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Abstract


Large retail developments act as strong trip attractors and can substantially alter traffic demand patterns at adjacent urban intersections. This paper analyzes the operational impacts of a major shopping center on two nearby signalized intersections in Novi Sad, Serbia, and evaluates the effects of reconstructing one of them into a turbo roundabout. Traffic data collected before and after the shopping center opening, as well as before and after the intersection reconstruction, were analyzed using calibrated and validated microsimulation models. Results indicate that peak-hour traffic volumes increased by 8.38% and 6.96% at the analyzed intersections following the shopping center opening, leading to increased delays and operational stress under fixed signal control, particularly under unbalanced turning demands. The conversion of the three-leg signalized intersection into a turbo roundabout resulted in substantial reductions in average delay and improvements in level of service under identical traffic demand conditions, mainly due to the elimination of left-turn signal phases and reduced conflict interactions. The findings confirm that turbo roundabouts can provide significant operational benefits in dense urban environments characterized by strong directional flows; however, their effectiveness is highly context-dependent and influenced by traffic composition and geometric constraints. The results are interpreted as representative of typical weekday peak conditions, acknowledging data and temporal limitations.
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1. Introduction


Urban areas worldwide are experiencing continuous growth in travel demand, driven by increased motorization and changes in land-use patterns. Among different types of urban developments, large shopping centers represent particularly strong trip attractors, generating substantial volumes of both vehicular and pedestrian traffic throughout the day. When such facilities are introduced into already congested urban environments, their impacts are often most pronounced at nearby intersections, where capacity constraints and conflicting movements amplify operational inefficiencies.



Assessing the transportation impacts of new developments has therefore become a central task in urban and transport planning. Traffic impact assessment (TIA) is commonly used to evaluate whether existing infrastructure can accommodate additional demand and to identify appropriate mitigation measures. However, TIAs are primarily predictive in nature and rely on assumed trip generation rates, traffic distribution patterns, and behavioral assumptions that may not fully reflect actual traffic conditions once a development becomes operational. Intersections play a critical role in this process, as even moderate increases in traffic volumes or changes in directional flow patterns can lead to disproportionate increases in delay, queue lengths, and overall network instability.



Recent decades have seen growing interest in innovative intersection designs aimed at improving operational performance and safety under high traffic demand. Among these, turbo roundabouts have emerged as an alternative to both conventional multilane roundabouts and signalized intersections [1]. Their defining characteristic is the physical separation of lanes, which forces drivers to select their desired exit before entering the roundabout and prevents lane changing within the circulating roadway. This design reduces conflict points and can improve both safety and operational stability, particularly under conditions of high and unbalanced turning movements [1,2,3].



Although numerous studies have demonstrated the safety benefits of turbo roundabouts [1,2,3,4,5,6], their operational performance remains highly context-dependent [2,3,6,7,8]. Previous research indicates that advantages in terms of capacity and delay are most pronounced under specific traffic conditions, such as high volumes combined with dominant directional flows [2,3,6,7,8]. Conversely, under low or balanced demand conditions, conventional intersection forms may perform equally well or better [2,3,7]. Moreover, much of the existing literature evaluates turbo roundabouts under assumed or simulated demand conditions [3,6,7,8,9,10,11], while empirical post-implementation assessments based on observed traffic data remain relatively limited [1]. As a result, context-specific evidence is essential for understanding when and where turbo roundabouts constitute an effective solution.



In Southeast Europe, and particularly in Serbia, the application of turbo roundabouts is still limited, and documented real-world evaluations are scarce. This lack of empirical evidence constrains the ability of planners and decision-makers to assess the suitability of this design in dense urban environments characterized by legacy street networks and strong land-use pressures.



Against this background, the present study investigates the traffic impacts of the Big Fashion shopping center in Novi Sad, Serbia, on two adjacent intersections and evaluates the operational effects of reconstructing one of them into a turbo roundabout. Unlike conventional TIA-based studies, which focus on forecasting future conditions, this research is based on observed traffic flows measured before and after the construction of the shopping center. The study addresses the following research questions:



How did the opening of a large shopping center affect traffic volumes, directional flow patterns, and operational performance at nearby urban intersections?



Does the conversion of a signalized intersection into a turbo roundabout lead to measurable operational improvements under observed high and unbalanced turning demand? To address these questions, the study combines multi-year traffic count data with microsimulation-based operational analysis. One intersection retained signal control and serves as a reference case illustrating the effects of increased demand without geometric intervention, while the second intersection was reconstructed into the first turbo roundabout in the region, enabling a before–after operational comparison under identical traffic volumes.



