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Tests de laboratoire ont été faits utilisant un banc d'essai standardisée pour évaluer les performances de rétention de deux stratigraphies, un revêtement de gravier de résine et une pelouse, caractérisé par différentes couches de sol superficiel. Les deux solutions sont utilisés en réaménagement de l'ex zone militaire Gavoglio dans la ville de Gênes (Italie) et couvrent environ 60% des surfaces au sol. Diverses valeurs d'intensité de précipitation ont été utilisées, de léger à intense, selon la période de retour correspondante dans la climatologie typique de Gênes. Différentes valeurs de pente du banc d'essai ont été fixés dans un intervalle cohérent avec celui du projet. Le débit sortant du banc d'essai a été mesuré et comparé à l'intensité de la pluie entrante, afin de calculer le rapport entre les caractéristiques de l'hydrogramme sortant et entrant (coefficient de ruissellement) et le volume retenu par la stratigraphie. L'atténuation du débit de pointe et le délai de réponse ont été calculés. Les résultats sont rapportés en termes d'indices de performance et résumés dans des tableaux et des graphiques. La dépendance de ces indices de performance à l'intensité des précipitations (avec le débit associé) et à la pente du banc d'essai a été rendue explicite. Cela permet d'extrapoler, dans les plages de débit et de pente étudiées, les valeurs des indices de performance pour les cas qui n'ont pas été directement testés en laboratoire.

DESCRIPTION OF THE LABORATORY TESTS

Two stratigraphy samples among those employed in a reconversion project of the former Gavoglio military area located in the town of Genova, were tested at the hydraulic laboratory of the University of Genova, where a testbed facility is available. The testbed accommodates samples of 2.0 m 2 of stratified pavement solutions or engineered soils. Rainfall is simulated by using a pump and two nozzles with a square footprint, and various rainfall rates can be generated to simulate precipitation events. The testbed is equipped with two reservoirs for measuring the inflow and the outflow. Ultrasonic probes are used to measure the variation in time of the water level in the two reservoirs (with a 10 second resolution) and, therefore, the inflow and outflow rates.

The sublayer of the two tested stratigraphic solutions is made of 28 cm of compacted split quarry, with a honeycomb grid for a thickness of 5 cm, filled with the same inert. The top layers are resin-gravel and meadow, which cover the largest part of the pervious ground surfaces in the Gavoglio area for 41% and 17% of the total surface area, respectively. The resin-gravel pavement has a thickness of 1.8 cm, while 2 cm of sandy loam are compacted by the dense root network of the meadow (see Figure 1). For each stratigraphy, three rainfall intensity (RI) values equal to 108.0, 145.7 and 177.2 mm/h were tested, with associated return periods of 2.1, 5 and 10 years, respectively. Selection of the precipitation events is based on the Depth-Duration-Frequency (DDF) curves obtained from the rain gauge station "Genova Università", assumed as the reference weather station for the territory where the Gavoglio area is located. The duration of each simulated rainfall event was equal to 15 minutes. Four tests for each stratigraphy were conducted by adjusting the bed slope at 0%, 2%, 4% and 8%.

To ensure that each test was performed starting from the same initial conditions (in terms of duration of the dry period and duration and intensity of the previous simulated rainfall event), the following schedule was adopted: 5 min at RI = 150 mm/h  16 h of dry period  15 min at RI = desired value  8 h of dry period to measure the outflow volume  again 5 min at RI = 150 mm/h to prepare the subsequent test.

PERFORMANCE INDICES AND MODELLING OF THE HYDROLOGICAL RESPONSE

• Runoff coefficient 𝜑𝜑 15 [-], calculated as the ratio between the outflow volume (𝑉𝑉 𝑜𝑜 15 ; ) collected after 15 minutes, starting from the beginning of the simulated event, and the inflow volume (𝑉𝑉 𝑖𝑖 15 ) derived from a 15-minute constant rain intensity event:

𝜑𝜑 15 = 𝑉𝑉 𝑜𝑜 15 𝑉𝑉 𝑖𝑖 15 ;

