have the least 547 
effect on construction duration. Worst case occurs during autumn (12 %) for the year with lowest 548 
temperature. It should be pointed out that the year with highest annual precipitation only resulted 549 
in the largest effect during one of the seasons considered. Similar effects were also present for 550 
temperature and wind speed. Once again, this further promotes the use of hourly weather data 551 
during working hours, rather than averages for the different weather factors.  552 

The combined effect of the three weather parameters indicates a 14 % to 46 % increase in 553 
project duration under a normal weather conditions, depending on season. Highest impact 554 
occurs, as expected, during the winter season. The effect during spring and autumn was found to 555 
be more or less equal (25 and 29% respectively), whereas the combined effect of weather during 556 
summer indicates a 14 % increase in project duration. When comparing the identified extreme 557 
years (high/low temperature, windy, high precipitation) with a normal year for the combined 558 
weather effects there are differences, but rather limited variations. For the year with high 559 
temperature, the project duration increases marginally (2.6 %) during summer period compared 560 
with normal weather conditions (1,17/1,14), whereas it decreases for all other seasonal periods 561 
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(by 5-12 %). Once again, bear in mind that the weather data represents a cold country and high 562 
temperatures is normally positive during these seasons. For the year with low temperature, 563 
construction duration increases during winter (10 %), summer (3 %), and autumn (6 %) 564 
compared with normal weather. For the windy year, project duration increases during winter and 565 
autumn (by 5 % and 6 % respectively) compared with normal weather. However, project 566 
duration decreases during spring and it is unaffected during summer season. The year with 567 
highest annual precipitation also shows variations depending on season, but in general there are 568 
only moderate differences compared to the seasons of a normal year. In summary, one can 569 
conclude that there are large variations between seasons when looking upon the combined 570 
weather effects, but that the variations of extreme years compared to a normal year are smaller. 571 

Turning to the effect of wind relative building height and thresholds for allowable wind 572 
speeds, the results are summarized in Figure 13. Here, only normal weather conditions have been 573 
simulated. For a six story building, changing the threshold from 15 to 11 m/s for lifting 574 
formwork increases project duration during winter and spring season by 14 and 25 % 575 
respectively. The total number of wind stop days increases to 2.9 days during winter and 3.5 576 
days during spring. For a ten story building, the project duration increases to 32 % during winter 577 
if maximum allowed wind speed for lifting formwork is set to 11 m/s. This is an increase by 578 
14 % compared with a threshold value equal to 15 m/s. Wind stop days increase from 3.6 to 17.6 579 
days. Increased project duration could also be expected during spring and summer periods even 580 
though the effects are more limited.  581 

 582 
*** Insert Figure 13 approximately here *** 583 

 584 

ANALYSIS AND DISCUSSION 585 

The simulated results show to what level different weather conditions affect productivity. For 586 
instance, the simulation results indicate approximately a 30 % longer duration if construction is 587 
taken place during winter compared to summer. These findings are in accordance with 588 
experiences based on follow-ups of construction projects in the Nordic countries (Larsson and 589 
Söderlind 2006). Another study reported a 35 % loss in efficiency due to winter conditions 590 
(Thomas et al. 1999). 591 

Impact of weather conditions 592 

It was found that temperature is the single most important weather factor followed by wind speed 593 
and precipitation. This is well correlated with other studies, e.g. Moselhi and Khan (2012). Since 594 
temperature seems to be of such importance, it is important to carefully evaluate which 595 
temperature-productivity relationship to use. Referring to Figure 3, the three relationships value 596 
the effect on productivity due to cold and hot temperatures somewhat differently. This could be a 597 
result of geographical differences. It is not unlikely that construction workers in e.g. Nordic 598 
countries, as studied by Hassi (2002) are more adapted to cold temperatures than hot 599 
temperatures. 600 

The wind speed was found to be the second most important weather parameter suggesting 601 
that it should be further investigated. As expected, the effect of wind becomes more important to 602 
consider when the height of construction increases. Also maximum threshold values for lifting 603 
operations strongly influence the number of wind stop days and in the end, the project duration. 604 
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Consequently, identifying thresholds for different types of lifting operations (and loads) are 605 
important when considering the effects of wind speed. In addition, other crane types (mobile 606 
cranes) may have lower limits for maximum allowable wind speed (Liebherr 2012). 607 
Accordingly, wind speed becomes even more important to consider when using mobile cranes 608 
for lifting light-weight loads with large surfaces. 609 

