Holistic Performance Assessment of a Permeable Interlocking Concrete Pavement in a Cold Climate
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The Ohio State University, Columbus, Ohio, USA. winston.201@osu.edu 3 The Ohio State University, Columbus, Ohio, USA. dorsey.2@osu.edu RÉSUMÉ Peu d'études ont exploré la capacité des chaussées perméables à traiter le ruissellement de la couverture imperméable adjacente pour atténuer les effets du ruissellement urbain dans les climats froids. Cette étude a examiné la performance d'une chaussée perméable recevant le ruissellement d'une voie de circulation en asphalte à Vermilion, Ohio, États-Unis, deux ans après sa construction. Bien qu'un entretien limité ait été effectué sur le site, les concentrations de solides en suspension totaux et de la plupart des éléments nutritifs et des métaux ont été considérablement réduites par le PICP. Les tendances saisonnières de dépôt et d'exportation de polluants ont mis en évidence la nécessité d'un entretien à la fin du printemps et au début de l'automne pour éliminer les particules accumulées et prévenir les pics de polluants saisonniers observés dans l'effluent du PICP. Après les applications hivernales de sels de déglaçage, les concentrations résiduelles de chlorure ont culminé au printemps, mais ont persisté dans les effluents du PICP jusqu'au milieu de l'été. Les volumes de ruissellement et les débits de pointe ont été réduits par le PICP de 43 % et 75 %, respectivement. L'apparition du débit de pointe du PICP a été retardée de 18 minutes par rapport aux simulations des conditions de prérénovation du site. Les avantages hydrologiques du PICP étaient plus importants lors d'événements de pluie plus petits et moins intenses précédés de longues périodes sèches, ce qui montre les limites du système lors de tempêtes plus importantes et plus intenses. Dans l'ensemble, le PICP a fourni une amélioration substantielle de la qualité du ruissellement et de la qualité sur le site, démontrant que les chaussées perméables recevant le ruissellement de la couverture imperméable adjacente continuent de fournir un traitement efficace plusieurs années après la construction.

ABSTRACT

Few studies have explored the ability of permeable pavements treating run-on from adjacent impervious cover to mitigate the effects of urban runoff in cold climates. This study investigated the performance of a permeable pavement receiving run-on from an asphalt drive lane in Vermilion, Ohio, USA, two years after its construction. Though limited maintenance was performed at the site, concentrations of total suspended solids and most nutrients and metals were significantly reduced by the PICP. Seasonal trends of pollutant deposition and export highlighted the need for maintenance in late spring and early fall to remove accumulated particulates and prevent seasonal pollutant spikes observed in the PICP effluent. Following winter applications of deicing salts, residual chloride levels peaked in spring but persisted in PICP effluent through mid-summer. Runoff volumes and peak flow rates were reduced by the PICP by 43% and 75%, respectively. Occurrence of peak flow from the PICP was delayed by 18 min compared to simulations of the pre-retrofit conditions of the site. Hydrologic benefits of the PICP were greater during smaller, less intense rain events preceded by long dry periods, pointing to the limitations of the system in larger, more intense storms. Overall, the PICP provided substantial improvement in runoff quality and quality at the site, demonstrating that permeable pavements receiving run-on from adjacent impervious cover continue to provide effective treatment several years after construction.
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INTRODUCTION

Ubiquitous in urban areas worldwide, impervious surfaces such as roads, parking lots, and rooftops eliminate infiltration into soils and convey pollutant-laden runoff to storm sewers and receiving water bodies. Cities are increasingly turning to green infrastructure stormwater control measures (SCMs), which rely on natural mechanisms to remove pollutants and mimic the pre-development hydrologic regimes of a landscape, to sustainably manage urban stormwater. Constructed from pervious asphalt, porous concrete, or permeable interlocking concrete pavements (PICP), permeable pavements permit runoff to infiltrate the pavement surface where it can be stored in an aggregate subbase before exfiltrating into underlying soils or discharging through a perforated underdrain.