The contribution of this research is twofold. First, it provides empirical evidence on how a major commercial development redistributes traffic flows and intensifies operational pressures in a dense urban network, thereby complementing traditional predictive traffic impact assessments with real-world observations. Second, it offers a real-world evaluation of a turbo roundabout implemented in a Southeast European context, contributing practical insights into its applicability, benefits, and limitations. By explicitly acknowledging methodological constraints and contextual factors, the study aims to support more informed, context-sensitive intersection design decisions in similar urban environments.




2. Literature Review


Land use refers to the activities carried out within a specific spatial area. Each type of land use generates a certain number of trips involving people or goods, which generates demand on the urban traffic network [12,13]. Numerous studies have analyzed the relationship between land use and traffic [14,15,16,17,18]. Although different methodological approaches and a certain degree of disagreement exist regarding causal relationships, the fundamental principle—that land use significantly influences the attractiveness of a location and the volume of generated trips—is widely accepted among researchers [14,15,16].



Changes in land use often lead to an increase in generated trips, which is reflected in the intensity of human and freight movement and consequently in overall traffic volumes. Such changes can impose additional pressure on the existing transport infrastructure, particularly through the emergence of traffic congestion, a higher number of traffic accidents, and reduced efficiency of roadways that carry traffic volumes exceeding those originally planned [17].



A particular challenge in this context is represented by shopping centers, which function as all-day attraction zones [19]. Shopping centers are often visited by large numbers of people because of the wide range of products and services provided by the different retail outlets. The desirability of a location to users directly correlates with its impact on traffic flows [20]. Consequently, the construction of such facilities often requires additional infrastructural interventions in their immediate surroundings to mitigate the impacts of traffic flow.



An innovative solution increasingly applied in areas with high traffic volumes is the turbo roundabout, which serves as an alternative to conventional two-lane roundabouts. Turbo roundabouts were developed in 1996 by the Dutch engineer Fortuijn, whose goal was to design a roundabout with equal or higher capacity than a traditional two-lane roundabout while maintaining the safety characteristics of a single-lane roundabout [1].



Over the past two decades, numerous studies have examined the performance characteristics of turbo roundabouts [2,3,4,5,6,7,8,9,10]. Previous studies on turbo roundabouts often utilized simulation tools such as VISSIM (PTV, Karlsruhe, Germany), AIMSUN (Aimsun SLU, Barcelona, Spain), or SSAM (FHWA, McLean, VA, USA). VISSIM (Verkehr In Städten—SIMulationsmodell) is a microscopic simulation software for modeling individual vehicle behavior and traffic interactions. AIMSUN (Advanced Interactive Microscopic Simulation of Urban Networks) combines micro- and macroscopic simulation for network-wide analysis and scenario evaluation. SSAM (Signalized and Stop-Controlled Intersection Analysis Model) is a macroscopic tool designed for evaluating the operational performance of signalized and stop-controlled intersections, providing indicators such as delay, level of service, and queue lengths. The majority of research shows their superiority in terms of traffic safety. One of the key features of these intersections is the presence of physical separators that prevent lane changing within the roundabout and clearly define vehicle trajectories [2,3,21,22]. As a result, the number of conflict points is reduced from 24 (in standard two-lane roundabouts) to 14, thereby enhancing traffic safety [2,3]. More specifically, the reduction primarily refers to the elimination of crossing conflict points, which are considered the most critical in terms of crash severity, while merging and diverging conflicts remain but occur under more controlled conditions. In addition, the predefined vehicle paths simplify driving behavior by reducing decision-making complexity and minimizing unexpected lane changes, particularly for left-turn movements. This leads to more predictable traffic flow patterns and contributes not only to improved safety but also to enhanced operational performance under certain traffic conditions. Previous analyses using Petri nets showed that turbo roundabouts, due to their reduced number of possible maneuvers and restricted lane changes, exhibit lower complexity and a higher level of traffic safety compared to conventional roundabouts [5]. An analysis comparing the safety performance of an existing two-lane roundabout and a proposed turbo roundabout designed for the same intersection found that, based on simulations performed in VISSIM and analyses conducted in SSAM, turbo roundabouts exhibit 72% fewer conflicts compared to conventional two-lane roundabouts [6].