The intensity of precipitation (both rain and snow) that occurred during actual working hours 610 
did not have any significant effect on productivity. One can argue that precipitation that falls 611 
during night (or even days) prior to the actual working day should be considered as well. Other 612 
studies have employed such lingering effects (Shahin et al. 2011, Jung et al.), but in this 613 
particular case with wall construction, the effect of past precipitation is believed to be much 614 
more limited. Of course, a snowfall will definitely influence the productivity since workers have 615 
to spend time on shoveling and cleaning unprotected work areas, but that is more related to 616 
horizontal work areas such as floor slabs. 617 

Considering the effects of varying weather conditions, it was found that more extreme 618 
weather can have both negative and positive effects on project duration depending on actual 619 
season for construction (winter, summer etc.). These findings suggest that attention should be 620 
devoted to exploring the effects of weather on construction considering more extreme conditions 621 
as well as seasonal variations. 622 

Accounting for weather conditions in project planning 623 

The results presented in this paper provide understanding of how construction projects may 624 
be influenced by weather during different contextual settings. This knowledge can be useful in 625 
different ways when planning construction projects. At a project level, the results can be valuable 626 
for making better estimations of project durations by accounting for weather more accurately. 627 
Implications on project duration can be analyzed by simulating different weather conditions, 628 
building characteristics, and construction start dates. The results can be used to verify that the 629 
construction plan is realistic considering the weather conditions that are expected during the time 630 
for construction. Productivity rates may also be adapted to various weather conditions or 631 
seasonal variations. It will also facilitate selection of necessary measures to shield production 632 
against weather in order to preserve a desired rate of construction. This also includes evaluation 633 
of suiTable methods and equipment in order to mitigate risks related to adverse weather. For 634 
instance, evaluating the risks of lifting operations and crane setup related to expected wind 635 
conditions. Improved accuracy in estimations of weather effects on project duration also enables 636 
for optimization. For instance, the need for buffers to manage weather related risks could be 637 
reduced, or even eliminated. On a short term perspective, the simulation model could be supplied 638 
with daily weather forecast data. In this way, simulated results can be used in order to validate 639 
the production plan for the next following work days, or even longer depending on the quality of 640 
the forecast. 641 

Research limitations 642 

The results presented in this paper are first of all valid for concrete wall construction under the 643 
effect of Swedish climate conditions, in particular the Stockholm region. However, using 644 
climatic data representative for other geographical areas, the effect of weather can be studied in a 645 
similar way. It should also be emphasized that the results are strongly dependent on the 646 
underlying relationships between weather parameters and labor productivity. If possible, each 647 
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relationship should always be evaluated against own Figures or personal experiences. Increasing 648 
the empirical base by collecting more data in order to verify existing relationships or making 649 
new ones, is a priority for future research.  650 

The model presented in this paper is limited to describe the effect of concrete wall 651 
operations. In order to estimate the duration of a concrete framework, other work tasks must be 652 
considered as well, e.g. curing of concrete, erecting horizontal formwork, and pouring concrete 653 
slabs. It is believed that such work tasks relatively easily could be incorporated into the existing 654 
model. However, other relationships and thresholds describing the effect of weather on concrete 655 
slab operations may then be required.  656 

In spite of the mentioned uncertainties associated with the model itself and the input data 657 
used, it is believed that the combined measures of model and input data validation increase the 658 
confidence of the findings presented in this paper. For example, validation of input data through 659 
collection of real process data from field studies, review of underlying weather-productivity 660 
relationships, and the use of high quality weather data from trusted sources.  661 

CONCLUSIONS  662 

Weather is one important factor that has a negative effect on construction efficiency. Usually it is 663 
also related to uncertainties when estimating its impact on work efficiency. Means to improve 664 
accuracy in such estimations during planning are therefore important. In this paper, the influence 665 
of weather on a common construction method is studied. In short, temperature, wind speed, and 666 
precipitation are those variables that are reported to be most significant. Both cold and hot 667 
temperatures have a negative effect on productivity. Also machinery and material can be 668 
affected, especially by cold temperatures. High wind speeds and high precipitation also result in 669 
lower work efficiency. By importing climatic data with hourly resolution to a simulation model, 670 
the effect of weather could be simulated at a detailed level, which demonstrated how weather can 671 
be studied using a simulation-based approach enabling systematic analysis in a highly controlled 672 
way. Different scenarios were simulated including variations in weather conditions 673 
representative for Swedish climate (Stockholm), seasons for construction, and height of 674 
construction. It was found that construction is mostly affected by weather during winter season 675 
which is to be expected for a Nordic climate. Least effect on construction was during summer 676 
season. Extreme weather conditions were found to have both negative and positive impact, 677 
depending on season. Consequently, increased awareness and knowledge about weather 678 
conditions and seasonal variations become even more important in the future to account for 679 
climate change effects. The findings presented in this paper also address the need for planning 680 
construction related to different climatic zones and seasonal variations, both in Sweden but also 681 
on a global scale. 682 

