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Abstract: The rain gardens at Bryggen in Bergen, Western Norway, is designed to collect, retain, 

and infiltrate surface rainfall runoff water, recharge the groundwater, and replenish soil moisture. 

The hydraulic infiltration capacity of the Sustainable Drainage System (SuDS), here rain gardens, 

has been tested with small-scale and full-scale infiltration tests. Results show that infiltration 

capacity meets the requirement and is more than sufficient for infiltration in a cold climate. The 

results from small-scale test, 245–404 mm/h, shows lower infiltration rates than the full-scale 

infiltration test, with 510–1600 mm/h. As predicted, an immediate response of the full-scale 

infiltration test is shown on the groundwater monitoring in the wells located closest to the 

infiltration point (<30 m), with a ca. 2 days delayed response in the wells further away (75–100 m). 

Results show that there is sufficient capacity for a larger drainage area to be connected to the 

infiltration systems. This study contributes to the understanding of the dynamics of infiltration 

systems such as how a rain garden interacts with local, urban water cycle, both in the hydrological 

and hydrogeological aspects. The results from this study show that infiltration systems help to 

protect and preserve the organic rich cultural layers below, as well as help with testing and 

evaluating of the efficiency, i.e., SuDS may have multiple functions, not only storm water retention. 

The functionality is tested with water volumes of 40 m3 (600 L/min for 2 h and 10 min), comparable 

to a flash flood, which give an evaluation of the infiltration capacity of the system.  

Keywords: full-scale infiltration test; MPD infiltration test; boreholes; SuDS; NBS; flood resilience 

 

1. Introduction 

Urbanization and climate change effect the water balance in our cities, resulting in challenges 

such as flooding, droughts, and heat stress. The implementation of Sustainable Drainage Systems 

(SuDS) or small-scale Nature-Based Solutions (NBS) can help to restore the water balance by 

capturing, retaining, treating, and infiltrating stormwater that runs off roofs and impermeable 

surfaces and potentially into the subsurface [1–5]. This will contribute to minimizing flooding, 

restoring groundwater levels, increasing soil moisture to alleviate drought impacts, and lowering 

temperatures by evapotranspiration to mitigate heat stress [2,6–11]. 

As Wakode et al. [12] point out, the urban water cycle is different from that in non-urban areas, 

where urbanization can influence natural groundwater recharge due to the restriction of infiltration 

by impermeable surfaces. Even though leakage from water-wastewater infrastructure is known to 

recharge the groundwater in cities [13,14] this was not substantial enough to recharge and stabilize 
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the groundwater levels under the UNESCO World Heritage site Bryggen Wharf in Bergen, Western 

Norway (Figure 1) [15–18]. Therefore, the connected infiltration system at Bryggen was intentionally 

built for that purpose (Figure 1).  

The sustainable infiltration and drainage system that has been implemented within the premises 

of the Bryggen is the largest in Norway (Figure 2). It was built with the purpose of raising and 

stabilizing the groundwater level and increasing the soil moisture in the cultural heritage layers in 

the ground below Bryggen [19–22]. The infiltration system has proven its effectiveness for raising the 

groundwater level to desired levels for preservation [16,22]. However, the infiltration system has not 

been full-scale tested for its infiltration capacity and interaction with the groundwater below. Such 

testing of SuDS is commonly executed with small-scale infiltrometer tests [23–25] and further 

upscaled in modeling tools. However, small-scale testing, such as Modified Phillipe–Dunne (MPD) 

infiltration tests, does not give a picture of the overfall infiltration capacity of the SuDS. Therefore, a 

full-scale methodology was first implemented for testing impermeable pavements [26,27] and further 

used for other infiltration systems such as rain gardens, swales etc. [28–30].  

A full-scale infiltration capacity test at Bryggen will contribute to the understanding of the urban 

water cycle, by quantifying the hydraulic conductivity and infiltration capacity of SuDS, the 

connectivity to groundwater levels, and thus the overall effectiveness of this system in a larger 

hydrological and hydrogeological context. SuDS in cold climates require higher infiltration capacity 

than warm climates to maintain functionality below 0 °C [31,32]. Bryggen is a unique site due to its 

35 boreholes with continuous measurements of groundwater level, soil moisture, oxygen content, 

and other parameters that are essential for the in situ preservation of the cultural heritages below 

surface. The subsurface data were continuously collected from 2007, gradually expanding with 

additional boreholes until 2015 and will continue monitoring onwards [19,21]. 

