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Abstract

:

In coastal areas, the rising damp of salty water is a well-known degradation factor of historical masonries, leading to visible features such as crusts, masonry erosion, and plaster loss. Venetian masonries are strongly affected by decay caused by rising damp exacerbated by direct contact with salty water. Recurrent flooding due to high tides and an increase in the frequency of flooding events, also related to climate change, raises concern about the impacts. Although several studies have been carried out on probable future scenarios, a valuation of the decay risk due to rising damp at the urban level still needs to be implemented. This paper proposes a non-invasive and economically sustainable approach for evaluating rising damp effects at an urban scale. The approach includes a collection of archive images of masonries affected by rising damp dating back to the 1990s; a visual survey of the actual conservation state of masonries; a classification based on significant descriptors; and a discussion on exposure conditions and conservation states. The descriptors chosen are rising damp levels, biological growth, plaster loss, efflorescence, and brick erosion. The evaluation was implemented in a georeferenced system suitable for future comparisons, thus providing a management tool for the city’s preservation.
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1. Introduction


Monitoring is one of the most important instruments for preserving architectural heritage. The evaluation of a building’s conservation state, the durability of restoration and maintenance interventions, through a reliable and easy-to-use scientific methodology is doubtless crucial for the future preservation of buildings and for a cost-effective strategy. Generally, monitoring of building façades focuses on single case studies, often related to specific aspects (e.g., evaluation of surface permeability, discoloration, intervention durability). The results are therefore difficult to be applied to other assets. Our approach proposes a broader perspective connected to the urban scale and the surrounding environment for defining early-warning decay indicators that can be applied to coastal areas.



In coastal areas, the rising effect of salty water is a well-known decay factor that affects masonries, leading to visible features such as masonry erosion, plaster loss, and biological growth [1,2,3,4,5]. Rising damp is a process characterized by a complex dynamic wherein the height reached by the waterfront depends on the equilibrium between rising damp and water evaporation from the surface. Both aspects are determined by numerous intrinsic factors (e.g., porosity and composition) and extrinsic environmental factors [6,7,8,9]. Commonly, salty water carries soluble salts through the wet lower part of the wall to the evaporation area where the equilibrium between capillary flux from the underneath water reservoir and evaporation flux from the masonry surface is responsible for salt precipitation. Soluble salt crystallization causes powdering; crumbling; detachments of brick elements and plasters; low durability of conservation interventions; and, consequently, high maintenance costs.



Historical Venetian buildings represent a significant case study to develop a sustainable methodology for monitoring rising damp effects based on the definition of materials behavior models at the urban level [10,11,12,13]. The recrudescence of high water due to city subsidence and marine eustatism, in relation also to global climate change, further raises concerns about the impact of rising damp on Venetian buildings [14,15,16,17]. Despite many studies on possible future scenarios on rising sea levels and flooding risks in terms of socio-economic relevance, a comprehensive risk assessment focused on seawater and its impacts on historical architectural surfaces still needs to be defined for Venice at an urban scale [11,12,18,19,20,21,22,23,24,25]. The impact and extension of rising damp on Venetian buildings have been traditionally assessed using invasive methodologies such as drilling powders from bricks at different heights, whose moisture content is then determined using the ponderal method [2,3,4]. The collection of a dataset of historical quantitative moisture content (MC%) in Venetian masonries and its statistical analysis was carried out by Falchi, et al. [2]. In Venice, an inverse relationship between MC% and height was found in respect to the local altimetric reference highlighting: the presence of wet masonries up to a high at 150–200 cm, an evaporation zone from 200 cm to 300 cm, and lower MC% values above 300 cm. The results pointed out a possible relation among the buildings’ altitude on the lagoon level and their distance from water. The moisture content is, nevertheless, also influenced by unpredictable and non-documented factors such as masonry structure and other decay phenomena. The MC% quantitative data available are, however, limited, and this approach is scarcely feasible for repeated monitoring considering its invasiveness.



Conservation authorities and stakeholders in Venice lack an easy and non-invasive methodology for mapping, at an urban scale, the rising damp impact and trend over time. An urban-scale approach is crucial for investing and implementing lagoon control strategies, such as the MOSE Dam and local barriers (e.g., in San Marco’s square) [24,26,27].



