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Abstract 

Traditional risk assessment methods typically evaluate accident probability, exposure 

frequency or duration, and consequence severity respectively, and finally determine a 

quantitative risk score or a qualitative risk level. The assessment process is prospective and 

subjective. Changing and complex construction situations impede their practical and efficient 

application. To assess safety risk with regard to changing site conditions in an objective and 

efficient way, this study proposes a quantitative model for hazard exposure assessment 

based on real-time location data of construction workforce and equipment, collected by a 

location-based proximity warning system. In contrast with traditional risk assessment 
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methods, the model proposed in this study combines accident probability and hazard 

exposure duration into a single quantitative concept—hazard exposure amount. This concept 

takes into account the space factor as well as the time factor of construction activities. For 

ease of understanding, a hazard is analogized as a radiation source and the hazard exposure 

is then referred to as the radiation quantity received. The longer duration and closer 

proximity in which a person is exposed to a radiation (hazard), the more radiation the person 

receives (the higher risk to which the person is exposed). A trial study is described in which a 

proximity warning system was developed and used to demonstrate and test the model’s 

capability of hazard exposure assessment. This shows that the system can provide safety 

officers with an ongoing and immediate means of comparing safety risk trends from worker, 

hazard and project perspectives. 

 

Keywords 

Construction safety; Risk assessment; Quantitative hazard exposure; Proximity warning 

systems; Real-time location. 

 

Introduction 

Risk assessment is an essential step in construction safety management (Hinze, et al., 1998; 

Holt, 2001; Manuele, 2005). In practice, a typical process of risk assessment is prospective 

and consists of four essential steps: hazard identification, exposure determination, severity 

assessment and probability estimation. The process is subjective due to all of the steps 

utilizing safety professionals’ intuition and expertise as input and historical data as a baseline 
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(Manuele, 2005). Numerous methods of safety risk assessment have been proposed based 

on historical injury and fatality statistics, such as the methods for activity risk assessment by 

Jannadi and Almishari (2003), Hallowell and Gambatese (2009) and Sousa, et al. (2015). 

Similarly, historical injury and fatality statistics underpin the development of methods of 

trade risk assessment, such as the efforts by Baradan and Usmen (2006) and Fung, et al. 

(2010). These methods are useful in prospective hazard identification and risk assessment. 

However, they do not take into account the actual execution of an operation (Mitropoulos 

and Namboodiri, 2010).  

 

On the other hand, evaluation of site safety focuses primarily on the observation of unsafe 

conditions and behaviors, which are referred to as “compliance measurement” by 

Mitropoulos and Namboodiri (2010). However, the changing and complex working situations 

and concurrent involvement of numerous resources on construction sites pose a significant 

challenge to traditional safety monitoring (Behzadan, et al., 2008). Safety officers cannot 

always and ubiquitously supervise ongoing construction operations that are widely 

distributed in space (Carbonari, et al., 2011). There is a need to conduct safety risk 

assessment for ongoing construction operations by an objective and efficient means. 

 

Over the past decade, numerous systems for proximity warning have been developed in the 

form of detecting dangerous proximities and alerting those people affected. A primary 

category of these systems is location-based; they acquire locations of potential hazards and 

objects to be protected, and then evaluate their relative distance to identify dangerous 
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proximities according to their locations. Various technologies are used in these applications, 

such as Global Positioning System (GPS)-based applications by Vega (2001), Ruff and Holden 

(2003), Abderrahim, et al. (2005), Wu, et al. (2013), and Wang and Razavi (2015); Ultra-Wide 

Band (UWB)-based applications by Carbonari, et al. (2011) and Hwang (2012); and 

Radio-Frequency Identification (RFID)-based applications by Razavi and Moselhi (2012) and 

Ding, et al. (2013). More recently, Lee, et al. (2014), Li, et al. (2015a) and Li, et al. (2015b) 

report Chirp Spread Spectrum (CSS)-based applications. These systems have proven to be 

effective in improving the safety awareness and performance of workers and equipment 

operators.  

 

This paper addresses the need to assess safety risk with respect to changing construction 

conditions in an objective and efficient way by using the real-time location data of workforce 

and equipment collected by a proximity warning system. In contrast with traditional risk 

assessment methods, this study introduces an innovative concept to define and quantify 

real-time safety risk from worker, hazard and project perspectives. 

 

The remainder of the paper is organized as follows. It starts with a literature review of safety 

risk assessment and proximity warning systems. This is followed by the development of a 

quantitative model for hazard exposure assessment. A trial study based on a prototype 

system is then described. Next, the implications of the model for construction safety 

management and the research limitations are discussed. Finally, the last section summarizes 

the study and suggests directions for future research. 
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Literature review 

This section, at the outset, reviews the existing approaches to safety risk assessment in 

construction. A need statement is formulated. Systems for proximity warning are then 

reviewed and the impetus behind the study described. 

 

Construction safety risk assessment 

Numerous methods of safety risk assessment have been proposed. Most of these were 

developed based on historical injury and fatality statistics, represented in the form of the 

product of the likelihood of an accident and the potential severity of that accident, and used 

by safety experts based on their subjective opinions. Different levels of risk assessment 

objects (i.e., activities, trades and projects) simply categorize the risk assessment methods 

into three groups. For example, Jannadi and Almishari (2003) developed a risk assessment 

model in which activity risk is defined as the product of the probability, the severity, and the 

exposure of all hazards of an activity. The scales of probability and severity were established 

based on historical compensation classifications and reported injuries and fatalities. 

Exposure was defined as the frequency of hazard occurrences in the form of a Likert scale 

from “very rarely” to “continuously”. Directed toward similar activity risk assessment, but 

through the Delphi method, Hallowell and Gambatese (2009) developed a method to 

quantify safety risk for the activities associated with the construction of concrete formwork. 