At present, only a limited part of the catchment area is connected to the infiltration systems 

(Figure 3). The municipality inquires if the capacity of the rain gardens is acceptable to connect the 

entire catchment area with stormwater from both roofs and streets to the system. Therefore, the rain 

gardens were assessed to determine if they work as designed, and if the infiltration capacity and the 

effectiveness is satisfactory to preserve the cultural layers and thereby enlarge the connected runoff 

area. The implementation of SuDS at locations where the infiltration of water is a challenge, such as 

on cultural layers, is a challenge for urban planners, water authorities, and other stakeholders in 

municipalities. This paper will describe the full-scale infiltration method [26,28] used for testing the 

hydraulic infiltration capacity of the rain gardens at Bryggen and the response on the groundwater 

level measured in several monitoring wells. 

1.1. Study Area 

The infiltration system at Bryggen Wharf is located in the Medieval City center of Bergen, the 

largest city on the west coast and second largest city in Norway (Figure 1). The average temperatures 

are 23.8 °C in summer and −4.7 °C in winter, giving an annual average temperature of 8.6 °C. During 

61 years of data collected, only 17 winters had temperatures below 0 °C [33]. Bergen is one of the 

wettest places in Europe, with an annual precipitation of 2250 mm/year [33]. The topography is steep 

hillsides covered with forest vegetation on scares soil, down to flat laying formerly shorelines with 

thicker natural sediments and anthropogenic layers (Figure 1). The relief goes from 320 m above sea 

level to 1 m a.s.l. over a distance of 1 km. These natural conditions make surface runoff water 

abundant.  
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Figure 1. The Medieval city in Bergen is located along the shore of Vågen bay. 

Bryggen is a Hanseatic Wharf where several of the buildings originate from 1702 [34]. The 

Medieval city, located along the shore of Vågen bay, is to a large degree built on anthropogenic waste 

including remains from city fires and industrial and household waste. These have accumulated into 

abundant anthropogenic cultural heritage layers rich on organic content that locally are more than 10 

m thick [19,21]. The reduction of soil moisture or lowering of the groundwater level will introduce 

oxygen into the organic matter. This will accelerate the oxidation and disintegration of the organic 

material causing collapse and compaction of the organic layers in the subsurface [17,20]. Due to the 

slow decay causing damage to the Wharf, the Bryggen project was initiated in 2010 [17,20,21]. The 

abovementioned processes will further cause subsidence of the ground and damage on buildings and 

infrastructure [18,35].  

The ground beneath Bryggen is characterized by a steeply sloping mountain side, with depth to 

bedrock from 2 to 12 m. The layers consist of up to 10 m of organic, anthropogenic deposit as 

described above, on top of beach sand and moraine of ca. 2 m thickness. The recharge of the 

groundwater is primarily by runoff from the uphill catchment area [16,36]. A 3D hydrogeological 

model of Bryggen and its subsurface has been made to understand the groundwater movement, 

hydrogeological characteristics of the subsurface layers and processes linked to water, or the lack of 

water [16,17,20,36]. 

A monitoring system was established in 2001, which was expanded in 2010 with a total of 35 

monitoring wells [37]. Initially, this network of monitoring wells was placed to understand the 

complex flow system in the area and to identify the causes of the local groundwater levels and 

observed, increased subsidence rates [16,18,29,35]. An automated groundwater-monitoring system 

was installed in the wells, for high frequency of measurements. Some boreholes are dedicated to 

measuring parameters for archaeological purposes [17] while other boreholes are continuously 

monitored for groundwater levels [21], using equipment such as Schlumberger Micro diver DI 501 

[38]. During the Bryggen project a strong link between the level and stability of the groundwater and 

the decay of the cultural layers was established [16,17,20,22,39]. Therefore, an infiltration system was 

installed in the ground in and around the Wharf to infiltrate as much surface water as possible into 
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the ground (Figure 2) [18,29,40]. All measures at Bryggen, including monitoring wells and SuDS, 

were directed towards raising and stabilizing groundwater levels. The long-term goal for the area 

was to elevate groundwater levels to about 1 m below the surface [16]. 