For architectural surfaces, a common approach for defining their conservation states consist of the production of decay maps based on visual surveys in accordance with specific norms [28,29]. Decay indexes are then associated based on an empirical parameterization of observed decay features [30,31,32,33,34]. This approach is quite convenient for investigating single or small groups of buildings, but it is difficult to apply at an urban scale due to issues related to time and available resources. Moreover, as this approach identifies decay patterns at a given time, it is trivial to extrapolate degradation trends. Nevertheless, the comparison between old and new pictures with deterioration maps could be a valuable system to evaluate decay trends on masonry. Camuffo and collaborators [35] proposed, for example, to evaluate the subsidence of Venetian buildings by comparing ancient paintings to their current state.



This research, developed within the Venezia 2021 Scientific Research Program for a Regulated Lagoon project led by Corila [36], evaluates the decay features caused by rising damp over 20 years (from 2000 to 2020) on Venetian buildings by comparing images belonging to a private archive. The conservation state of a few Venetian masonries selected from the archive is compared with current images considering decay features such as visible damp sharp fronts, presence of biological growth, plaster loss, efflorescence, and brick erosion. Within the archive, pictures of external full brick masonries were preferred; their position and altimetry were also acquired through open databases [37,38]. The evidence of maintenance intervention on the buildings was also considered. The comparison of recent and past images offered the possibility to evaluate the rising damp process over time, the impacts of interventions such as flood and embankments raising [9], and the entry into operation of the MOSE barriers [26,39].




2. Materials and Methods


Pictures belonging to the private archive of Mr. Giuseppe Pasqucci were employed to evaluate the impact and evolution of rising damp on Venetian buildings’ surfaces. The archive contains a miscellanea of pictures collected since the 1990s of Venetian buildings, images found in magazines, newspapers, and anecdotes about Venice divided according to sestieri (districts) and civic number. From the archive, only images of masonries showing visible decay patterns linked to rising damp were considered; images possibly showing building position (i.e., facing a calle or the water canal) were also considered.



Images were digitized with an HP Laser Jet Pro M428fdw multifunction printer at 300 dpi in full color. The digitized photos were compared with images of the same buildings taken between 2019 and 2022 with a Canon Power Shot 12 camera. The photos were taken in automatic mode, paying attention to capturing images as closely as possible to the ones of the archive to facilitate their comparison. The pictures were collected both on sunny and cloudy days. Rainy days were avoided since rising damp features, such as waterfront of rising damp and salt efflorescence, are not visible on such days. An on-site survey was conducted by heritage scientists and building conservators. The pictures were integrated with annotations including general observations such as classification of materials in terms of bricks, mortars, plasters, and their extension on the façade. Brick dimensions, masonry length, the height of the visible wet front due to rising damp, extension of eroded areas on the surfaces, and plaster detachments were noted with a measuring tape where this was possible. A scale was included in the pictures to be used for comparison.



Visual monitoring was performed on the same masonries after dry or wet periods to assess the visible variations due to climatic conditions. A set of pictures was taken after the exceptional flooding of November 2019 [40] and repeated in September 2022 after a long drought period that started in January 2022 [41].



A new dataset was then created with the archive and the recent pictures including masonry position (civic number, district, and geo-referenced data), altimetry (height based on local sea level as reference), the distance of the masonry from adjacent canals, and climatic information [37,42]. Exposure to direct sunlight and winds, as well as the masonries’ positions, might influence rising damp level. These factors can impact the water evaporation rate from the surfaces and the equilibrium reached by the damp front [8,9]. Altimetry and distance from canals might influence rising damp levels too. The major source affecting rising damp in Venice is, in fact, the lagoon water in the canals. Its presence and level impact the water uptake by capillarity and the entire rising damp process. Since the buildings rise at different heights on water, the altimetry level of each masonry was recorded according to the Ramses database created by Insula S.p.A [37]. The altimetry was based on a local sea level reference called “ZMPS”, i.e., the mean sea level on Punta della Salute measured in 1897. The ZMPS system was also used for calculating the local tidal height. For masonries facing canals, the altimetry was considered equal to 0 cm ZMPS. Regarding the location of the buildings, three main situations were described: directly in contact with the lagoon water, near channels over the embankment located 3–5 m from water, and in the internal area of Venice without direct contact with the lagoon



As previously stated, variations in the rising damp profile were assessed by comparing archive images with recent ones. To organize a significant description and comparison of current and past decay features, specific decay descriptors were defined and qualitatively evaluated. In the first phase of the research, five decay descriptors were chosen:




	
Height of the rising damp sharp front on the masonry surface individuated according to differences in color saturation of the wet and dry areas of the wall. This was assessed first in situ in different points on the masonries with a measuring tape and then, by comparison, on the old pictures. In the old pictures, architectural features (columns, stone slabs, windows, etc.) present on the building helped with estimating the corresponding heights;



	
Presence and distribution of salt efflorescences on masonries related to seawater;



	
Plaster loss, either eroded or detached, due to the action of soluble salts whose extension were evaluated by in situ measurements of the façade and proportionally scaled on the old pictures;



	
Height, extension, and distribution of brick erosion on the evaporation band due to salts. Erosion depth measurements were possible only for the on-site survey. The actual eroded area on the masonry surfaces was considered for comparison with old pictures.



	
Height of the algal colonization, visible as a greenish band when low tides occur.



	
Algal height, which is strictly affected by the increase in the mean sea level and, consequently, of the water reservoir.








These descriptors were qualitatively evaluated through heritage scientist and building conservators’ elicitation according to the following scale: increase (+, + +, + + +), decrease (−, − −, − − −), or stable situation (=); if a descriptor was non-comparable, the symbol / was used (e.g., if an algal band was not visible in a historical picture). The descriptors are all related to well-recognized effects of seawater rising damp processes. For this reason, all the descriptors were initially considered to gain a comprehensive vision of the phenomenon, further evaluated, and eventually discharged based on their evident relevance.



The dataset was integrated into a georeferenced system by using the QGIS software in order to obtain a dedicated tool for rising-damp-phenomenon management [43]. The masonries were located on a virtual Open Street map of Venice [38], and the altimetry curves collected as open data from the SMU website of the Municipality of Venice were also included as a polyline layer along with a layer for each descriptor. A recent picture of each building was also uploaded at the corresponding site points. The marks given to the descriptors’ variations were converted into a color system, e.g., red = major variation, yellow = minor variation, and green = no variation. Thus, a single map combined the altimetry of the masonry, the pictures collected, and the results of the comparison between old and new images. The maps are freely accessible online in the SOLVE system for a regulated Lagoon by CORILA [44], the entity for the coordination of the research regarding the lagoon of Venice, and are now at the disposal of the Municipality of Venice.



Finally, Statistica 8 software [45] was employed to statistically evaluate the dataset. ANOVA and regression tree analyses [46,47] aided in understanding possible data variations in relation to building altimetry (classes 0; 100–110; 110–120; 121–130; 131–140; and >140 cm on ZMPS) and building distance from water (0 = directly in contact; 1 = 1–5 m away; and 2 = >5 m from water). In the trees, built of leaves and branches, the leaves represent specific subsets of variable values and branches represent segments that connect the leave nodes. To estimate the regression tree model, leaves were created by recursively splitting the data on the predictor variables. In the regression tree built for the rising front variation, each branch connects nodes reporting the variation and the number of observations in that range.




3. Results


Out of 9475 sites described in the archive pages, only 575 cases have pictures of masonries where rising damp is clearly visible on masonries; the others report architectonical elements not useful or comprise low-quality photos. A recent building site inspection highlighted how several masonries were restored between the 1990s and 2020s (application of covering plasters, brick replacement, insertion of methods against rising damp, or covering with scaffolds). Thus, the rising damp phenomenon was perturbed and those buildings were discharged, reducing the number of feasible sites to 179. Figure 1 illustrates an example of masonry subjected to rising damp (Figure 1A) and some examples of buildings that were not considered.



Figure 1B,C are two examples of cases where the visual comparison with past pictures is impaired due to unknown restoration interventions; in Figure 1B, eroded bricks have been topped by new ones, and in Figure 1C, a new plaster covers the masonry.



Figure 2 reports the position within the city of the feasible sites that were considered for the visual survey. The photos coming from this private archive did not homogenously cover all the city areas but were mainly concentrated in the historical districts of Dorsoduro and Santa Croce. Archive pictures of the main islands Giudecca (south), Murano (north), Tronchetto-San Basilio (west), Sant’ Elena (extreme east), and near San Marco square are unavailable or under-represented. Despite their possible relevance, these areas are characterized by newly constructed buildings (i.e., late 20th century constructions, as in Sant’Elena) often realized with non-permeable basements or membranes extensively affecting raising damp and far beyond the scope of the present work.