In the method, frequency is typically expressed in terms of incident rates, severity is defined 

in terms of impact to the worker or firm, and exposure is defined in units of time. Wang, et al. 
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(2006) developed a simulation-based model that assesses the hazard of each activity in a 

network schedule. More recently, Sousa, et al. (2015) proposed a method to quantify the risk 

in each construction activity in monetary terms.  

 

These methods, however, do not provide a way to assess the potential for accidents based 

on the actual execution of an operation (Mitropoulos and Namboodiri, 2010). Alternatively, 

Mitropoulos and Namboodiri (2010) introduced a technique named “task demand 

assessment (TDA)” for measuring the safety risk of construction activities and analyzing how 

changes in operation parameters can affect the potential for accidents. TDA is similar to 

observational ergonomic methods in that it does not produce estimates of probabilities of 

incidents, but it quantifies the “task demand” of actual operations based on the 

characteristics of the activity and independent of the workers’ capabilities. 

 

At the trade level, Baradan and Usmen (2006) reported a study analyzing the occupational 

injury and fatality risks of 16 trades according to the historical injury and fatality statistics of 

the Bureau of Labor Statistics of the United States. In that study, nonfatal injuries were 

analyzed employing the risk plane, fatalities were analyzed using the index of relative risk, 

and finally a combined score of the two types were established to present the injury and 

fatality risk of a trade. Similarly, Fung, et al. (2010) developed a risk assessment model to 

help identify and predict the existing risk levels for major trades according to the statistics of 

Hong Kong’s Labor Department on industrial accidents. 
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In response to the need for safety risk forecasting in construction that is time and space 

dependent, Rozenfeld, et al. (2009) introduced a conceptual model that estimates the extent 

of safety hazards in terms of spatial and temporal exposure, and enables safety risks to be 

forecasted for different individual trades. The model does not take into account the exact 

locations of workers and so the amount of direct exposure to hazards cannot be assessed. 

Instead, it assumes that the probability of a potential victim being present at any given 

location is uniform throughout the space and that the likelihood of a loss-of-control event 

impacting on any given location within the extent of the possible impact region is also 

uniform throughout that space. 

 

At the project safety risk assessment level, Yi and Langford (2006) introduced a framework to 

predict when and where safety risk will reach its highest level according to historical statistics 

of accidents and the activity scheduling. Alternatively, Sun, et al. (2008) addressed the 

project safety problem from a managerial perspective. They identified the critical safety risk 

factors in the construction of Beijing Olympic venues with the involvement of 27 experts. 

Based on these factors, a model was developed with the analytic hierarchy process to assess 

project safety status. 

 

In summary, numerous methods for safety risk assessment have been proposed over the 

past years. These methods are useful in prospective hazard identification and risk 

assessment, and retrospective analysis of accidents at different levels such as trade, activity 

and project. However, few research efforts have focused on risk assessment tasks in 
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continuously changing site situations. This relies on safety officers’ observations. The TDA 

technology introduced by Mitropoulos and Namboodiri (2010) connects risk assessment with 

changing site operations. However, this is still based on safety professionals’ continuous 

observation that is similar to ergonomic methods and may impede its practical use in real-life 

construction projects, which typically involve the simultaneous use of numerous resources 

(workforce, equipment and materials). There is a need to carry out efficient and objective 

safety risk assessment with respect to changing construction conditions. 

 

Proximity warning systems 

Systems for proximity warning are directed toward safety improvement in the form of 

detecting dangerous proximities and alerting people affected. Dangerous situations can be 

caused by vehicle blind spots, vehicle operators unaware of the presence of workers on foot, 

vehicle operators unaware of edges of roads, worker fatigue, improperly marked hazardous 

areas, and repetition of tasks causing workers to be unaware of new hazards (Schiffbauer 

and Mowrey, 2001). 

 

Over the past decade, a number of proximity warning systems have been developed using 

various technologies. These can be simply grouped into two categories: distance-based and 

location-based. Distance-based systems refer to those detecting proximity by measuring only 

the distance between hazards and objects to be protected. For example, Schiffbauer and 

Mowrey (2001) and Schiffbauer (2002) documented the development of a system detecting 

equipment proximity through receivers carried by workers. The receivers sense the strength 
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of the magnetic field signal sent by a loop antenna mounted on equipment. Ruff (2006) 

evaluated a radar-based system for off-highway dump trucks by recording video images from 

a camera on the rear of the truck and by recording all alarms from the rear-mounted radar. 

Lee, et al. (2009) introduced the development of a hybrid sensing device integrating the 

ultrasonic and infrared technologies to decrease falling accidents. Such a device can be 

installed at a dangerous location, e.g., an unprotected floor edge for lifting construction 

materials, to sense workers’ proximity and provide different warning sounds to inform them 

of the danger. Similarly, Teizer, et al. (2010) developed a system using very-high frequency 

active radio frequency technology. Received signal strength is used to estimate the distance 

between a transmitter and a receiver. 

 

Location-based systems refer to those acquiring locations of hazards and objects to be 

protected and then, based on their locations, evaluating their relative distance to detect 

proximate dangers. These systems are usually more complicated in comparison with the 

distance-based versions and have a central location data processing unit to calculate 

locations and evaluate proximities. Various location technologies were used such as GPS, 

UWB, RFID, CSS and hybrid combinations. For example, to improve the safety conditions of 

dumping tasks and collision warning in open-pit mining operations, Vega (2001) developed a 

real-time software system using a combination of GPS, wireless communications networking 

and 3D mapping technologies. Similarly, Ruff and Holden (2003) reported a system based on 

GPS and peer-to-peer communication to prevent collisions between mining equipment, 

small vehicles and stationary structures. Other systems using GPS include those of 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

Abderrahim, et al. (2005), Wu, et al. (2013), Wang and Razavi (2015), etc. 

 

Carbonari, et al. (2011) reported the development of a prototype for the proactive safety 

management and real-time signaling of potential overhead hazards using UWB and 

implemented proactive virtual fencing logics. Similarly, Hwang (2012) presented a method 

for preventing equipment collision by helping equipment operators improve their situational 

awareness. A real-time location system was prototyped based on UWB. 