This paper contributes with knowledge of how weather affects construction and how it can be 683 
accounted for using simulations tools and climatic data with high resolution. The methodology is 684 
general and the influence of weather in other geographical regions than the one studied here can 685 
be analysed by adding other climatic data sets. Future research should focus on increasing the 686 
empirical base for developing relationships between weather variables and labor productivity. 687 
Developing relationships (or thresholds) which are specific for a certain work task (or group of 688 
work tasks) would make future estimations of weather even more precise. Future work should 689 
also focus on enhancing the capabilities of the simulation-based approach in order to account for 690 
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weather in a more comprehensive way. For instance, including weather effects on other types of 691 
construction work tasks, equipment, and materials, such as concrete curing, etc. 692 
 693 
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Table 1. Overview of references used in this paper to identify significant weather variables.   770 
Reference Country Weather variables 

in focus 
Type of study 

Koehn and Brown 
(1985) 

US Temperature, 
humidity 

Review and analysis of historical 
productivity data sets related to different 
temperature and humidity intervals. 

Thomas and 
Yiakoumis (1987) 

US Temperature, 
humidity 

Measurements of productivity and weather 
variables in three projects 

Holmér (1994) Sweden Temperature, wind 
speed (wind chill) 

Measurements, experiments 

Thomas et. al. 
(1999) 

US Temperature, 
precipitation 

Measurements of productivity data and 
weather variables 

Hassi (2002) Sweden Temperature Measurements and experiences (labor works, 
not construction specific)   

Watson (2004) UK Wind speed Based on industry experiences and expertise 
Mäkinen et. al. 
(2005) 

Finland Temperature Tests of manual performance (dexterity) 
through controlled experiments  

Noreng (2005) Norway Temperature, wind, 
precipitation 

Assessments based on interviews and by 
documentation of productivity and weather 
variables in a number of construction 
projects  

Thomas and Ellis 
(2009) 

US Temperature, 
precipitation 

Analysis of historical  productivity data 
related to weather variables 

Birgisson (2009) Sweden Temperature, wind, 
precipitation 

Assessments based on interviews with 
industry practitioners  

Mosehli and Kahn 
(2010) 

Canada Temperature, wind, 
precipitation 

Measurements of productivity and weather 
variables 

Shahin (2011) Canada Temperature, wind, 
precipitation, frost 
depth 

Assessments based on interviews with 
industry experts  

Ballesteros-Perez et. 
al. (2015) 

Chile Temperature, wind, 
precipitation 

Assessments based on previous research and 
industry expert’s judgements 

Jung et. al. (2016) South 
Korea 

Temperature, wind, 
precipitation 
(stoppage criteria) 

Interviews with site managers 

 771 
 772 
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Table 2. Summary of documented  effects of weather on construction productivity. 773 
Weather 
parameter 

Type of work 
affected 

Influence on activity Remark 

Temperature Most type of 
works involving 
individuals 
 

Reduced productivity at cold 
and hot temperatures. Examples 
of relationships are given in 
Figure 3.  

Curing of concrete is affected by temperature 
which determine the time when formwork 
can be removed. Also, equipment and 
machines may be affected by extreme 
temperatures. 

Rain Most type of 
works involving 
individuals 
 

Labor productivity is reduced 
already at light rain.  
Light rain (above 0,2 mm/h): 
40% loss. 
Rain above 0,5 mm/h: 50-65% 
loss. 

Pouring concrete slab is sensitive to heavy 
rainfall. Pouring may have to be cancelled or 
measures to protect the surface have to be 
carried out. Materials have to be protected 
from rain.  