However, there is still a lack of consensus among researchers regarding the capacity of these intersections. A comparative analysis of capacity and safety characteristics between standard and turbo roundabouts on a complex urban roadway in eastern Sicily was conducted using simulation models developed in AIMSUN and SSAM. The results indicated that turbo roundabouts are more efficient than conventional ones, but primarily under conditions of heavy traffic. Under low and medium traffic volumes, multi-lane roundabouts may offer better performance [3]. One study analyzed the capacity and safety characteristics of four innovative roundabout types: turbo, flower, target, and four-flyover. The findings indicate that turbo roundabouts achieve optimal performance when the majority of traffic flows make right turns [7]. Similarly, a study analyzed the capacity of turbo roundabouts compared with single-lane and two-lane roundabouts. The findings suggested that turbo roundabouts provide higher capacity than two-lane roundabouts when the proportion of right-turning traffic on minor approaches exceeds 60% [8]. Another study compared the operational performance of three intersections located along the most congested arterial road in Ohrid—two signalized and one controlled by a STOP sign—with newly designed turbo roundabouts. The study demonstrated that turbo roundabouts generally deliver better operational performance than existing intersections [9]. A simulation-based case study in Čadca indicated that a turbo roundabout may provide better operational performance than conventional roundabouts and signalized alternatives under increased traffic demand [11]. A comparison of turbo and two-lane roundabouts based on Sarajevo traffic parameters showed that turbo roundabouts achieve better overall performance, particularly in terms of capacity on minor approaches [2]. A recent study using a virtual reconstruction of an existing multi-lane roundabout into a turbo roundabout demonstrated potential improvements in traffic capacity, safety, and aesthetics. The study also found that vehicle emissions could be reduced by up to 44% in the surrounding area and 23% within the intersection itself. These findings indicate that turbo roundabouts are an efficient and environmentally sustainable solution for urban intersection design [10]. However, recent research also points to certain limitations of turbo roundabouts, such as higher construction costs, more complex driver navigation, and constraints related to pedestrian and cyclist movements [23].



The reviewed studies indicate that the capacity of turbo roundabouts largely depends on prevailing traffic conditions, primarily the balance of traffic flows on the approaches and the geometric design of the intersection. Under low traffic demand, performance differences between turbo and conventional two-lane roundabouts are negligible, whereas under high traffic volumes, the advantages of turbo roundabouts are reflected in improved operational performance, particularly in scenarios with a high proportion of right-turning movements [7]. In addition to traffic demand, research highlights that the geometric layout of turbo roundabouts plays a decisive role in determining capacity and overall operational efficiency. In particular, the physical separation of traffic lanes clearly defines vehicle trajectories and contributes to a reduction in conflict situations while indirectly improving both safety and capacity [24]. However, it should be noted that the total entry capacity does not represent a simple sum of the capacities of individual lanes but instead reaches its maximum when lane saturation levels are approximately balanced [25]. In urban environments, additional factors such as pedestrian traffic can significantly reduce intersection capacity [25]. In certain cases, the presence of conflicting traffic streams, including tram traffic passing through the central island, further complicates traffic conditions and increases vehicle delays [26]. Existing literature indicates that both analytical capacity models and microsimulation approaches lead to mutually consistent conclusions regarding the performance of turbo roundabouts. A recent case study from Slovakia showed that converting a single-lane roundabout into a turbo roundabout can significantly reduce delays and queue lengths, especially under favorable directional flow distribution [27]. In addition, the Technical Conditions TP 100, which regulate the design and capacity calculations of turbo roundabouts in Slovakia, indicate that turbo roundabouts have higher capacity than conventional roundabouts [28]. The same study also indicated that microsimulation may provide a more realistic assessment of turbo roundabout performance than analytical capacity calculations based on technical standards [27].



A comparative capacity analysis conducted using the microsimulation software PTV VISSIM showed that, under low traffic demand levels, there are no significant performance differences between conventional two-lane and turbo roundabouts. Under high traffic demand conditions, however, turbo roundabouts achieve better performance, particularly in scenarios with a high proportion of right-turning movements [7]. Similarly, Kolak et al. compared the functional performance of the existing two-lane Đakovština roundabout in Osijek (Croatia) with a proposed turbo-roundabout design using PTV VISSIM. Their results indicate that the turbo roundabout generally achieves better functional performance, although improvements under peak traffic demand conditions were moderate in most cases [26].



These findings are consistent with the results obtained from analytical capacity models. The Dutch “quick-scan” model reported by Tollazzi et al. indicates that the capacity of turbo roundabouts can be approximately 25–35% higher than that of conventional two-lane roundabouts [7]. Similarly, Popović and Ivanović, applying a modified Bovy equation for turbo roundabouts and a calibrated Austrian method for conventional layouts, demonstrated lower degrees of saturation and shorter average delays for the turbo design [29].



Furthermore, gap-acceptance-based models confirm that turbo roundabouts generally provide higher entry capacities on minor approaches, while performance differences are strongly influenced by traffic flow distribution and locally calibrated parameters. Based on parameters collected in Sarajevo, turbo roundabouts exhibit better performance compared to two-lane roundabouts [2].