 

Other location-based proximity warning systems were implemented based on RFID. For 

example, Razavi and Moselhi (2012) reported a location sensing solution for indoor 

construction and underground facilities. In the solution, a set of low-cost passive RFID tags 

was deployed using a predefined topology to provide a good spatial coverage of the 

project-active area. Similarly, Ding, et al. (2013) presented a system to prevent accidents and 

improve safety management for underground construction. The system integrated the Fiber 

Bragg Grating technology with a RFID-based labor tracking system. 

 

More recently, the CSS technology was used to implement location-based proximity warning 

systems. For example, Lee, et al. (2014) introduced a real-time location-based construction 

labor safety management system that tracks and visualizes workers’ locations in real-time 

and sends early warnings to endangered workers. Li, et al. (2015b) and Li, et al. (2015a) also 

reported the development of a real-time location system for proactive construction safety 

management to avoid serious accidents such as falling from a height and being struck by 
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falling or swinging objects. The system detects site workers’ proximity to hazards in real time 

and sends a hazard-specific voice message to tags carried by workers. 

 

In summary, numerous technologies have been employed to build systems for proximity 

warning over the past decade. They have proven to be effective in improving the safety 

awareness and performance of workers and equipment operators (Marks and Teizer, 2012; 

Marks and Teizer, 2013; Ruff, 2006; Sammarco, et al., 2012). In addition, an abundance of 

location data of the workforce and equipment can be collected in their operation and utilized 

from innovative perspectives. For example, Teizer, et al. (2008) illustrated that spatial data of 

the trajectory of workers collected can be used to locate and identify obstacles, and 

determine their dimensions. 

 

Quantitative hazard exposure assessment 

The study attempted to propose a practical model to quantify hazard exposure in an efficient 

and objective way. In contrast with the traditional risk assessment methods, which 

independently evaluate accident probability, exposure frequency or duration, and 

consequence severity, and then determine a quantitative risk score or a qualitative risk level, 

the proposed model combines accident probability with exposure duration into a single 

quantitative concept—hazard exposure amount (EA). This concept takes into account the 

space factor as well as the time factor of construction activities. 
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Exposure strength 

For ease of understanding, a hazard is analogized here as a radiation source. This means that, 

in these terms, a risk level is equivalent to the quantity of radiation received. The longer 

duration and closer proximity in which a person is exposed to a radiation (hazard), the more 

radiation the person receives (the higher risk to which the person is exposed). The elegant 

and effective formula for calculating the repulsive potential in the robot path planning 

algorithm by Choset, et al. (2005) is adopted, where a repulsive potential keeps the robot 

away from an obstacle. With this, the strength of the repulsive force increases according to 

the robot's proximity to an obstacle. For safety hazards, the repulsive force method 

calculates the exposure strength (ES) of a hazard according to a worker’s proximity to the 

hazard. Therefore, the closer proximity in which the worker is to the hazard, the likelier the 

risk will turn into an accident. ES is defined in terms of the distance D between the worker 

and the hazard as 

 

 ES =  

{
 
 

 
 
1

2
(

1

𝐷𝑚𝑖𝑛
−

1

𝐷𝑚𝑎𝑥
)
2
, 𝑖𝑓 𝐷 ≤ 𝐷𝑚𝑖𝑛                       

1

2
(
1

𝐷
−

1

𝐷𝑚𝑎𝑥
)
2
, 𝑖𝑓 𝐷 > 𝐷𝑚𝑖𝑛 𝑎𝑛𝑑 𝐷 ≤ 𝐷𝑚𝑎𝑥

0, 𝑖𝑓 𝐷 > 𝐷𝑚𝑎𝑥                                                     

 (1) 

 

where Dmax and Dmin are two constants determined by specific hazard characteristics. 

Dmax is the maximum distance for evaluating if a hazard will endanger a worker. When the 

distance to a hazard is smaller than Dmax, the hazard possesses the potential to endanger a 

worker. Dmin is the minimum distance allowing a reasonable quantification of the ES, which 

has a gradient of 
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∇𝐷, 𝑖𝑓 𝐷 > 𝐷𝑚𝑖𝑛 𝑎𝑛𝑑 𝐷 ≤ 𝐷𝑚𝑎𝑥

0, 𝑖𝑓 𝐷 ≤ 𝐷𝑚𝑖𝑛 𝑜𝑟 𝐷 > 𝐷𝑚𝑎𝑥                                 
 (2) 

 

It is assumed that, within the scope of occupational safety and health in general, and in the 

construction industry in particular, the risks involved are mostly individual and depend on 

the nature and conditions in which the tasks or activities are performed and not on the 

nature of the project. This suggests three basic hazards in terms of the dimensional 

characteristics of their spaces: point hazards, line hazards and area hazards. Point hazards 

represent those hazards with a centered danger point (see Fig. 1). A loaded crane hook, for 

example, is a typical point hazard. Workers standing nearer to the projected point of a crane 

hook onto the ground are more likely to be hit by a dropped load. Line hazards represent 

those hazards with a linear edge of a 2D surface such as the edge of a void on a working floor, 

or a space curve (e.g., an energized power line). In this case, the minimum distance between 

the worker and the edge of the hazard is the determinative in calculating the ES (see Fig. 2). 

Area hazards are hazards occupying an area, such as a floor opening or a bulldozer, whether 

they are static or dynamic (see Fig. 3). Other more complicated hazards can be represented 

with a variation or combination of these three basic hazard forms. Obviously, comparison 

and summation of ES values can only be conducted when they are derived from the same 

distance unit. For simplicity’s reason, distance in this study is measured and represented 

using meter as its unit. It is convenient to convert other distance units to meter in a 

computerized setting. 
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Fig. 1a. ES of a point hazard 

Fig. 1b. Gradient of the ES 

Fig. 2a. ES of a line hazard 

Fig. 2b. Gradient of the ES 

Fig. 3a. ES of an area hazard 

Fig. 3b. Gradient of the ES 

 

Exposure amount 

Working and moving in a hazard zone is a process of exposure risk accumulation and the 

likelihood of an accident increases over time. The real-time location system in the present 

study discretely tracks site workers and equipment at a fixed time interval of one second. 