 

Figure 2. Top: Sketch of the infiltration system at Bryggen (Drawing: Multiconsult AS). Bottom: Cross 

section of rain garden, swale, and permeable pavement (modified from de Beer & Boogaard [40]). 

1.2. The Rain Garden at Bryggen  

The rain gardens in Bryggen are a bioretention system that allows runoff to temporarily pond in 

a shallow planted depression before filtering through vegetation, roots, and underlying soils for 

infiltration [2,3,41]. The rain gardens have the following primary functions: infiltration, storage, and 

purification. The catchment area, indicted in Figure 3, is upstream of the main street “Øvregaten” 

(Figure 3), which is salted during winter to reduce icing and traffic incidence. Plants in the rain 

gardens are not salt tolerant [29]. To avoid excess salt from the winter salting, water from the 

watershed is collected in a manhole on the other side of the street and brought in a pipeline 

underneath the main street to a manhole connected to the rain gardens, as indicated in Figure 2 and 

with blue points in Figure 3. The infiltration system has two inflow points from the catchment area: 

into the rain gardens and into the tank, as indicated in Figure 2. Figure 3 shows the current connected 

area for surface water (blue line) and the total upstream catchment area (red line) for the rain gardens 

and infiltration system.  
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Figure 3. The catchment area and locations of boreholes. 

2. Methods 

The full-scale infiltration test was executed on 6 September 2017, with heavy rain that started 

the day before with a total of 30.5 mm rain fall [33]. Therefore, the soil was moist and the rain garden 

saturated with water (Table 1). The days 5th to 14th of September were wet with 28.2 mm precipitation 

on the 9th [33]. The additional contribution of water through precipitation is reflected in the results 

from the groundwater level monitoring.  

The compartment B of the rain gardens has an area of 180 m2, a depth of 78 cm consisting of 

three layers: a filter medium consisting of sandy soil (38 cm, 60% soil and 40% sand), a drainage layer 

of sand and gravel (30 cm) and a bottom layer of silty sand (10 cm), with a nonwoven geotextile on 

top of intact cultural heritage layers (Figure 4). The average porosity is approximately 35%. The water 

storage capacity of the rain garden is designed for 30 cm above soil surface at deepest point, giving a 

storage volume of 54 m3 [29] (Figure 5). When this level is exceeded the water flows into an outlet and 

down to the swales below (Figure 2). The compartment A has the same construction and layering as 

B, but an area of 52 m2. The rain gardens are designed to have an infiltration capacity of 0.5 m/day 

for a rainfall event with intensity 35–50 mm/day (24-h storm) [28], assuming dry antecedent 

conditions.  
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Figure 4. The design of rain garden B. Drawing: Multiconsult AS [21]. 

In this study, the infiltration capacity of the rain gardens is compared with international 

guidelines, such as the FAWB in Australia [42], the MPCA in the USA [43,44], and the CIRIA in the 

UK [41]. The CIRIA SuDS manual [41] is regarded as the most relevant for Norwegian standards and 

conditions [45]. To evaluate whether the rain gardens at Bryggen qualifies according to the 

international guidelines, we compared the measured saturated hydraulic conductivity to both the 

design values and the measured infiltration capacities. Two infiltration tests were used: Modified 

Phillipe–Dunne (MPD) [23,24] and full-scale infiltration capacity method [26–28]. The full-scale 

infiltration capacity test was further correlated with continuous monitoring of the groundwater level 

in several boreholes (Figure 3).  

Before and after the full-scale infiltration test soil samples were collected in the rain gardens, 

four in compartment A and four in B (Figure 2). The analysis was executed by Vannlaboratoriet 

Bergen Vann KF [46], where the samples were dried at 100 °C for four days. The samples were 

analyzed for soil moisture to document the start-up conditions for the full-scale test, and the effect 

infiltration has on soil moisture.  

2.1. Modified Phillip-Dunne Infiltration (MPD) Method 

The Modified Philip–Dunne (MPD) infiltrometer test, which determines the infiltration capacity 

for saturated hydraulic conductivity [23,24], was executed at four different locations in compartment 

A and B in the rain garden. The principle for all small-scale infiltrometer tests is that rings or columns 

are sealed to the surface and filled with water to provide a positive water head. The column has a 

diameter of 10 cm and length of 50 cm. A measuring tape is attached to the outside of the column in 

order to measure the height of the water column, as shown in Figure 5. The time recorded for the 

water to infiltrate through the permeable surface area is used to estimate an average infiltration rate 

(usually in mm/h) for the test location. Both the constant head and the falling head methods can be 

utilized in these testing procedures [23,24,30]. These in-situ field methods are easy to facilitate and 

are time and cost efficient. An illustration of the MPD is given in Figure 5.  