Based on the above, it can be concluded that analytical capacity models and microsimulation approaches lead to consistent conclusions about the performance of turbo roundabouts. This confirms the justification for using microsimulation as a complementary tool for capacity assessment.




3. Methodology


The research methodology consisted of four primary stages: (1) selecting study intersections, (2) collecting traffic data, (3) conducting traffic flow simulations, and (4) performing comparative analysis. Figure 1 presents a flowchart summarizing the overall research framework and methodological steps applied in this study, from data collection and microsimulation modeling to the evaluation of operational performance under different intersection control scenarios.



3.1. Study Area and Intersection Selection


The study was conducted in the vicinity of a shopping center in the broader city center of Novi Sad. Positioned at the intersection of major urban roads, the center officially opened to the public in 2018. The shopping center has a total built-up area of 150,000 square meters, ranking it as the third largest in Serbia. Prior to its construction, the site was occupied by tennis courts and green spaces. Two intersections were selected due to their proximity to the facility and their role in accommodating access-related traffic.



	
R1: Bulevar cara Lazara–Bulevar oslobođenja, a four-leg signalized intersection.



	
R2: Bulevar cara Lazara–Fruškogorska Street, initially a three-leg signalized intersection and reconstructed as a turbo roundabout in 2023.






The shopping center has two main vehicular access points, one of which is located in the immediate vicinity of Intersection R1, while the second access point is situated near Intersection R2 (Figure 2). As a result, Intersection R1 directly accommodates a significant share of traffic generated by the shopping center and represents a critical location for assessing land-use-induced traffic impacts. The analyzed intersections are located within one of the most attractive urban zones of the city, which also includes several other major traffic generators. Consequently, traffic volumes at these intersections were relatively high even before the construction of the shopping center.



Intersection R1 is a standard four-leg at-grade intersection where Bulevar cara Lazara and Bulevar oslobođenja intersect (Figure 3a). Traffic at this intersection is regulated by traffic signals, with Bulevar oslobođenja representing the major road. The two directions of traffic are physically separated by a median island. Each approach provides three traffic lanes per direction, with an additional left-turn lane formed immediately within the intersection area. As a result, each approach is designed with four entry lanes and three exit lanes, with lane functions clearly defined by pavement markings (Figure 3b).



Traffic signal operation is based on time-dependent control, with predefined fixed-time signal plans applied throughout the day with different cycle lengths and phase durations. The signal timing parameters, including green times for individual phases, were adopted from existing field signal plans. During the peak hour, a signal plan with a cycle length of 130 s was applied at Intersection R1; the signal layout and corresponding timing plan are presented in Figure 4a,b.



At Intersection R2, Bulevar cara Lazara intersects with Fruškogorska Street. Prior to reconstruction, the intersection was a three-leg, signalized junction (Figure 5a), with Bulevar cara Lazara serving as the major road. In June 2023, the reconstruction was finalized, and the intersection was converted into a turbo roundabout (Figure 5b). The upgraded roundabout consists of three approaches. The entry sections of the western and eastern approaches each include three lanes, while the southern approach contains two entry lanes. The movement of traffic streams is clearly defined by horizontal pavement markings and vertical traffic signs.



Prior to reconstruction, traffic at Intersection R2 was also regulated by time-dependent fixed-time signal control. During the peak hour, a signal plan with a cycle length of 90 s was applied; the signal layout and corresponding timing plan are shown in Figure 6a,b.




3.2. Data Collection


Traffic data were collected through a series of manual traffic counts conducted at the study intersections over multiple years (2015, 2020, 2022, and 2023). Manual counting was selected due to the absence of permanent or archived automated detection systems during the pre-development period and the need to ensure methodological consistency across all observation years. Previous studies have shown that manual counts remain a reliable method for urban traffic analysis when conducted by trained observers and when vehicle classification and recording protocols are clearly defined. Traffic volumes were recorded at 15 min intervals and classified by movement direction (left turn, through, and right turn). Vehicles were categorized into passenger cars, buses, and heavy vehicles. To ensure consistency in operational analysis and microsimulation, heterogeneous traffic volumes were converted into equivalent passenger car units using standard passenger car equivalency factors.



To assess the impact of the shopping center, traffic counts conducted before its opening (2015) and after its opening (2020) were analyzed. The 2015 counts were carried out on a typical weekday during three observation windows (morning, midday, and evening), allowing for the identification of peak demand periods. In 2020, due to data availability constraints, counts were conducted during the afternoon peak hour at each intersection. Where necessary, short-duration counts were expanded using available 24 h traffic profiles from 2019 to ensure comparability of flow rates.