Therefore, the number of tracking points (NTP) recorded of a site worker inside a hazard 

zone reflects the accumulated time of exposure. In this respect, the accumulated EA of an 

action is defined as the summation of all ES values on the tracking points of the worker’s 

movement trajectory in the hazard, i.e.,  

 

 EA = ∑ 𝐸𝑆𝑖
𝑁𝑇𝑃
𝑖=1  (3) 

 

EA values are unitless and their main function is in prioritizing risks from the worker and 

hazard perspectives. EA prioritization from the worker perspective reveals who is the most 

vulnerable and that from a hazard perspective indicates which hazard is the riskiest. These 

can facilitate safety officers in allocating appropriate resources to the riskiest workers or 
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zones, and assess the need for engineering control methods, formal off-the-job training, 

instructions to individuals and groups, or informal on-site coaching and counselling. All the 

EA experienced in all individual hazard zones have been taken into account to quantify the 

EA of a worker (EAW), given as Eq. (4), where NEMW denotes the number of exposed 

movements of a worker in all hazards. Similarly, all the EA occurring in a hazard are used to 

define the EA in the hazard (EAH), given as Eq. (5), where NEMH is the number of exposed 

movements in a hazard. 

 

 EAW = ∑ 𝐸𝐴𝑗
𝑁𝐸𝑀𝑊
𝑗=1  (4) 

 EAH =  ∑ 𝐸𝐴𝑘
𝑁𝐸𝑀𝐻
𝑘=1  (5) 

 

Targeted hazards 

The deployment and maintenance costs of a real-time location system limit the extent of its 

practical use in construction safety hazard monitoring and are likely to continue to be a 

decisive factor into the future. It is important, therefore, to narrow the scope of the hazards 

involved to those that are the most frequent and damaging. In Hong Kong, for example, of 

the 81 fatalities occurring in the construction industry in 2012 and 2013 (Occupational Safety 

and Health Branch, 2014), 33 (40.7%) were caused by falling hazards, 10 (12.4%) by 

‘struck-by’ hazards, 7 (8.6%) by electrocution hazards, and 3 (3.7%) by ‘caught-in or 

-between’ hazards. These four types of hazards are therefore targeted for investigation in 

this study, with examples given in Table 1 from the OSHA Training Institute’s training 

materials (OSHA Directorate of Training and Education, 2011a; OSHA Directorate of Training 
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and Education, 2011b; OSHA Directorate of Training and Education, 2011c; OSHA Directorate 

of Training and Education, 2011d). Following the widely accepted policy of ‘as low as 

reasonably practical’ in construction safety management practice, not all the subtypes of 

hazards are covered in the study (see Table 1). 

 

Table 1. Four primary safety hazards in the construction industry 

 

Trial study 

Proactive construction management system 

In previous research (Li, et al., 2015a; Li, et al., 2015b), a proactive construction management 

system (PCMS) was developed to facilitate workers to detect imperceptible or unnoticeable 

hazards (e.g., unwittingly entering a laydown area or a heavy machine approaching from 

behind) and provide proactive warnings directly to workers when they are exposed to 

dangerous situations. The PCMS consists of two sub-systems:  

(1) A real-time location system comprising tags, anchors and wireless communication 

devices. Tags are mounted onto workers’ helmets or fixed on heavy construction plants 

at locations with a wide field of vision (such as tower crane hooks and bulldozer cab tops) 

allowing effective radio frequency communication between tags and anchors. Anchors 

are installed at particular locations on site with known positions. Several location 

technologies, including RFID, GPS, UWB and CSS, were tested and evaluated in 

developing the PCMS, and finally CSS was selected as the ranging technology on account 

of its balance among ranging accuracy, ease of deployment on construction sites, costs 
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of purchase, use and maintenance (Li, et al., 2015a). Specifically, the location accuracy of 

CSS is better than that of RFID and GPS; the ease of deployment and maintenance and 

the costs of purchase, and use and maintenance of CSS highlight its better suitability in 

changing construction environments. 

(2) A web-based virtual construction system as the user interface. Table 2 is organized in a 

typical operation procedure to explain the primary functions of PCMS. 

 

Table 2. Operation steps and functions of PCMS 

 

Trial introduction 

The trial was conducted on a viaduct construction project located in Shanghai, China. After 

site inspection by the safety officer, four hazard zones (see Fig. 4) were identified for 

monitoring by the PCMS and they included an area-hazard laydown area, a point-hazard 

welding work area and two line-hazard work areas with unprotected edges. In the trial, six 

anchors were deployed as shown in Fig. 4 and with eight workers, including five ironworkers 

and three carpenters, working on the viaduct project and monitored by tags mounted on 

their helmets. Table 3 details the tag identifications and bindings to their carriers, whose 

working trajectories in an eight-hour workday were extracted for further analysis. 

 

Fig. 4. Site layout and system deployment in the trial 

 

Table 3. Tags used and tag carriers in the trial 
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To instantiate the hazard exposure assessment, an important preparatory task is to establish 

the values of 𝐷𝑚𝑖𝑛 and 𝐷𝑚𝑎𝑥  of the hazard zones in the trial. After discussion with the 

safety officer, 𝐷𝑚𝑖𝑛 was uniformly set at 0.5m, which is a worker’s average walking stride 

length. A 3-second timing rule is also adopted, which is derived from a 2-second human 

reaction time—the rule of thumb for safe driving (Department of Motor Vehicles, 2011; Road 

Safety Authority, 2014), and allowing crane drivers’ and workers’ remedial response, plus a 

1-second system response time. Dmax was determined according to the specific hazard 

characteristics: 

(1) 6m for the laydown area, as the product of the estimated average crane hook movement 

speed of 2m/sec and the 3-second response time. This value only takes into account the 

crane hook’s movement and assumes that a worker stops moving after receiving a 

warning sound from his tag. In the trial case, due to the dynamic nature of the laydown 

area, the safety precautions for the related hazards were primarily through walkie-talkie 

communication between the crane driver and the signal worker manipulating the lifting 

operation, rather than separation from other areas by safety fencing. 