Snow Most type of 
works involving 
individuals 
 

Labor productivity is also 
reduced during snowfall. 
The effect varies between 10-
60% loss due to intensity. 
 
 

Works on concrete slabs are more sensitive 
to snowfall than walls. Actions to protect a 
working area must be carried out if snowfall 
is expected. Materials have to be protected 
from rain. 

Wind Work at heights, 
Lifting 
operations (e.g. 
formwork). 

Lifting operations cancelled at 
wind speeds > 20 m/s 
About 20% productivity loss at 
wind speeds in the range of 10-
12 m/s. Above these wind 
speeds, the loss in productivity 
increases rapidly as discussed in 
(Moselhi and Khan 2010).    

Thresholds for cancelling formwork and 
concrete operations may vary. For instance, 
in Sweden formwork operations and pouring 
concrete are normally avoided at wind 
speeds above 15 m/s 
Additional safety measures may be required 
at high winds. 

 774 
Table 3. Description of field study projects and data collection activities. 775 
Field 
study 

Project type Building 
characteristics 

Construction 
method 

Field study activities 

A Multifamily 
building 

Two buildings 
Six floors 
74 apartments 

In-situ concrete  
Modular 
formwork 
 

Process documentation (work sequence, 
resource usage) 
Interviews with site personnel and suppliers 
(work practice, activity durations) 
On-site observations 

B Multifamily 
building 

One building 
Four floors 
126 apartments 

In-situ concrete  
Modular 
formwork 

Process documentation (work sequence, 
resource usage) 
Time studies (productivity data) 
 
 

 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
 784 
 785 
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    Table 4. Summary of baseline productivity data for concrete wall activities. 786 
Activity  
(according to Figure 6) 

Unit Baseline (man-hours/unit) 
Size of baseline subset = 5 

1. Erect formwork 1st side m2 0,1 
2. Box outs pcs 0,3 
3. Place MEP m2 0,02 
4. Fix rebars kg 0,01 
5. Erect formwork 2nd side m2 0,06 
6. Pour concrete m3 0,22 
7. Curing hrs 15* 
8. Strip formwork m2 0,02 
9. Move/relocate formwork m2 0,02 

*) Refers to the time necessary for concrete to reach 6MPa in compression strength which is a recommended 787 
threshold in Sweden for removing wall formwork.  788 

 789 
  Table 5. Overview of variables included in the simulation experiments. 790 

 Weather 
condition 

Year Effect of 
Temp 

Effect of 
wind 

Effect of 
prec. 

Combined effects 
(temp+wind+prec.) 

Normal 1997 Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/Sum/Aut 

HighTemp 2014 Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/Sum/Aut 

LowTemp 2010 Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/Sum/Aut 

Windy 2011 Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/Sum/Aut 

HighPrec. 2012 Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/
Sum/Aut 

Win/Spr/Sum/Aut 

 791 
Table 6.Summary of weather-productivity relationships and thresholds for work stoppages incorporated into the 792 
simulation model.   793 
Activity Temperature (ptemp) Rainfall/snowfall 

(pprec) 
Wind speed (pwind ) 

1. Erect formwork (1st side) According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 15m/s*: Lifting is cancelled 
W < 15m/s: According to Figure 5 

2. Box outs/openings According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 20m/s: Lifting is cancelled  

3. Place MEP According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 20m/s: Lifting is cancelled 

4. Erect formwork (2nd side) According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 15m/s*: Lifting is cancelled 
W < 15m/s: According to Figure 5 

5. Fix rebars According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 20m/s: Lifting is cancelled 

6. Pour concrete According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 15m/s: Lifting is cancelled 

7. Curing concrete n/a n/a n/a 
8. Strip formwork According to Figure 3 

(Mosehli and Kahn) 
According to 
Figure 4 

W > 15m/s*: Lifting is cancelled 
W < 15m/s: According to Figure 5 

9. Move Formwork to next 
location 

According to Figure 3 
(Mosehli and Kahn) 

According to 
Figure 4 

W > 15m/s*: Lifting is cancelled 
W < 15m/s: According to Figure 5 

*) Indicates threshold for maximum allowable wind speed for lifting operation. 794 
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Table 7. Sample of model input data used for simulation experiments. 795 
Row 
no 

Build. 
ID 

Floor 
level 

Height 
(m)1 

Wall 
Phase 

Wall 
No 

Wall 
area 
(m2)  

Concrete 
volume 
(m3) 

Rebars 
(kg) 