For the evaluation of the turbo roundabout, traffic counts from November 2022 (before reconstruction) and November 2023 (after reconstruction) were used. These observations focused on the afternoon period, which consistently exhibited the highest demand at the study location. Although traffic counts were not conducted at identical times of day in all years, peak-hour demand was identified based on the highest observed 15 min flow rates and corresponding operational stress at the intersections.



It is acknowledged that traffic volumes may vary seasonally and that extreme peak conditions (e.g., holiday shopping periods) were not captured within the scope of this study. This limitation is explicitly recognized, and the results are interpreted as representative of typical weekday peak conditions rather than absolute maximum demand. The selected peak hour was identified based on repeated annual traffic surveys conducted by the Faculty of Technical Sciences, as well as data from automatic traffic counters performing 24 h measurements at selected locations in Novi Sad, ensuring that the analyzed periods represent typical weekday peak demand conditions.




3.3. Traffic Flow Simulation


Traffic operations were evaluated using Synchro 11 (Cubic Transportation Systems, San Diego, CA, USA). To ensure the model accurately reflects real-world traffic conditions, a model calibration was conducted. The input data for the simulation included field-collected traffic data, as well as detailed geometric characteristics of the intersections and information regarding the traffic control schemes implemented at the study sites.



Model calibration was performed by iteratively adjusting key parameters to align simulated outputs with observed field data. Calibration focused on matching approach volumes, queue lengths, and average delays. The goodness of fit between the observed and simulated volumes was assessed using standard measures, and deviations were maintained within acceptable ranges commonly adopted in urban traffic simulation studies.



Model validation was conducted by comparing simulated delays and queues with independently observed values from field measurements. The results showed satisfactory agreement, indicating that the models reasonably replicate real-world traffic behavior at the study intersections. While some discrepancies remain inevitable due to stochastic variation and simplified driver behavior assumptions, the calibrated models were deemed suitable for comparative operational analysis.



Performance indicators extracted from the simulation included average vehicle delay, level of service (LOS), volume-to-capacity (v/c) ratio, and approach speeds, according to HCM methodology [30]. All performance measures were evaluated consistently across scenarios to ensure comparability between the signalized and turbo roundabout configurations.




3.4. Data Analysis


The data analysis was based on the results of field measurements and simulation models. The traffic count data enabled a comparative assessment of traffic volumes before and after the construction of the shopping center, as well as before and after the reconstruction of Intersection R2 into a turbo roundabout. These data also served as input parameters for the simulation.



Comparisons were made for the following:




	
Traffic volume before and after the shopping center opened;



	
Delays and LOS values before and after reconstruction;



	
The performance of the turbo roundabout under identical traffic conditions.










4. Results


A comparative analysis of traffic data collected in 2015 and 2020 revealed a measurable increase in traffic volumes following the opening of the Big Fashion shopping center. The increase was evident at both analyzed intersections and was observed on a daily basis as well as during peak-hour conditions. In addition, a comparative analysis of average delays was performed.



4.1. Intersection R1: Traffic Volumes and Operational Performance


At Intersection R1, the highest traffic volumes occurred between 3:00 p.m. and 4:00 p.m. In 2015, 5001 vehicles were recorded during this period, increasing to 5420 vehicles in 2020. This represents an 8.38% rise in peak-hour demand. Directional flow analysis showed consistent increases across all movements from the southern approach, while on other approaches, the most notable increases were recorded for movements oriented towards the shopping center. During the peak hour, 11.7% of vehicles traveling on the northbound exit approach made a turning movement toward the shopping center, indicating a substantial share of attraction-related trips (Figure 7).



The increased volumes contributed to longer control delays. Average intersection delay rose from 56.0 s/veh in 2015 to 70.4 s/veh in 2020. Delays increased most significantly for movements directed toward the shopping center. The level of service (LOS) remained at LOS E both before and after the shopping center opened; thus, although delays worsened, the LOS category remained the same (E) (Figure 8).




4.2. Intersection R2: Traffic Volumes and Operational Performance


Although Intersection R2 experienced lower traffic demand than R1, traffic volumes also increased following the opening of the shopping center. During the peak hour (4:00–5:00 p.m.), traffic volume increased from 2772 vehicles in 2015 to 2965 vehicles in 2020, representing a 6.96% rise (Figure 9).



The highest increases occurred in movements directed toward the shopping center, particularly through movements from the eastern approach and left-turn movements from the southern approach. Approximately 9.1% of westbound exit vehicles turned toward the shopping center during the peak hour, confirming a clear change in directional flow patterns attributable to the new facility.