(2) 3m for work areas with unprotected edges, as the product of the 0.5m/stride and 6 

strides within the 3-second (2 strides/sec). As seen in Fig. 4, the work areas were 

unprotected since there was a neighboring zone where steel banding work was being 

conducted (involving the delivery of construction materials such as stirrups and steel 

bars) between the completed area and the study area. 

(3) 5m for the welding area, derived from the sum of a 2m flying distance allowance of hot 
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debris and sparks, and 6-stride walking distance as calculated in (2). 

Table 4 summarizes the values of Dmin and Dmax for all hazard zones and Fig. 5 shows the 

hazard ES on the trial site. 

 

Table 4. Values of Dmin and Dmax of all hazard zones in the trial 

 

Fig. 5. Hazard ES on the trial site 

 

Result analysis and application 

There were eight workers carrying location tags in the trial session as indicated in Table 3, 

while for clarity sake, Fig. 6 shows only the trajectories of the ironworker tagged ‘71’ in the 

four hazard zones. From his trajectories, it can be established that he was fixing steel bars in 

work area 1 with unprotected edges and primarily exposed to falling hazards. Fig. 7 shows 

the ES of his trajectories in all four hazardous zones - the height of the bars on the tracking 

points representing specific ES values derived from Eq. (1). Consequently, his hazard EA in all 

hazard zones are, in descending order, 573.54 in work area 1 with unprotected edges, 71.80 

in the welding work area, 60.13 in the laydown area, and zero in work area 2 with 

unprotected edges – culminating in an EAW of 705.47. In the same way, the EAW of the 

other seven workers are calculated. Finally, their EAW values are prioritized in descending 

order as ironworker ‘71’ (705.47), ironworker ‘80’ (688.19), carpenter ‘77’ (410.61), 

ironworker ‘74’ (341.30), carpenter ‘7E’ (265.19), carpenter ‘82’ (182.35), ironworker ‘79’ 

(38.40) and ironworker ‘7D’ (25.55) as detailed in Table 5. 
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Fig. 6. Trajectories of the ironworker tagged ‘71’ in all hazard zones 

 

Fig. 7. ES of the trajectories of the ironworker tagged ‘71’ in all hazard zones 

 

Table 5. EAW and EAH in the trial 

 

EAW can be used to highlight who is the most vulnerable worker. For example, in the unit 

time (8 hours in the trial), the EAW of ironworker ‘71’ is 705.47, which prioritizes him in the 

worker list and suggest to the safety officer that more attention should be paid to ironworker 

‘71’. Table 5 also shows the EAH of the four hazard zones, which indicates work area 1 with 

unprotected edges to be the most dangerous zone, with an EAH of 1054.40, and the welding 

work area ranking second with an EAH of 716.66. In addition, the hazard EA of the project 

was established as 2657.06 by summing all EAW or EAH. This can be interpreted as a general 

risk score of the project in unit time. 

 

Discussion 

This section discusses the contributions and significance of the study, followed by the 

research limitations and suggestions for future research directions. 

 

Research contributions and signification 

Using the real-time location system to acquire the location data of site workers and 
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equipment as well as their duration on site integrates the time factor with the space factor to 

allow precise statistics of where and how long a worker appears on site. The continuous and 

timely location data activates the automated exposure assessment process, allowing the EA 

to be compared from worker and hazard perspectives. Thus, EAW allows safety officers in 

identifying the most vulnerable workers, while EAH can be used to establish which places are 

the most dangerous. Most importantly, the assessment process is objective and efficient. 

 

It can be reasonably argued that continuous safety monitoring using a location-based 

proximity warning system and the proposed quantitative hazard exposure model can create 

an EAW trend of a specific worker and an EAH trend of a specific hazard. The trends can 

facilitate safety officers in evaluating the safety risk and performance of workers as well as 

the adequacy of precautionary measures from a broader and objective perspective. 

Moreover, the total EA of a project during a unit time can be obtained and used to indicate 

the risk level from a project perspective and the trend of the total project EA can be used to 

evaluate the variation of project safety risk. These assessments are ongoing and immediate 

and provide safety officers with an effective tool to maximize the cost-effectiveness of 

decisions involving the allocation of safety management resources. 

 

Research limitations 

The limitations on this study are various. The real-time location technology adopted to 

implement the PCMS can affect the calculations of ES and EA in two ways. Firstly, the average 

location error of 0.868 m recorded in Li, et al. (2015a) is likely to be larger when the location 
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system is deployed and used in real-life construction projects, where multipath effects 

caused by complicated situations can significantly affect the CSS signals for wireless ranging. 

Secondly, the system response time is determined by numerous factors, including the 

number of tags and anchors, routing hops between the location network and Internet, and 

Internet communication. Nevertheless, the rapid development of location technologies 

suggests that these issues are likely to be overcome in the near future. 

 

In this study, the workers’ response to warnings, which could affect their trajectories as well 

as the assessment of their amount of exposure, was not taken into account. The perceived 

warning urgency contributes to the workers' response, but they may use additional 

strategies to determine their response including risk awareness, signal duration, workload, 

etc. Signal duration is an important influence, but workload, signal duration, and task 

complexity may lead to other reaction strategies (Cvach, 2012). Personal protection 

equipment could be one of the factors influencing workers’ response to warnings. Following 

this notion, reducing false alarms to make them ‘smart’ could be another topic since false 

alarms occur frequently and contribute to alarm desensitization, mistrust and lack of worker 

response. 