3.1. Descriptor Validation


The examination of the pictures collected in situ allowed for the identification of five relevant decay descriptors. As expected, the atmospheric conditions during photo shooting and the monitoring frequency might have affected the evaluation of the descriptors.



For example, the presence and extension of efflorescences were discovered to be subjective and variable. The visibility of salt efflorescences was influenced by concomitant atmospheric and thermo-hygrometric conditions. On wet or rainy days, hygroscopic and deliquescent salt crusts became transparent, but they were more visible in dry periods. Furthermore, efflorescence positions changed over time, caused by salts being easily transported by water. Figure 3 shows, as an example, a masonry in Rio dei Bareteri- San Marco depicting the variation in salt efflorescence visibility over time. In particular, the photos before (26 June 2019, 26 October 2019) and after (16, 17, 25 November 2019) the exceptional flooding of 2019, compared to the following spring and after a drought period, depict how the efflorescence visibility was variable and sensitive. For this reason, the presence and distribution of salt efflorescence was discharged as a significant descriptor for rising damp monitoring.



The extension of plaster detachments or erosion cannot, as well, be considered a solid descriptor directly correlated to the action of rising damp on an urban scale (Figure 4A). Building’s plaster loss, erosion, or detachment are, in fact, strictly affected by the materials and the technologies used for their application and by the masonry status (e.g., the presence of bricks already loaded with salts).



The level reached by capillary rise, i.e., the sharp front visible as the limit between dry and wet areas (different in color saturation), proved to be the most reliable descriptor for assessing the rising damp extension (Figure 4B). We also observed that the level reached by capillary rise change in a short time, mainly in autumn or spring. These seasonal changes consisted, usually, of no more than the height of a single brick (10–20 cm). Larger variations of the sharp front could therefore be considered significant regarding the evolution of the rising damp phenomenon in that masonry.



In Figure 4C, the position and extension of a band of more significantly damaged bricks, due to salts carried by rising damp, is clearly visible on the masonries. In many façades, this band seems to shift in height over time. The shift is most probably related to an increment in the sea level and was associated with an increase in rising damp. As the crumbling and degradation of bricks occur over years, the variations of the upper part of the erosion band are crucial for monitoring the impact of rising damp phenomena in the long term.



In the case of masonries directly facing the canal, the presence of an algal band is another visible and reliable descriptor of the average sea level variation and is possibly related to rising damp levels (Figure 4D).



The reduction of meaningful decay descriptors from five to three may affect masonry classification, and it is possible that information on specific buildings could be missed. On the other hand, few well-defined descriptors ensure less personal evaluation, providing more objective and reliable information on rising damp trends and decay effects.



The initial evaluation scale consisting of six levels was also revised and simplified considering that the monitored timespan is limited to a few decades and the variations observed were (happily) smaller than expected. Only four evaluation levels were maintained: ++ remarkable increase, + significant increase, = similar level, − decrease, and / non comparable. A simplified scale allows us to obtain a more congruent evaluation among observers. Four expert observers, aware of the typical degradation phenomenology of rising damp in Venice (i.e., powdering, crumbling, detachments, algae growing, and efflorescence), evaluated the collected pictures by applying the proposed scale. Figure 5 shows an example of the implemented dataset.




3.2. Evaluation of the Sharp-Front Level


The 179-case dataset was queried, in relation to their altimetric data and their positions, to evaluate the variation in the sharp front level due to rising damp (Table 1). A main division among the cases was made possible by considering masonry at 0 cm ZMPS, i.e., masonries directly in contact with water, and masonries at higher altimetry, i.e., not in direct contact with the lagoon water. For masonries not directly in contact with canals, the minimum altimetry value among the 179 cases studied was +100 cm above the local sea level reference ZMPS, while the maximum was + 174 cm. To process the data, 10 cm intervals of altimetry were considered. Masonries at elevations > 161 cm were considered in a single interval as they are rarely reached by tidal water. The data highlight how the rising damp level increased in relation to altimetry from the early 2000s to the 2020s. Masonries at 0 cm showed a constant or slight variation (30% of total cases) of capillary fronts, while for those over +111 cm, a significant or remarkable increase was registered in several cases (50–60%). Descriptive statistics performed on the data can be found in the Supplementary Materials section (Tables S1 and S2, Figure S1).



The cross-comparison between the altimetry map and the georeferenced cases (Figure 6) highlights how unchanged cases were homogeneously distributed over the city.