The permeability is given by  

p = K x µ/ρg (1) 

where p = permeability (cm2), K = hydraulic conductivity (cm/hr), µ = dynamic viscosity (kg/m*hr), ρ 

= density of water (kg/m3), and g = gravitational acceleration (m/s2) [23,24].  
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Figure 5. Modified Philip–Dunne (MPD) column for infiltration measurements (Photo: Tone M. 

Muthanna). 

2.2. Full-Scale Infiltration Capacity Test at Bryggen 

For the full-scale infiltration test at Bryggen, the total volume of the rain garden is flooded, and 

the emptying time is measured [26]. The water source was a fire hydrant, which held a constant water 

flow of ca. 600 L/minute for 2 h and 10 min (Figures 3 and 6). The water influx was continuously 

measured by an in-line flowmeter, as shown in Figure 7. This translates to a total water volume of ca. 

40 m3, which gives ca. 20,000 L/hour. The water was led through a drainage pipe under the street, 

Øvregaten, and into a manhole on top of the rain garden (Figure 7) where the water inflow was split 

into two, into compartment A on the left and compartment B on the right (Figures 2 and 8). All outlets 

from rain gardens A and B were blocked during the infiltration test to prevent the bypass of water 

out of the gardens and thus force infiltration. The water influx was kept constant until the infiltration 

system was completely saturated and water became visible, forming a pond at the surface in both 

rain gardens and at the swales below (Figures 2, 7 and 8). The rain garden compartment A and B have 

a confined space which can be filled up to the water level of outflow without any additional 

restriction to prevent water leaving the rain gardens during the full-scale infiltration test. The 

maximum water depth at the deepest part of the rain gardens is ca. 30 cm, varying depths due to 

irregularities of the soil surface (Figure 4). The time from maximum ponded water height to complete 

infiltration was recorded for both rain garden A and B (Figure 6). To calculate the infiltration rate,  

K = h/t (2) 

where K is the infiltration rate (cm/min), h = height of the water column (cm), and t = time (duration) 

of infiltration (min) [26,28]).  
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Figure 6. Description of the full-scale infiltration test at Bryggen on 6th of September 2017. 

 

Figure 7. A fire hydrant served as a water source, providing ca. 600 L water per minute. 
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Figure 8. Full-scale infiltration test of the SuDS at Bryggen. 

2.3. Continuous Monitoring of Groundwater Level in Boreholes 

In the boreholes, the automated data collection is set at a frequency of 1 h, and the instrument 

has an accuracy of measuring the water height within 0.05% [34]. With this detailed measuring 

frequency, immediate and short-term effects are detectable [16], and therefore able to show the 

response of the full-scale infiltration capacity test. All loggers are calibrated for measuring depth 

relative to surface level, showing the correct groundwater level from surface level. The location of 

boreholes is shown in Figure 3, where the boreholes used in this study are marked.  

3. Results and Discussions  

3.1. Soil Moisture Results 

The soil samples had a water content of 28–34% before the infiltration test was executed (Table 

1). This saturated condition, ca. 30% water, is explained by the heavy rainfall the previous day. After 

the full-scale test, four soil samples were collected at the same locations show that the water 

saturation of the soil had increased to 40–56 percent (%) (Table 1). This is an increase in soil moisture 

of 12–22 percent (%). Preservation of the organic layers is dependent on the soil moist and prevention 

of oxygen access, as shown by Matthiesen et al. [17]. An increase in soil moisture by infiltration of 

water may affect the cultural layers below, by preventing exposure to oxygen. A study of repetitive 

full-scale testing by Boogaard and Lucke [30], on permeable pavements and swales, show that after 

refilling the storage volume a second time (simulating a stormwater event after a stormwater event) 

the infiltration capacity is reduced by 39% from unsaturated to saturated soil conditions. This shows 

that the infiltration of surface water with the aid of SuDS like rain gardens and swales will increase 

the soil moist, recharge the groundwater, and further contribute to preservation of the cultural layers 

below.  