Box 
outs 
(pcs) 

MEP 
(Y/N) 

Formwork2 usage strategy  
TRH 
540 

TRH-
360 

TRH
-270 

TRH-
180 

1 1 1 12 1 1 5,2 0,9 52 0 Yes 0 1 0 0 
2 1 1 12 1 2 13,3 2,9 133 0 Yes 1 0 0 0 
3 1 1 12 1 3 13,3 2,9 133 0 Yes 1 0 0 0 
4 1 1 12 1 4 5,5 1,2 55 0 Yes 0 0 1 0 
5 1 1 12 1 5 5,5 1,2 55 0 Yes 0 0 1 0 
6 1 1 12 1 6 13,8 3 138 0 Yes 1 0 0 0 
7 1 1 12 1 7 6,8 1,5 68 0 Yes 0 0 0 2 
… … … … … … … … … … … … … … … 
134 1 6 32 4 1 6,0 1,3 60 0 Yes 0 0 1 0 
135 1 6 32 4 2 5,2 1,1 52 0 Yes 0 0 1 0 
136 1 6 32 4 3 5,2 1,1 52 0 Yes 0 0 0 2 
137 1 6 32 4 4 6,8 1,5 68 0 Yes 0 1 0 0 
138 1 6 32 4 5 10,1 1,8 101 1 Yes 1 0 0 0 
1 Relates to maximum height of lifting position. Calculated as follows: ((Floor level-1) x 4 m) + 12 m. For visual reasons, highest 796 
lifting position should be 12 m above highest point of building.  797 
2 Concerns different formwork types, e.g. TRH-540.   798 

 799 
Table 8. Resource allocation plan for concrete wall construction activities. 800 

 
 
Activity 

Resource allocation plan 
Carpenters Concreters Sub-

contractors 
Crane 

1.Erect formwork (1st side) 3 2 0 1 
2. Box outs 3 0 0 0 
3.Place MEP 0 0 1 0 
4. Fix rebars 1 2 0 0 
5.Erect formwork (2nd side) 3 2 0 1 
6.Pour concrete 0 2 0 1 
7. Curing n/a n/a n/a n/a 
8.Strip formwork 3 2 0 1 
9.Move formwork 3 0 0 1 

 801 
 802 
 803 
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1. Erect formwork 
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2. Box-
outs/openings 
(walls: 1…n) 

3. MEP 
(walls: 1…n)

4. Fix rebars
(walls: 1…n)

5. Erect formwork   
2nd side              
(walls: 1…n)

6. Pour concrete 
(walls: 1…n)

7. Curing 
(walls: 1…n)

8. 
Strip formwork 
(walls: 1…n) 

9. Move formwork to 
next work location
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wall phase

Start new 
wall phase

Walls 1 to n

Start condition X

Start condition Y

Start condition X

Start condition Y

Start condition X: When all walls have been completed by preceding activity.
Start condition Y: When one wall has been completed by preceding activity.

Start condition X

All wall phases on floor 
completed?
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No

Start condition Y

Start condition Y

Start condition Y

Start condition Y



1:61:7

1:2

1:4 1:5

1:3

2:6
2:5

2:3 2:4

2:1F1

2:2

3:1

3:4

3:2

3:3

1:1

4:1

4:3 4:2

4:4

3:5 4:5Balcony

B
al

co
ny

B
al

co
ny

Move formwork

Move formwork

[2:3] = Wall phase 2:Wall number 3
Formwork panel type F1

Building 1 Building 2

F4

F1

F1

F1 F1

F1

F1

F1

F1

F2 F2

F2

F2

F3

F3 F3F3

F3 F3
F3

F3

F4

F1F4

F4

F4 F4

F4

F1

1:61:7

1:2

1:4 1:5

1:3

2:6
2:5

2:3 2:4

2:1F1

2:2

3:1

3:4

3:2

3:3

1:1

4:1

4:3 4:2

4:4

3:5 4:5Balcony

B
al

co
ny

B
al

co
ny

F4

F1

F1

F1 F1

F1

F1

F1

F1

F2 F2

F2

F2

F3

F3 F3F3

F3 F3
F3

F3

F4

F1F4

F4

F4 F4

F4



Concrete pour 
number

Quantity 
(m3)

Man-
hours

Productivity 
(mh/m3) Remark

Productivity 
sorted (mh/m3)