 

The presented work does not cover the validation of the proposed model. A validation 

method of the newly introduced model could be by comparing ES and EA with the injury and 

fatality statistics over a longer period. However, because of the limitation on the research 

time available, the accidents were few and no correlation analysis could be conducted in a 
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statistically meaningful way. Nonetheless, the content presented in this paper has reasonably 

served the primary research objective in proposing an innovative method for risk assessment 

with respect to the changing nature of construction projects. 

 

Location privacy is a further and inevitable issue whenever location data is collected and 

used by others, and can be addressed through legislation, management control and technical 

means outside the scope of this study. As with freedom of information, whether the gain in 

safety will justify the loss in privacy since construction work generally is carried out in public, 

is a matter yet to be determined. 

 

Summary 

The changing and complex working situations and concurrent involvement of numerous 

resources on construction sites provide a significant challenge to traditional prospective 

methods of safety risk assessment and manual safety observation. To automate safety risk 

assessment in changing site conditions, this paper proposed a quantitative model for hazard 

exposure assessment based on real-time location data of construction workforce and 

equipment, collected by a location-based proximity warning system. 

 

To structure the quantitative model, first, ES was introduced to quantify the space factor in 

risk assessment in the form of analogizing a hazard as a radiation source, the closer proximity 

in which a person is exposed to the hazard and the higher risk to which the person is 

exposed. With the definition of ES, the core concept of the model, EA was established by 
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taking into account the time factor of construction activities to quantify exposure risk. Two 

specific concepts, i.e., EAW (the hazard EA of a worker) and EAH (the hazard EA in a hazard 

zone), were then introduced. 

 

As illustrated by the trial study, the research outcomes depart from the existing body of 

knowledge in the following two ways. First, the proposed assessment process is real-time, 

objective and efficient since ES and EA are calculated based on real-time location data of 

workforce and equipment. Second, the assessment results can be used in various 

safety-related decision situations since the EA can be interpreted at various levels or 

perspectives, such as worker, hazard and project. 

 

Behavior-based safety (BBS) is known to be capable of generating increasingly accurate, 

predictive data, allowing precise reinforcement and providing positive accountability by 

measuring the frequency of safe behavior (Holt, 2001). However, changes in the physical 

environment, the changing nature of the work performed as projects progress, and the 

turnover of crews and equipment impede the practical use of BBS in construction safety. 

Continuous and timely location data also provides the potential to record ‘near misses’ at the 

bottom of the safety pyramid. By integrating with other sensing technologies, such as motion 

capture technologies, the prototype system introduced in this paper could be even further 

extended to facilitate the more efficient use of BBS in the construction industry. 

 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

Acknowledgements 

Many thanks go to Bo Ye, Wei Lu and Xintao Yang for their indispensable efforts in the system 

development and trial studies. The work was supported by the Innovation and Technology 

Commission of Hong Kong, under the public sector trial scheme of a project "Location-based 

Technologies for Asset Tracking and Risk Management" (ITT/004/15LP), and the Research 

Grants Council of Hong Kong with the grant titled “Proactively Monitoring Construction 

Progress by Integrating 3D Laser-scanning and BIM” (PolyU 152093/14E). 

 

References 

Abderrahim, M., Garcia, E., Diez, R., and Balaguer, C. (2005). "A mechatronics security system for the 

construction site." Automation in Construction, 14(4), 460-466. 

Baradan, S., and Usmen, M. A. (2006). "Comparative Injury and Fatality Risk Analysis of Building Trades." 

Journal of Construction Engineering and Management, 132(5), 533-539. 

Behzadan, A. H., Aziz, Z., Anumba, C. J., and Kamat, V. R. (2008). "Ubiquitous location tracking for 

context-specific information delivery on construction sites." Automation in Construction, 17(6), 

737-748. 

Carbonari, A., Giretti, A., and Naticchia, B. (2011). "A proactive system for real-time safety management 

in construction sites." Automation in Construction, 20(6), 686-698. 

Choset, H., Lynch, K. M., Hutchinson, S., Kantor, G., Burgard, W., Kavraki, L. E., and Thrun, S. (2005). 

Principles of Robot Motion: Theory, Algorithms, and Implementations (Intelligent Robotics and 

Autonomous Agents series), The MIT Press, Cambridge, Massachusetts. 

Cvach, M. (2012). "Monitor Alarm Fatigue: An Integrative Review." Biomedical Instrumentation & 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

Technology, 46(4), 268-277. 

Department of Motor Vehicles (2011). "NYS DMV - Driver's Manual - Chapter 8: Defensive Driving." 

Department of Motor Vehicles, New York State. 

Ding, L. Y., Zhou, C., Deng, Q. X., Luo, H. B., Ye, X. W., Ni, Y. Q., and Guo, P. (2013). "Real-time safety early 

warning system for cross passage construction in Yangtze Riverbed Metro Tunnel based on the 

internet of things." Automation in Construction, 36(0), 25-37. 

Fung, I. W. H., Tam, V. W. Y., Lo, T. Y., and Lu, L. L. H. (2010). "Developing a Risk Assessment Model for 

construction safety." International Journal of Project Management, 28(6), 593-600. 

Hallowell, M., and Gambatese, J. (2009). "Activity-Based Safety Risk Quantification for Concrete 

Formwork Construction." Journal of Construction Engineering and Management, 135(10), 990-998. 

Hinze, J., Pedersen, C., and Fredley, J. (1998). "Identifying Root Causes of Construction Injuries." Journal 

of Construction Engineering and Management, 124(1), 67-71. 

Holt, S. J. A. (2001). "Principles of construction safety." Construction safety, Blackwell Science, Oxford 

OX4 2DQ, UK. 

Hwang, S. (2012). "Ultra-wide band technology experiments for real-time prevention of tower crane 

collisions." Automation in Construction, 22(0), 545-553. 

Jannadi, O. A., and Almishari, S. (2003). "Risk assessment in construction." J Constr Eng M Asce, 129(5), 

492-500. 

Lee, K.-P., Lee, H.-S., Park, M., Kim, H., and Han, S. (2014). "A real-time location-based construction labor 

safety management system." Journal of Civil Engineering and Management, 20(5), 724-736. 