Table 1. Analysis of soil moisture of samples collected before and after the full-scale test. The results 

are given in precent (%) of water in the soil. 

Sample 

Water Content In 

Percent (%) 

Before Full-Scale Test 

Water Content in 

Percent (%) 

After Full-Scale Test 

1.  30.50 42.40 

2.  34.30 56.50 

3.  28.60 40.70 

4.  28.10 58.50 
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3.2. Small-Scale Results 

Four MPD infiltration tests were executed 8th of September 2017 in the rain gardens compartment 

A (tests 3 and 4) and compartment B (tests 1 and 2, Figure 9). The results of the small-scale 

infiltrometer tests MPD, summarized in Table 2, shows that the infiltration capacity is 1) 245 mm/h, 

2) 241 mm/h, 3) 382 mm/h and 4) 404 mm/h (Figure 10). The small-scale infiltration tests verify that 

the rain gardens qualify according to the international guidelines for SuDS, demanding an infiltration 

capacity in the range of 100–300 m/h [41–45]. Field tests verify the infiltration capacity, which is a 

recommendation by the CIRIA guideline [41], due to local variation, if the SuDS is built according to 

design and possible clogging [41]. The MPD has a small surface, commonly 10 cm diameter (Figure 

6,9), where the variation of the heterogeneous soil layer has large influence on the measurements. 

Ahmed et al. [47] show in their study that for the MPD to be representative, a minimum of 20 tests 

on different locations should be executed to get a representative average. Unfortunately, only four 

MPDs are collected in this study and are not statistically representative for infiltration rates in the 

rain gardens. Since the MPD can be inaccurate because of heterogeneity of the filter soil [26,27], the 

small-scale tests were compared with a full-scale test (Table 2).  

 

Figure 9. MPD infiltration tests where MPD 3 and 4 were measured in the smaller compartment A 

(picture on the left) and MPD 1 and 2 were measured in the larger compartment B (picture on the 

right). Photo: Torstein Dalen, Bergen Municipality. 

 

Figure 10. Results of the MPD infiltration test in rain garden A and B. MPD 3 and 4 were measured 

in compartment A and MPD 1 and 2 in compartment B. 
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3.3. Full-Scale Results 

The results from the full-scale infiltration test are given in Table 2. Based on ca. 30 cm ponding 

depth and drainage time, which constitutes infiltrating all visible water, the emptying time of the 

large compartment B was 11 min and 35 min for the smaller compartment A. The infiltration capacity 

is ca. 1600 mm/h for the large compartment (B) and 510 mm/h for the smaller compartment (A, Table 

2). Therefore, both rain gardens A and B meet the minimum requirement of the international SuDS 

standards [41–45]. Both rain gardens have considerable infiltration capacity, and the capacity is larger 

than the amount of water coming from the presently connected watershed upstream. The infiltration 

time was considerably longer in the smaller rain garden A (Table 2). The total water volume for the 

full-scale test is of ca. 40 m3, which gives ca. 20 000 L/hour and is larger than any known return period 

of an extreme event [48]. 

Table 2. The results of the small-scale and full-scale infiltration test show different infiltration capacity 

for the two rain gardens, compartment A and B, tested in this study. Results compared to international 

guidelines [41–45]. 

 Small-Scale 

Infiltration Tests  

Full-Scale 

Infiltration Test  

Requirement 100–300 mm/h and Empty 

Time of Max 48 h  

The large rain 

garden B 

MPD 1: 245 mm/h Ca. 1600 mm/h 5 times the requirement of infiltration  

11 min empty time MPD 2: 241 mm/h 

The small rain 

garden A 

MPD 3: 382 mm/h Ca. 510 mm/h 1.7 times the requirement of infiltration 

35 min empty time  MPD 4: 404 mm/h 

3.4. Comparison between Small-Scale and Full-Scale Results 

The hydraulic efficiency of SuDS such as rain gardens and swales rely on two main standards, 

which are infiltration and retention capacity [41,49]. The infiltration capacity is usually estimated by 

measuring the rate at which water infiltrates from small test pits, boreholes [50,51] or as ring 

infiltrometer tests [23–25,52]. International guidelines recommend a design that enables bioretention, 

such as rain gardens that can infiltrate stormwater at a rate of 100–300 mm/h. These guidelines are 

based on several factors such as the limited availability of space in urban areas, low native 

permeability of the soil, shallow groundwater tables, limited public health concerns, and often safety 

factors, such as mosquitoes and risk of drowning. The guidelines also take into consideration that the 

infiltration capacity of rain gardens may reduce over time by clogging [53–55]. Vegetation that is 

resistant to long inundation can prevent clogging of the topsoil, due to root canalling [42]. Further, 

the implemented SuDS should be tested for its infiltration capacity in the field [1–3,10,41]. 