Average intersection delay increased from 26.4 s/veh to 30.1 s/veh between 2015 and 2020. The largest increase was recorded for the left-turn movement from the southern approach, where delay rose from 63.7 s/veh to 214.3 s/veh. Delays for other movements remained approximately unchanged (Figure 10).




4.3. Redistribution of Traffic Flows


The results confirm that the shopping center significantly influenced the redistribution of traffic flows. At Intersection R1, 11.7% of northbound outbound traffic turned toward the facility during the peak hour. At Intersection R2, 9.1% of westbound outbound traffic was directed toward the shopping center (Figure 11). These findings demonstrate increased trip attraction and a shift in directional travel patterns, further intensifying operational pressures at both intersections.




4.4. Reconstruction of Intersection R2


To improve operational performance under increased traffic demand, Intersection R2 was reconstructed into a turbo roundabout in 2023. A pre-/post-reconstruction comparison was conducted based on traffic counts collected in 2022 (before reconstruction) and 2023 (after reconstruction).




4.5. Turbo Roundabout Performance Evaluation


Traffic volume in 2023 showed a slight decrease compared to 2022 during the one-hour observation period (Figure 12). Before reconstruction in 2022, the three-leg signalized intersection recorded a total traffic volume of 3467 vehicles per hour. Passenger cars constituted the predominant share of traffic (96.6%). After the construction of the turbo roundabout in 2023, the traffic volume decreased to 2832 vehicles per hour. Passenger cars remained the dominant vehicle category, accounting for 94.6% of the total traffic volume. The slight decline in traffic volume can be attributed to drivers’ initial unfamiliarity with the new traffic regulation, which may have led to partial avoidance of the intersection in the first months following reconstruction.



Because post-reconstruction volumes were lower than pre-reconstruction levels, the 2022 traffic volumes were used to evaluate the performance of the turbo roundabout (Figure 13a). Simulation results showed substantial operational improvements under identical traffic conditions.



The analysis of average delays revealed a substantial reduction following the reconstruction of the intersection (Figure 14). The most significant improvement was observed for the left-turn movement from the southern approach, where the average delay decreased from 165.5 s/veh (signalized intersection) to 11.9 s/veh (turbo roundabout). Similar improvements were recorded for the left-turn movement from the eastern approach, with delays decreasing from 151.6 s/veh to 11.7 s/veh.



The turbo roundabout achieved LOS A for all approaches (Figure 13b), with lower volume-to-capacity ratios and improved operational stability. The reconstruction also resulted in higher approach speeds, increasing to 30–45 km/h across all three legs of the roundabout. Before reconstruction, simulated vehicle speeds were predominantly low, generally below 20 km/h for most turning movements, with the lowest values (below 5 km/h) observed for left-turn movements from the southern approach.





5. Discussion


The results of the analysis conducted for this paper confirm that large shopping centers act as strong trip attractors and can significantly alter traffic demand patterns in their immediate surroundings. At both analyzed intersections, the opening of the Big Fashion shopping center was associated with measurable increases in peak-hour traffic volumes and noticeable redistribution of directional flows. These effects were not uniform across movements, highlighting the importance of analyzing turning flows rather than relying solely on total approach volumes.



At Intersection R1, increased demand resulted in higher average delays while the overall level of service remained unchanged. This outcome indicates that the intersection was already operating close to its capacity prior to the shopping center opening and that additional demand primarily exacerbated existing operational inefficiencies. The observed increase in delay despite modest changes in some movement volumes can be explained by the fixed signal control structure, where limited green time and competing turning movements amplify the sensitivity of delays to even small traffic fluctuations. This finding underscores the limited adaptability of conventional signalized intersections in dense urban environments with growing land-use pressures.



At Intersection R2, the effects of increased demand were more pronounced, particularly for left-turn movements from the southern approach. Although traffic volumes for some movements did not increase substantially, delays rose sharply. This apparent inconsistency reflects the interaction between unbalanced turning demands and signal phase allocation. Left-turn movements with relatively low green time are especially vulnerable to increased opposing flows and queue spillback, which can cause disproportionate increases in delay without corresponding increases in volume. Similar phenomena have been reported in previous studies of signalized intersections operating under near-saturation conditions.



The reconstruction of Intersection R2 into a turbo roundabout resulted in substantial operational improvements under identical traffic demand conditions. Microsimulation results showed significant reductions in average delay, particularly for previously critical left-turn movements. The physical separation of lanes and predefined vehicle trajectories eliminated conflicts associated with left-turn phases and reduced dependency on signal timing, allowing for more continuous traffic flow. These findings are consistent with previous research indicating that turbo roundabouts perform particularly well under conditions of high and unbalanced turning movements.