• Outflow peak attenuation, defined as the ratio between the measured peak flow rate at the outflow section and the (constant) inflow rate associated with the generated rainfall intensity:

𝑃𝑃 𝑎𝑎 = 𝑄𝑄 𝑜𝑜 𝑚𝑚𝑎𝑎𝑚𝑚 𝑄𝑄 𝑖𝑖 ;
• Retention coefficient 𝑟𝑟, indicating the water volume retained within the pores of the stratigraphy of the resin-gravel and used by the meadow that is not discharged by gravity and does not reach the outflow reservoir, calculated at 45 minutes from the beginning of the simulated event as follows:

𝑟𝑟 = 1 -𝜑𝜑 45
• Dead time 𝑡𝑡 0 , indicating the interval between the beginning of the simulated rainfall event and the beginning of the outflow, expressed in nondimensional terms (here indicated with 𝑡𝑡′) as the ratio between 𝑡𝑡 0 and the time when the peak flow is observed (𝑡𝑡 𝑝𝑝 ):

𝑡𝑡′ = 𝑡𝑡 0 𝑡𝑡 𝑝𝑝
The obtained laboratory results were interpreted by means of a conceptual model. The linear storage model, although typically used to simulate the surface rainfall-runoff process, properly fits -with few modifications -the subsurface response of the investigated urban pavement solutions.

The model assumes that the hydrologic response of the system to a rain event having constant magnitude P(t) and given duration tp is described by a double exponential function with parameter λ= 1/K (with K the storage coefficient), having a peak time coincident with the duration of the rain event. This is analogue, for the rising part of the hydrograph, to a first-order response function after a step input signal, while the decay is assumed to be exponential. The shape and mathematical expressions for the rising and decaying parts of the hydrographs are shown in Figure 2, together with a sample result from the laboratory experiments. A modification of the model includes the presence of a "dead time" to delay the starting time of the rising hydrograph with respect to the origin (t = 0). This is due to the time needed for the infiltrated water to reach the outflow section of the testbed (and the outflow section to the drainage system in a real-world configuration). Note that only the subsurface outflow was measured since no surface runoff was observed during the tests thanks to the high permeability of the investigated materials. The dead time is clearly detectable in the experimental results (see the example in the righthand panel of Figure 2) and is therefore obtained from the measured data. The storage coefficient K [T] is the inverse of the exponential coefficient λ = 1/K and equals the time constant τ of the first-order response signal, corresponding to the instant when Q(t) = 1 -1/e ≈ 0,64 in case of unit step input. About 64% of the input signal is achieved at t = τ, and this parameter can be assumed as a good indicator of the hydrologic performance of the system (inversely proportional to the impulsiveness of the hydrological response and directly proportional to the water storage capacity).

As shown in Figure 2, the exponential decay of the outflow hydrograph shows a second componentstarting before twice the time to peak -having a different decay parameter (indicated with a red continuous line). This implies a smoother, late decay than in the first part of the depletion curve, likely due to the slow flow contribution from the farthest zones of the domain. This would require the fitting of a different exponential parameter and a further one to determine the starting time of the low flow.

RESULTS AND DISCUSSION

The adopted model was fitted to the results of the laboratory experiments for all combinations of stratigraphy, slope, and rain intensity and the performance indices were calculated. The tests performed on the meadow at a bed slope equal to 0% showed some unrealistic behaviour, probably due to some undetected malfunction of the acquisition system, and the parameters derived from such tests may therefore be labelled as unreliable (except for P = 108 mm/h). Therefore, results about the meadow at a bed slope equal to 0% are omitted in the following.

To extend the representativeness of the results to cover intermediate configurations that were not directly simulated in the laboratory tests, relevant parameters of the hydrologic response of the system were also fitted as a function of the rainfall rate and the bed slope. Linear functions were generally obtained, that can be easily implemented to describe real-world configurations that are similar, though not identical to those reproduced in the experiments. As an example, in Figure 3 the linear dependence of the runoff coefficient, 𝜑𝜑 15 , on the input rainfall intensity, RI, is graphically reported for the various bed slope configurations investigated. The parameters of the best-fit linear trends are also reported in the graphs, together with the associated coefficient of determination R 2 . The high value of the R 2 coefficient obtained in all cases denotes a robust assessment for the assumed linear trend.