The small-scale infiltration test methods are based on the infiltration rate through a very small 

area that is used to represent the total area of infiltration. Using such small areas for testing could 

potentially lead to erroneous results as studies have demonstrated a high degree of spatial variability 

between different infiltration measurements undertaken in the same area [26–28]. A study by Ahmed 

et al. [47], based on 722 small-scale infiltrations test using the MPD test in five large swales, shows 

that the hydraulic conductivity has a high spatial variability within the same swale. The full-scale 

infiltration test shows that both rain gardens have a much higher infiltration capacity than the results 

from the MDPs indicate (Table 2). The infiltration rate for the full-scale test is increased by a factor of 

6.5 for the large compartment B and 0.8 for the smaller compartment A, compared to results from the 

small-scale tests. The difference between the large and small compartments may be explained by the 

coarser material on the surface of the larger and different plants in the smaller compartment (Figures 

8 and 9). This reflect the results by Boogaard et al. [26] and Lucke et al. [27] where small-scale (single 

ring) infiltration test only gives the local condition for the SuDS, independent whether a rain garden, 

swale or permeable pavement is being tested. Ahmed et al. [47] show that the infiltration capacity or 

permeability in swales can vary by a factor of 100, giving a large uncertainty if only one or a few 

small-scale tests are used for testing the infiltration capacity. The full-scale method will demonstrate 
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the infiltration capacity compared to small-scale tests, which is especially important in cold climates 

[31,32].  

3.5. Continuous Monitoring of Groundwater 

Monitoring wells MB 07 and MB 21 are located <30 m downstream of the swales (purple circles 

in Figure 4). These show an immediate response in rise of groundwater level to the infiltration test 

(Figure 11). The infiltration during the full-scale test is helped by the large amount of precipitation 

the day and night before, which can be seen by the rise in water level before the time of the infiltration 

test. The increase of ca. 35 cm in MB07 and 42 cm in MB21 in groundwater level, as seen in Figure 11. 

The changes in the groundwater lever curves show response to the infiltration test in addition to 

natural fluctuation from precipitation, as shown in Figure 11.  

  

Figure 11. Response in groundwater level (cm) in the monitoring well MB07 (green line) and MB21 

(blue line). The red dashed line marks the day of the full-scale infiltration test. Precipitation data from 

Florida metrological station in the center of Bergen, ca. 1.5 km from Bryggen. Data from Norwegian 

Metrological Institute @ eKlima.no [33]. 

Figure 12 shows changes in the groundwater level in boreholes MB 02, MB 06 and MB 14 that 

are located 75–100 m further downstream from the rain gardens (yellow circles in Figure 3). The direct 

effect of the infiltration test is not as prominent as in borehole MB 07 and MB 21 (Figure 11), due to 

the distance from the infiltration point. However, the results still show a clear rise in groundwater 

level on the day of the full-scale infiltration test in addition to a continued increase with the following 

days, contributed by precipitation. These boreholes show a delay of ca. 2 days in the response, 

reflecting the travel time of the groundwater from source to monitoring point. The increase in the 

groundwater level is 20–25 cm in all three boreholes (Figure 12). Combined with additional 

precipitation, the infiltration peak has a duration of ca. a week.  
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Figure 12. The graph shows variations in the groundwater level (cm) in monitoring wells MB 02 

(green line), MB 06 (blue line), and MB 14 (yellow line). The red dashed line marks the day of the full-

scale infiltration test. Precipitation data from Norwegian Metrological Institute @ eKlima.no [33]. 