Permeable pavements provide greater reduction of runoff volumes and mitigation of peak flow rates than traditional pavements. Studies have demonstrated their ability to reduce the concentrations and loads of particulate-bound pollutants through sedimentation and filtration (Drake et al. 2014), though treatment of dissolved pollutants is often less assurred (e.g., Braswell et al. 2018). Though a proven stormwater management tool, the performance of permeable pavements can diminish over time due to surface clogging (Winston et al. 2016). Maintenance activities, such as power washing or vacuum sweeping, must be regularly performed to remove sediment and fine particles trapped in the surface layer to ensure the long-term effectiveness of these systems. However, most studies investigating the water quality performance of permeable pavements were conducted within the first year post-installation (e.g., Drake et al. 2014, Winston et al. 2016), limiting the opportunities for the adverse effects of postconstruction clogging to be observed in results. There is a need to study these systems beyond the period immediately following their installation to benchmark their performance levels over their operational lifespan.

This study reports on a parking area retrofitted with PICP that received run-on from an asphalt drive lane in Vermilion, Ohio, USA. Monitoring of the site was conducted over a 15-month period beginning two years after the construction of the PICP. Objectives of the study were three-fold : 1) to characterize pollutant removal performance several years after PICP construction; 2) to identify seasonal trends in pollutant deposition and treatment performance, thereby informing maintenance activities aimed at prolonging the effectiveness of the practice; and 3) to quantify the hydrologic effects of the PICP compared to the pre-retrofit conditions of the site (i.e., a traditional asphalt parking area) using a novel modeling approach.

METHODOLOGY

PICP and Pre-Retrofit SWMM Model Description

The study site consisted of a sixteen-stall parking area located in Vermilion, Ohio, USA retrofitted with PICP in September 2015. The 470m 2 permeable pavement was comprised of layers of various doublewashed aggregate stone (totalling 57.5cm) underlain by poorly drained silt loam soils. The site received run-on from a 324m 2 impervious drainage area consisting of an adjacent asphalt drive lane and was exposed to moderate traffic (25-100 vehicles daily). The sloped (1%), V-shaped subbase of the PICP directed infiltrate into a perforated underdrain before entering the storm sewer network. Semi-annual street sweeping was performed for preventative maintenance; no restorative maintenance was performed between construction and the start of monitoring.

United States EPA Storm Water Management Model (SWMM) was used to simulate the hydrologic behavior at the site prior to the PICP retrofit. The model was calibrated using influent runoff volumes and peak flow rate for each monitored event using the NRCS Curve Number (CN) and Rational Methods, respectively. Three model parameters were adjusted during calibration, namely Manning's n for the impervious cover, depression storage for the impervious cover, and overland flow path width. This resulted in 1200 unique model combinations, which were compared to CN and Rational Method calculations; the models were ranked based on their prediction accuracy to select the best model of runon hydrology.

Data Collection and Analysis

Monitoring was conducted between September 2017 and December 2018; activities were suspended between January-March 2018 due to wintery conditions. Flow-paced runoff samples were collected: 1) at a collection point in the asphalt drainage area, representing untreated runoff, and 2) at the outlet of the perforated underdrain, representing treated effluent from the PICP. Composited water quality samples were analyzed for concentrations of total suspended sediment (TSS), nutrients, and metals. Pollutant loads were calculated to account for volume reductions provided by the PICP, determined using flow measurements over a V-notch weir installed at the underdrain outfall and influent volumes calculated using the CN method. Nineteen paired water quality samples were collected during the 15month monitoring period which were used to determine PICP pollutant reduction performance.

Observed data were compared to pre-retrofit SWMM model outputs to evaluate the hydrological beneifts of the PICP. In addition to impacts to runoff volume and peak flow rates, three measurements of lag time were calculated for each storm event to investigate the effect of the PICP on the timing of runoff from the site. The dataset was also partitioned to compare changes in the hydrology of the site following the PICP retrofit for a range of rainfall depths, peak rainfall intensities, and antecedent periods (ADP).