2 4,4 1,2 0,27 1,08
3 5,7 1,2 0,21 0,78
4 12,3 5,05 0,41 0,75
5 10,4 5 0,48 0,58
6 6,0 1,2 0,2 0,5
7 9,6 3,35 0,35 0,49
8 7,8 2,65 0,34 0,48
9 5,0 1,8 0,36 0,46
10 2,9 2,2 0,75 0,44
11 7,6 3,2 0,42 0,42
12 9,6 2,7 0,28 0,41
13 4,0 3,1 0,78 0,4
14 7,9 2,75 0,35 0,39
15 7,0 2,6 0,37 0,38
16 9,7 4,75 0,49 0,37
17 3,0 3,25 1,08 0,37
18 8,1 2,9 0,36 0,36
19 5,8 2,9 0,5 0,36
20 6,0 1,8 0,3 0,36
21 3,7 1,3 0,35 0,35
22 4,6 1,8 0,39 0,35
23 9,7 3,3 0,34 0,35
24 3,2 1,2 0,38 0,34
25 no observations made 0,34
26 no observations made 0,32
27 6,7 2 0,3 0,3
28 no observations made 0,3
29 8,3 3 0,36 0,3
30 3,6 2,1 0,58 0,28
31 no observations made 0,28
32 no observations made 0,27
33 no observations made 0,27
34 3,3 1,5 0,46 0,25
35 no observations made 0,22
36 no observations made 0,21
37 7,3 2,7 0,37 0,2
38 7,3 3,2 0,44
39 9,3 2,5 0,27
40 7,2 1,8 0,25
41 no observations made
42 9,4 3 0,32
43 no observations made
44 5,5 1,2 0,22
45 2,0 0,8 0,4
46 9,3 2,8 0,3
47 5,4 1,5 0,28

Activity: Concrete pouring (walls)

Productivity data collection protocoll

Baseline subset = 5 
observations with
highest daily
productivity

Baseline productivity = 
median value of baseline
subset. 

Sorted data 
from low to
high
productivity
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• Climatic condition

(normal, extreme)
• Day:Hours
• Wind speed (m/s)
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Project characteristics
• Project start date
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• Formwork characteristics
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• Maximum allowable wind

Weather–productivity
relationships 

• Project duration
• Process timing 
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• Wind stops
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Building 1
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User
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Output 
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Internal
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Weather
condition

Effect of temp Effect of wind Effect of precipitation
Combined effect of 

temp, wind, 
precipitation

Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut
Baseline 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
Normal 1,35 1,10 1,12 1,17 1,10 1,14 1,02 1,08 1,00 1,04 1,02 1,02 1,46 1,25 1,14 1,29
HighTemp 1,33 1,08 1,10 1,08 1,06 1,06 1,08 1,06 1,04 1,06 1,04 1,08 1,39 1,19 1,17 1,14
LowTemp 1,60 1,06 1,06 1,14 1,00 1,08 1,08 1,08 1,02 1,04 1,06 1,12 1,60 1,14 1,17 1,37
Windy 1,50 1,00 1,06 1,08 1,08 1,10 1,06 1,02 1,06 1,02 1,10 1,04 1,54 1,17 1,14 1,21
HighPrec. 1,41 1,04 1,00 1,14 1,04 1,06 1,08 1,02 1,06 1,10 1,06 1,04 1,52 1,25 1,12 1,21



Simulation scenarios        
(normal weather)

Winter Spring Summer Autumn

Impact on 
duration

Wind stop 
(days)

Impact on 
duration

Wind stop 
(days)

Impact on 
duration

Wind stop 
(days)

Impact on 
duration

Wind 
stop 

(days)

Baseline: 6 floors (20m/s) ±0% 0 ±0% 0 ±0% 0 ±0% 0
6 floors, Formwork 15m/s, 
concrete 15m/s +10% 0 +14% 0 +2% 0 +8% 0
6 floors, Formwork 11m/s, 
concrete 15m/s +14% 2,9 +25% 3,5 +2% 0 +8% 0

Baseline: 10 floors (20m/s) ±0% 0 ±0% 0 ±0% 0 ±0% 0
10 floors, Formwork 15m/s, 
concrete 15m/s +16% 3,6 +11% 0 +10% 1,8 +5% 0
10 floors, Formwork 11m/s, 
concrete 15m/s +32% 17,6 +19% 3,6 +12% 4,9 +5% 0
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