It could be considered that the rain gardens at Bryggen is constructed with an unnecessarily high 

infiltration capacity, but if the infiltration capacity were too low, flooding of surface water would 

occur especially during heavy rainfall of 35–50 mm/day. However, this infiltration system is built for 

multiple purposes, the main one being to stabilize and increase the groundwater level to protect the 

cultural layers below Bryggen [16–18]. Other functions of the SuDS are retaining and storing 

stormwater, filtering pollutants, and increasing the soil moisture [2,9,30]. This study shows good 

communication between the infiltrated water and the nearby monitoring wells, <30 m distance, with 

a time delay of ca. 2 days according to the distance from the infiltration point (75–100 m, Figures 3, 

11 and 12).  

A large infiltration capacity is especially important in locations with a cold climate, as winter 

will mean a reduced infiltration capacity due to freezing and ice [31,32]. The infiltration system at 

Bryggen was built for a larger catchment area than presently connected (Figure 3). The infiltration 

capacity of 1600 mm/h is more than sufficient to handle the current runoff surface water. Therefore, 

the capacity should be sufficient to expand the catchment area from ca. 8500 m2 to 31,000 m2, as shown 

in the map in Figure 3. The increased infiltration of surface water will contribute to stabilizes the 

groundwater and prohibit processes driven by lack of groundwater that causes subsidence [56].  

Empirical research from this study will improve the groundwater model for Bryggen, and 

related models [16,36]. In addition, it strengthens the best practices in cultural heritage management 

that the Bryggen Project has proven to be [21,40]. Bryggen is an example that measures can be taken 

to infiltrate surface water to restore and stabilize the groundwater, to further delay degradation and 

subsidence, and as a bonus, prevent flooding.  
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3.6. Lesson Learned  

When comparing small- and large-scale infiltrations tests the tests should be repeated. For small-

scale tests, the statistical representative number is 20, as demonstrated by Ahmed et al. [47]. It is a 

weakness in this study that only four small-scale tests were executed. The large-scale test should also 

be repeated for better documentation of the infiltration rate and response on groundwater level. 

Nordic cold climate has different challenges than warmer climate [31,32] and studies that monitor 

both the stormwater influx as well as groundwater response is needed. As Prudencio and Null [5] 

point out, SuDS have positive effects as ecosystem services, however, this is not been given any 

attention in this study at Bryggen.  

Especially, a lesson learned from Bryggen is documentation of “as built”. There are several gaps 

of knowledge, there among construction deviations, the compilations of soil used, and sketches of 

design as built are missing. The lack of documentation make testing and follow ups challenging. For 

future constructions of SuDS, planning for implementation of monitoring systems, both for 

stormwater and groundwater, is recommended.  

For interactive dissemination and outreach, the tool Climatescan (www.climatescan.org) is 

applied for engagement with stakeholders where open access results on infiltration of stormwater 

under extreme climate and hydraulic circumstances are displayed [57]. The Bergen Wharf site with 

its infiltration systems is continuously updated with pictures, information, research results, and open 

access publications [58].  

4. Conclusions 

This study compared the infiltration capacity of the rain gardens at Bryggen with international 

guidelines [41–45]. It compares small-scale MPD tests to full-scale infiltrations test and further 

evaluate if the rain garden is preforming as designed. The full-scale infiltration test showed an 

increase of the groundwater level in several boreholes at Bryggen.  

The rain garden and its connected infiltration systems function for the purpose it is built, to 

infiltrate stormwater into the subsurface to increase the soil moisture as well as groundwater level to 

protect the cultural layers in the subsurface. The hydraulic conductivity of the SuDS is as designed 

with an infiltration capacity of 500–1600 mm/h. This study shows that the full-scale infiltration test 

gives a higher infiltration capacity of the rain gardens, compared to small-scale tests. The effect of the 

infiltrated volume and the natural precipitation influence the groundwater level, with an immediate 

response in monitoring wells close to the infiltration system (<30 m) and with a time delay of ca. 2 

days in wells 75–100 m away from the infiltration point. The infiltration capacity of the rain garden 

exceeds the amount of available surface water currently connected to the system. The groundwater 

level would, in dry periods, benefit from more consistent water input to increase soil moisture and 

thereby preserve cultural layers below. There is excess capacity, and the connected runoff catchment 

area can be extended to encompass the total catchment area by 22,500 m2 or 260 precent (%). There is 

a need to document the effect of SuDS on the urban water cycle. This study shows how monitoring 

systems can be implemented in designing and planning, which could help stormwater managers 

with the scheduling of maintenance requirements for rain gardens with more confidence. 
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