RESULTS AND DISCUSSION

Water Quality

Apart from nitrate/nitrite-nitrogen (NOx-N), which was exported from the system, concentrations of TSS and all nutrients were significantly reduced by the PICP. Effective filtration and sedimentation were evident at the pavement surface and within the aggregate layers, while conditions in the subsurface favored treatment of dissolved constituents. Significant export of chloride (Cl) from the pavement was observed, which is typical of PICP in cold climates (e.g., Winston et al. 2016), and was attributed to deicing salt applicaiton in winter. Despite poorly draining underlying soils, cumulative volume reductions of 26% resulted in signficant load reductions for nearly all pollutants; compared to other studies, the runon received from the asphalt drive lane did not affect treatment performance.

Seasonal trends in pollutant deposition and removal are presented in Figure 1. Accumulation following spring snow melt and deposition of leaves and organics in the fall were reflected in influent TSS, organic N (ON), total Kjeldahl N (TKN) and total N (TN) concentrations. Effluent NOx-N was significantly higher in summer, potentially because ON entrained in the upper pavement layers during the spring may have decomposed and remobilized within the system. Preventative maintenance scheduled for the late spring/early fall would remove accumulated organics and could prevent the seasonal spikes in NOx-N observed in the data. Cl concentrations declined from spring peaks with elapsed time since winter before reaching minimums during the summer, highlighting the long-lasting effects of deicing salt applications during the winter months. Residual Cl leaching might be reduced under improved management strategies where lower amounts of deicing salts are used on permeable pavements,since water infiltrates into the base and subbase layers instead of freezing on the surface like traditional pavements. 

Hydrology

Cumulative effluent volumes discharged from the PICP underdrain were 43% lower than surface runoff simulated in the pre-retrofit model, attributable to infiltration to underlying soils and storage in the aggregate subbase of the PICP. Comparing the discharge threshold (dt), the depth of rainfall required to produce runoff from the catchment (or outflow from the underdrain), illustrated the effects of the PICP on runoff from the site: the pre-retrofit dt was determined to be 0.87 mm, nearly sevenfold lower than the dt established following the PICP retrofit (5.74 mm ; p<0.05). Median peak flow rates were reduced by 75% in the PICP outflow compared to pre-retrofit model simulations. Reductions in both runoff volume and peak flow rate were dependent on storm characteristics; increased hydrologic mitigation was observed for rain events with lower depth, lower peak rain intensity, and longer ADP, indicating the limitations of the PICP during larger, more intense, and more frequent rain events.

Installation of the PICP resulted in significant increases in all three measurements of lag time (centroid lag, lag-to-peak, and peak lag-to-peak) compared to the pre-retrofit model. Peak flows from the PICP occurred 29 min (median) after peak rainfall intensity, 2.6 times longer than simulated pre-retrofit conditions of the site (11 min). This was attributable to the tortuous flow path of water moving through the pavement layers and the energy dissipation provided by the aggregate subbase. 

CONCLUSIONS

The performance of a permeable pavement receiving run-on from an asphalt drive lane in Vermilion, Ohio, USA, was studied two years after its construction. Despite the limited maintenance performed at the site, the PICP reduced concentrations and loads of TSS, metals, and most nutrients. Seasonal trends in pollutant deposition indicated routine maintenance is needed in late spring and early fall to remove accumulated organics and mitigate seasonal spikes in pollutant export. The PICP reduced runoff volumes (by 43%) and peak flow rates (median 75%), and delayed the occurrence of peak flow rates by

Figure 1 :

 1 Figure 1 : Seasonal trends of influent and effluent concentrations for the PICP for select pollutants.

Figure 2 :

 2 Figure 2 : Hyetographs and hydrographs from modeled pre-retrofit conditions (Model) and measured outflow data from the PICP (PICP) for storms with varied rainfall depths. Cumulative runoff (or outflow) volumes are shown for each event.

min compared to simulations of the pre-retrofit conditions of the site. Hydrologic mitigation was improved in smaller, less intense rain events preceded by long dry periods. Future studies should explore the benefits of permeable pavements throughout their operational lifespan and investigate the efficacy of retrofits, such as inclusion of an internal water storage (IWS) zone, real-time controls, and other underdrain flow restrictions, to improve pavement performance.
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