The quantitative analysis of delays and level-of-service improvements provides clear evidence of the operational benefits of turbo roundabouts under context-specific conditions. The delay reduction from over 165 s/veh to under 12 s/veh for left-turn movements highlights that critical bottlenecks at traditional signalized intersections can be effectively mitigated with geometric redesign. This underscores that the effectiveness of intersection conversion is not merely theoretical but measurable in real-world operational terms.



Moreover, the observed redistribution of traffic flows toward the shopping center demonstrates that intersection performance is highly sensitive to land-use-induced demand patterns. The fact that 11.7% of northbound traffic at R1 and 9.1% of westbound traffic at R2 were directly influenced by the shopping center indicates that urban planners must account for specific directional flows, not just total traffic volumes, when evaluating mitigation measures.



In addition, the operational improvements were dependent on site-specific characteristics, such as the number of lanes, intersection type, and the proximity of the commercial facility. This reinforces the conclusion that turbo roundabouts are not universally optimal but are particularly effective in intersections experiencing unbalanced turning demands combined with constrained signal control. Future studies could model different mall sizes, city scales, and intersection geometries to explore the limits of the transferability of these findings.



Finally, these results emphasize the importance of post-implementation evaluation and driver adaptation. Early traffic volumes after reconstruction were slightly lower, suggesting temporary avoidance as drivers became familiar with the new layout. This highlights that observed benefits may increase further over time as driver behavior stabilizes and that initial post-implementation measurements should be interpreted with caution when extrapolating long-term operational performance.



It is important to acknowledge several limitations of the present study. Traffic data were collected during selected observation periods and therefore may not fully capture seasonal variations or extreme peak conditions, such as those associated with holiday shopping periods. In addition, the analysis primarily focused on operational indicators of vehicular traffic, including delay, level of service, and volume-to-capacity ratios, without explicitly evaluating safety performance or environmental impacts such as emissions and noise levels.



Although the microsimulation models were carefully calibrated and validated using observed field data, simulation-based analyses inevitably rely on simplified representations of driver behavior and traffic interactions, which may influence absolute performance estimates. Furthermore, the operational benefits observed in the simulation are dependent on the specific traffic demand patterns at the studied location, particularly the distribution of turning movements and the balance between entering and circulating flows. Different traffic compositions or substantially higher traffic volumes could lead to different operational outcomes.



Another limitation relates to the case-study nature of the research. The analysis was conducted at two intersections located in the vicinity of a single shopping center within one urban environment. Consequently, the results may be influenced by site-specific characteristics such as the size and attractiveness of the commercial facility, the overall size of the urban area, the type of intersections studied, the number of approach lanes, and the number and location of access points to the shopping center. These factors can affect travel demand patterns and traffic redistribution, which limits the direct generalization of the results to other urban contexts.



Finally, the post-reconstruction evaluation of the turbo roundabout was conducted relatively soon after its implementation. Driver familiarity with the new traffic control scheme may evolve over time, potentially influencing long-term traffic patterns and operational performance.



Despite these limitations, the study provides valuable empirical evidence from a real-world application of a turbo roundabout in a Southeast European urban context. The findings support the use of turbo roundabouts as an effective mitigation measure in locations characterized by strong directional demand and constrained signal performance. At the same time, the results emphasize that successful implementation requires careful consideration of local traffic patterns, user familiarity, geometric feasibility, and broader multimodal impacts.



The observed operational improvements are broadly consistent with findings reported in previous studies on turbo roundabouts. Several authors have documented substantial delay reductions and improved levels of service under conditions of high directional demand and constrained signal performance. Similar to the present study, Vasconcelos et al. [8] reported that turbo roundabouts outperform conventional intersections when turning movements are dominant, while Leonardi and Distefano [3] emphasized their effectiveness under near-saturated urban conditions.



Compared with simulation-based evaluations conducted in Western and Southern Europe, the magnitude of delay reduction observed in this study is relatively high (Table 1). This can be attributed to the particularly inefficient performance of the former signalized intersection under unbalanced demand, suggesting that the benefits of conversion are amplified when the baseline condition is poorly optimized. These findings reinforce the importance of site-specific assessment rather than generalized performance expectations.



Future research should expand the analysis to include safety evaluations based on crash data and environmental assessments, such as emissions and noise. Additionally, long-term monitoring would help capture adaptation effects and provide a more comprehensive understanding of turbo roundabout performance over time.