Lee, U.-K., Kim, J.-H., Cho, H., and Kang, K.-I. (2009). "Development of a mobile safety monitoring system 

for construction sites." Automation in Construction, 18(3), 258-264. 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

Li, H., Chan, G., Huang, T., Skitmore, M., Tao, T. Y. E., Luo, E., Chung, J., Chan, X. S., and Li, Y. F. (2015a). 

"Chirp-spread-spectrum-based real time location system for construction safety management: A case 

study." Automation in Construction, 55(0), 58-65. 

Li, H., Lu, M., Hsu, S.-C., Gray, M., and Huang, T. (2015b). "Proactive behavior-based safety management 

for construction safety improvement." Safety Science, 75, 107-117. 

Manuele, F. A. (2005). "Risk Assessment & Hierarchies of Control." Professional Safety, 50(5), 33-39. 

Marks, E., and Teizer, J. (2012). "Proximity Sensing and Warning Technology for Heavy Construction 

Equipment Operation." Construction Research Congress 2012, American Society of Civil Engineers, 

981-990. 

Marks, E. D., and Teizer, J. (2013). "Method for testing proximity detection and alert technology for safe 

construction equipment operation." Construction Management and Economics, 31(6), 636-646. 

Mitropoulos, P., and Namboodiri, M. (2010). "New Method for Measuring the Safety Risk of Construction 

Activities: Task Demand Assessment." Journal of Construction Engineering and Management, 137(1), 

30-38. 

Occupational Safety and Health Branch (2014). "Occupational Safety and Health Statistics 2013." 

Occupational Safety and Health Branch, Labour Department, HKSAR. 

OSHA Directorate of Training and Education (2011a). "Construction Focus Four: Caught-In or -Between 

Hazards." OSHA Training Institute. 

OSHA Directorate of Training and Education (2011b). "Construction Focus Four: Electrocution Hazards." 

OSHA Training Institute. 

OSHA Directorate of Training and Education (2011c). "Construction Focus Four: Fall Hazards." OSHA 

Training Institute. 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

OSHA Directorate of Training and Education (2011d). "Construction Focus Four: Struck‐By Hazards." 

OSHA Training Institute. 

Razavi, S. N., and Moselhi, O. (2012). "GPS-less indoor construction location sensing." Automation in 

Construction, 28(0), 128-136. 

Road Safety Authority (2014). "The two-second rule." 

<http://www.rotr.ie/rules-for-driving/speed-limits/speed-limits_2-second-rule.html>. (July 27, 2015). 

Rozenfeld, O., Sacks, R., and Rosenfeld, Y. (2009). "‘CHASTE’: construction hazard assessment with spatial 

and temporal exposure." Construction Management and Economics, 27(7), 625-638. 

Ruff, T. (2006). "Evaluation of a radar-based proximity warning system for off-highway dump trucks." 

Accident Analysis & Prevention, 38(1), 92-98. 

Ruff, T. M., and Holden, T. P. (2003). "Preventing collisions involving surface mining equipment: a 

GPS-based approach." Journal of Safety Research, 34(2), 175-181. 

Sammarco, J., Gallagher, S., Mayton, A., and Srednicki, J. (2012). "A visual warning system to reduce 

struck-by or pinning accidents involving mobile mining equipment." Applied Ergonomics, 43(6), 

1058-1065. 

Schiffbauer, W. H. (2002). "Active proximity warning system for surface and underground mining 

applications." Mining engineering, 54(12), 40-48. 

Schiffbauer, W. H., and Mowrey, G. L. "An environmentally robust proximity warning system for 

hazardous areas." Proc., Proceedings of the ISA Emerging Technologies Conference, 1-10. 

Sousa, V., Almeida, N. M., and Dias, L. A. (2015). "Risk-based management of occupational safety and 

health in the construction industry – Part 2: Quantitative model." Safety Science, 74, 184-194. 

Sun, Y., Fang, D., Wang, S., Dai, M., and Lv, X. (2008). "Safety Risk Identification and Assessment for 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 

http://www.rotr.ie/rules-for-driving/speed-limits/speed-limits_2-second-rule.html%3e


 

 

Beijing Olympic Venues Construction." Journal of Management in Engineering, 24(1), 40-47. 

Teizer, J., Allread, B. S., Fullerton, C. E., and Hinze, J. (2010). "Autonomous pro-active real-time 

construction worker and equipment operator proximity safety alert system." Automation in 

Construction, 19(5), 630-640. 

Teizer, J., Mantripragada, U., Venugopal, M., and Walia, A. (2008). "Analyzing the travel patterns of 

construction workers." Proc., Proceedings of the 25th International Symposium on Automation and 

Robotics in Construction, Vilnius, Lithuania, 26-29. 

Vega, A. N. (2001). "Development of a real-time proximity warning and 3D mapping system based on 

wireless networks, virtual reality graphics, and GPS to improve safety in open-pit mines." PhD, 

Colorado School of Mines. 

Wang, J., and Razavi, S. (2015). "Low False Alarm Rate Model for Unsafe-Proximity Detection in 

Construction." Journal of Computing in Civil Engineering, 04015005. 

Wang, W.-C., Liu, J.-J., and Chou, S.-C. (2006). "Simulation-based safety evaluation model integrated with 

network schedule." Automation in Construction, 15(3), 341-354. 

Wu, H., Tao, J., Li, X., Chi, X., Li, H., Hua, X., Yang, R., Wang, S., and Chen, N. (2013). "A location based 

service approach for collision warning systems in concrete dam construction." Safety Science, 51(1), 

338-346. 

Yi, K., and Langford, D. (2006). "Scheduling-Based Risk Estimation and Safety Planning for Construction 

Projects." Journal of Construction Engineering and Management, 132(6), 626-635. 