Figure 3 Linear dependence of the runoff coefficient 𝜑𝜑 15 on the input rain intensity for the various bed slope configurations investigated, in case of the pavement surface (left-hand panel) and the meadow (right-hand panel)

The graphs show that the value of the runoff coefficient 𝜑𝜑 15 linearly increases with the rain intensity and with increasing the bed slope while, as expected, the opposite occurs for the retention coefficient denoting a faster response of the stratigraphy at high RI and bed slope values. The comparison of these two indices shows a slightly faster response of the pavement, with a lower retained volume. This implies that the adopted pavement in porous resin gravel reasonably mimics the hydrological characteristic of a natural terrain covered by grass. Tables 1 and2 report the slope coefficient (m), intercept (q) and R 2 of the linear regressions for the retention and the storage coefficient, respectively. The storage coefficient K linearly decreases with the bed slope and with increasing the rain intensity. For the pavement, its dependence on the rain intensity vanishes with increasing the bed slope. In Tables 3 and4 the dead time and peak attenuation are listed for each bed slope/RI combination. Consistently with the previous results, the dead time decreases by increasing the RI and the bed slope and is higher for grass than for pavements, while the opposite occurs for the peak attenuation coefficient. The results of the laboratory experiments performed on two relevant stratigraphic configurations used in the Gavoglio area (summing up to about 60% of the total renovated surface area) allow for a complete hydrological characterisation of the water retention capacity of the adopted technological solutions. The model fitting exercise also provided suitable relationships for the retention parameters as a function of the morphological and climatological characteristics of the area, therefore enhancing transferability of the results to other geographical regions and urban contexts.
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 1 Figure 1. Installation of the two stratigraphic solutions in the testbed, with the honeycomb grid and the resin-gravel pavement (left-hand panel) and the meadow (right-hand panel)

Figure 2

 2 Figure 2 Sketch of the storage model assumed to reproduce the hydrologic response of the testbed (left-hand panel) and sample experimental results with the fitting of the model functions (right-hand panel)

Table 1

 1 Slope, intercept and R 2 of the linear regression of the retention coefficient as a function of RI, for each bed slope.

		0% pav	2% pav	4% pav	8% pav	2% mead	4% mead	8% mead
	m	-0.0005	-0.0004	-0.0006	-0.0012	-0.0008	-0.0010	-0.0014
	q R 2	0.1771 0.9691	0.1518 0.9544	0.1602 0.8791	0.2373 0.9936	0.2406 0.8907	0.2551 0.8995	0.2962 0.8718

Table 2

 2 Slope, intercept and R 2 of the linear regression of the storage coefficient as a function of the bed slope for each RI.

	RI (mm/h)	108 pav	146 pav	177 pav	108 mead	146 mead	177 mead
	m	-14.315	-9.413	-4.549	-11.000	-13.143	-8.914
	q R 2	341.60 0.9566	292.42 0.9598	248.72 0.9577	346.00 0.9906	312.00 0.9589	269.90 0.9815

Table 3

 3 Non-dimensional dead time, t', for each rainfall intensity and bed slope configuration

	RI (mm/h)	0% pav.	2% pav.	4% pav.	8% pav.	0% mead	2% mead	4% mead	8% mead
	108.0	0.22	0.17	0.17	0.14	0.22	0.21	0.20	0.19
	145.7	0.18	0.17	0.15	0.11	-	0.19	0.15	0.15
	177.2	0.17	0.13	0.10	0.07	-	0.15	0.13	0.11

Table 4

 4 Peak attenuation coefficient, Pa, for each rainfall intensity and bed slope configuration

	RI mm/h 0% pav. 2% pav.	4% pav.	8% pav.	0% mead	2% mead	4% mead	8% mead
	108.0	0.879	0.904	0.918	0.968	0.879	0.891	0.909	0.938
	145.7	0.918	0.931	0.955	0.977	-	0.915	0.950	0.973
	177.2	0.950	0.961	0.967	0.982	-	0.949	0.965	0.982
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