6. Conclusions


This paper examined the real traffic impacts of a major shopping center on adjacent urban intersections and evaluated the operational effects of reconstructing a signalized intersection into a turbo roundabout. The results confirm that large commercial developments function as strong trip attractors, leading not only to increased traffic volumes but also to significant redistribution of directional flows, which can intensify operational stress at nearby intersections.



Following the opening of the Big Fashion shopping center in Novi Sad, peak-hour traffic volumes increased by 8.38% at the four-leg signalized intersection (R1) and by 6.96% at the three-leg intersection (R2). While the overall level of service at Intersection R1 remained unchanged, average delays increased, indicating limited adaptability of conventional signal control under growing and unbalanced demand. At Intersection R2, even moderate changes in traffic volumes resulted in substantial delay increases for specific turning movements, highlighting the sensitivity of signalized intersections to directional imbalance.



The reconstruction of Intersection R2 into a turbo roundabout led to pronounced operational improvements when evaluated under identical traffic demand conditions. Microsimulation results demonstrated significant reductions in average delay, particularly for previously critical left-turn movements, and an overall improvement in level of service across all approaches. These improvements can be attributed to the physical lane separation and predefined vehicle paths characteristic of turbo roundabouts, which reduce conflicts and eliminate reliance on signal timing.



The findings support the conclusion that turbo roundabouts can serve as an effective mitigation measure in dense urban environments characterized by high and unbalanced turning demands. However, their effectiveness is strongly context-dependent and influenced by traffic composition, geometric constraints, and user familiarity. As such, turbo roundabouts should not be viewed as a universally optimal solution but rather as part of a context-sensitive intersection design toolkit.



The contribution of this study lies in providing an empirical assessment of real-world traffic impacts generated by a major shopping center and their influence on the operational performance of adjacent intersections. Unlike studies that rely primarily on predictive TIA assumptions, this research is based on observed before–after traffic conditions. The results demonstrate how land-use-induced traffic demand redistributes directional flows, affects delay patterns, and influences intersection performance, while also highlighting the potential of turbo roundabouts to mitigate these impacts under real urban operating conditions.
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Figure 1. Flowchart of the research framework and analysis procedure. 
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Figure 2. Study area. 






Figure 2. Study area.
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Figure 3. Intersection R1: Bulevar oslobođenja—Bulevar cara Lazara: (a) Orthophoto view; (b) Geometric layout. 
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Figure 4. (a) Signal layout and (b) timing plan for Intersection R1 (peak hour). 
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Figure 5. Intersection of Bulevar cara Lazara and Fruškogorska Street (a) before and (b) after reconstruction. 
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Figure 6. (a) Signal layout and (b) timing plan for Intersection R2 (peak hour). 
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Figure 7. Distribution of traffic flow by movement direction before and after the construction of the shopping center at Intersection R1. 






Figure 7. Distribution of traffic flow by movement direction before and after the construction of the shopping center at Intersection R1.



[image: Urbansci 10 00233 g007]







[image: Urbansci 10 00233 g008] 





Figure 8. Average delay (s/veh) before and after the construction of the shopping center at Intersection R1. 
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Figure 9. Distribution of traffic flow by movement direction before and after the construction of the shopping center at Intersection R2. 
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Figure 10. Average vehicle delays (s/veh) before and after the construction of the shopping center at Intersection R2. 
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Figure 11. Percentage of trips toward the “Big Fashion” shopping center from the total traffic flow at the outbound legs of the northern approach of Intersection R1 and the western approach of Intersection R2 during the peak hour. 
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Figure 12. Hourly traffic volumes at Intersection R2. 
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Figure 13. Distribution of traffic flows used for simulation (a); level of service and capacity utilization at the turbo roundabout (b). 






Figure 13. Distribution of traffic flows used for simulation (a); level of service and capacity utilization at the turbo roundabout (b).



[image: Urbansci 10 00233 g013]







[image: Urbansci 10 00233 g014] 





Figure 14. Average delays (s/veh) before and after the reconstruction of Intersection R2. 
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Table 1. Comparison of operational effects of turbo roundabouts reported in the selected studies.
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	Study
	Context
	Method
	Main Findings





	Vasconcelos et al. (2014) [8]
	Urban, Portugal
	Simulation
	Reduced delays under high turning demand



	Leonardi & Distefano (2023) [3]
	Urban, Italy
	Simulation + safety
	Improved LOS under heavy traffic



	Gredoska et al. (2016) [9]
	Urban arterial
	Simulation
	Better performance vs. signalized control



	This study
	Urban, Serbia
	Field data + simulation
	Large delay reduction for critical turns
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