  

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

Table 1 

Four primary safety hazards in the construction industry (OSHA Directorate of Training and 

Education, 2011a; OSHA Directorate of Training and Education, 2011b; OSHA Directorate of 

Training and Education, 2011c; OSHA Directorate of Training and Education, 2011d) 

General types Detailed hazards Not covered 

Falling hazards Unprotected roof edges, roof and floor openings, 

structural steel and leading edges, etc. 

 

 Improper scaffold construction  

 Unsafe portable ladders * 

Struck-by hazards Struck-by flying objects  

 Struck-by falling objects  

 Struck-by swinging objects  

 Struck-by rolling objects  

Caught-in or between 

hazards 

Machinery that has unguarded moving parts causing 

caught-in or -between incidents 

* 

 Caving-in of unprotected trenches and excavations  * 

 Pinned between equipment and a solid object, such as 

a wall or another piece of equipment; between 

materials being stacked or stored and a solid object, 

such as a wall or another piece of equipment; or 

between shoring and construction materials in a 

trench 

* 
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Electrocution hazards Contact with overhead power lines  

 Contact with energized sources * 

 Improper use of extension and flexible cords * 
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Table 2 

Operation steps and functions of PCMS 

Stages Operation 

steps/functions 

Specification 

Preparation Site layout management Site layout pictures can be uploaded or updated and a 

picture scale can be set 

 Hazard configuration Static hazards (e.g., unprotected roof edges, roof and 

floor openings) and dynamic hazards (e.g., tower crane 

hooks, excavators and bulldozers) can be defined in the 

form of points, lines, or areas 

 Tag management The relationships between tags and tag carriers can be 

established, updated or removed. Tag carriers include 

site workers as well as dynamic hazard zones 

 Anchor management Anchor coordinates are set before anchors are deployed 

on physical sites or updated after anchors are 

re-deployed 

Running Safety warning in real 

time 

A trilateration algorithm calculates tag positions using 

known anchor positions and distances between tags and 

anchors. The positions are evaluated against the defined 

hazard zones to identify if workers are endangered. If 

yes, warnings are sent to the tags they carry and 

corresponding hint sounds will triggered, e.g., “ground 

This material may be downloaded for personal use only.  
Any other use requires prior permission of the American Society of Civil Engineers.  

This material may be found at https://doi.org/10.1061/(ASCE)CO.1943-7862.0001139 



 

 

uneven”, “vehicle approaching”, “lifting hook 

approaching”, etc. 

 Location visualization The tag carriers’ locations can be visualized in the form of 

dots to allow project management to track their current 

position 

Data analysis Record and replay All tracking results are stored so that when an accident 

occurs these records can be replayed for accident cause 

analysis 

 Exposure statistics and 

prioritization in real time 

This function provides statistics and prioritization of the 

amount of exposure of workers and in hazards. It 

functions in real time as the location data of workforce 

and equipment is collected and fed the model in real 

time. 
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Table 3 

Tags used and tag carriers in the trial 

Worker No. in PCMS Work type Tag ID 

475 Ironworker 71 

477 Ironworker 74 

478 Carpenter 77 

479 Ironworker 79 

473 Ironworker 7D 

474 Carpenter 7E 

480 Ironworker 80 

481 Carpenter 82 
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Table 4 

Values of 𝐷𝑚𝑖𝑛 and 𝐷𝑚𝑎𝑥  for all hazard zones in the trial 

Hazard zone Hazards 𝐷𝑚𝑖𝑛 (m) 𝐷𝑚𝑎𝑥 (m) 

Laydown area  Struck-by falling objects 

 Struck-by swing objects 

0.5 6.0 

Work area 1 and 2 

with unprotected 

edges 

 Falling from height 0.5 3.0 

Welding work area  Light, radiation, burns from hot debris and 

sparks 

 Heat, ultraviolet light and burns from hot 

debris and sparks 

 Hot metal debris, other metal debris and 

electric shock 

 Exposure to the rays of an arc during 

electric welding operations 

 Dust, hazardous fumes, gases and 

chemicals and oxygen-depleted 

atmospheres 

0.5 5.0 
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Table 5 

EAW and EAH in the trial 

Worker tag ID 

Laydown 

area 

Work area 1 with 

unprotected edges 

Work area 2 with 

unprotected edges 

Welding 

work area 

EAW 

71 (Ironworker) 60.13 573.54 0.00 71.80 705.47 

74 (Ironworker) 212.09 112.69 0.51 16.01 341.30 

77 (Carpenter) 25.54 19.58 23.43 342.06 410.61 

79 (Ironworker) 0.00 6.53 0.52 31.35 38.40 

7D (Ironworker) 0.00 0.00 15.24 10.31 25.55 

7E (Carpenter) 0.00 0.00 250.16 15.03 265.19 

80 (Ironworker) 231.08 311.14 5.08 140.89 688.19 

82 (Carpenter) 40.52 30.92 21.69 89.22 182.35 

EAH 569.37 1054.40 316.63 716.66 2657.06 

Note: 2657.06 is the total of all EA occurring in the trial; it represents the risk score of the 

project in the unit time (8 hours in the trial). 
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Figures 

Fig. 1a. ES of a point hazard 

Fig. 1b. Gradient of the ES 

Fig. 2a. ES of a line hazard 

Fig. 2b. Gradient of the ES 

Fig. 3a. ES of an area hazard 

Fig. 3b. Gradient of the ES 

Fig. 4. Site layout and system deployment in the trial 

Fig. 5. Hazard ES on the trial site 

Fig. 6. Trajectories of the ironworker tagged ‘71’ in all hazard zones 

Fig. 7. ES on the trajectories of the ironworker tagged ‘71’ in all hazard zones 
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Fig. 1. Potential energy of a point hazard 
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Fig. 2. Potential energy of a line hazard 
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Fig. 3. Potential energy of an area hazard 
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Fig. 4. Site layout and system deployment in the trial 
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Fig. 5. Hazard exposure strength on the trial site 
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Fig. 6. Trajectories of the ironworker tagged ‘71’ in all hazard zones 
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Fig. 7. Exposure strength on the trajectories of the ironworker tagged ‘71’ in all hazard zones 
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