A worsening situation is observed, on the other hand, in the central and northern parts of the city where a few of the buildings are restored.




3.3. Degraded Brick Band


The evaluation of the degraded brick band was only possible for 127 cases out of 179. In the archive pictures, only one specific shot for each building was often available and sometimes even with poor resolution, a lack of focus, shadowed façades, etc. Table 2; Tables S1 and S2; and Figure S1 in the Supplementary Materials section report the variation percentages observed for this descriptor in accordance to building altimetry and distance from water. None of the cases showed a decrease in the extension of eroded bricks since erosion is a non-reversible process. The ideal situation is one in which no further damage is observed.



Restored masonries, where brick substitution intervention occurred, should be considered highly negative cases since brick substitution is often a signal of a previous highly compromised wall. However, as intervention circumstances are mainly unknown and images taken immediately before the intervention are rarely available, these cases were excluded from the dataset.



For buildings directly in contact with seawater (altimetry = 0 cm), a slight extension of decayed brick fronts was observed, in line with the capillary rise level trend. The two processes seem to evolve with the same intensity, as shown by the percentages of the “+” and “=” cases.



For buildings fitting in altimetry intervals between +100 and 160 cm (Table 2), the number of cases with worsened bricks increased, in particular for the interval of 111–150 cm. In the range between 121 and 130 cm, the number of buildings with highly damaged bricks exceeded the unchanged situations. Over +160 cm, only two cases were available, which was not significant amount of data for a general evaluation.



The observation of GIS data in Figure 7 also shows, in this case, a homogeneous distribution of non-variated cases; degraded masonries were observed mainly in the central and east parts of the city, corresponding to the districts of Dorsoduro, Castello, and San Marco. A comparison with the previous map on rising damp levels (Figure 6) revealed that brick decay was not always directly linked to rising damp increase as the altimetry of the considered area may have played a role. Lower areas of the city have, probably, been subjected for longer times to higher rising damp levels and accumulation of salts leading to brick decay and eroded surfaces. The San Marco district presented the highest percentage of worsened situations with an increase in extension and height of damaged brick bands. San Marco generally has a low altimetry and is often flooded by high tides. Unfortunately, it is also the district where less-suitable cases were individuated, and therefore further surveys are needed for a complete analysis.




3.4. Algal Band Level


The level reached by the algae band was evaluated as indicative of the average sea level in contact with masonries directly facing the canal. Out of the 74 available case studies, only 48 masonries could be selected, considering the possibility of clearly identifying the algae bands in the old pictures. Additional details on data variability for the algae band descriptor are displayed in Table S1 in the Supplementary Materials section.



Whether we consider the cases subdivided by city district or as a whole, the algae level growth did not show relevant variation over the considered years (Figure 8). In only one case, the level of algae appears to have decreased, possibly due to cleaning actions or to a partial silting of the canal resulting in lower water accessibility. In the last twenty years, local erosion phenomena and sinking due to structural failures of individual buildings may have influenced the algal band level more than the relative sea level rise [48].





4. Discussion


This research aims to propose a non-invasive visual methodology for understanding rising damp on Venetian buildings at an urban scale. Past and current pictures have been employed to define visual descriptors strictly linked to rising damp useful for describing its impact and evolution on masonries.



Thermo-hygrometric conditions, building construction materials and technology, and site-specific history have an influence on descriptors such as salt efflorescence distribution. Thus, these parameters cannot be considered reliable. On the contrary, visual descriptors such as the level of capillary rise front, algae band position, and extension of brick erosion can be objectively assessed and employed. Moreover, the application of a simplified rating scale (+ +, +, −, and =) allow for a more objective and reliable assessment of the rising damp evolution.



The non-invasive approach based on visual observation does not claim to completely describe the rising damp phenomenon in Venice, but contributes to understanding the incidence and trend of this phenomenon at an urban scale. The GIS maps and visual inspection could help in easily monitoring the evolution and suggesting when and where it is necessary to perform quantitative surveys such as determination of ponderal water content.



Next to other picture archives (i.e., municipal archives and instruments such as Google Maps or Google Earth), other venetian buildings might be considered and registered for implementing the evaluation. Moreover, the dataset could be discussed in relation to environmental conditions specific to particular decades for evaluating the effects of specific conservation strategies.



4.1. Relation between Observed Trends, Altimetry and Distance from Water


Lagoon water penetrates via capillarity from canals to the internal parts of isles. The altimetry of buildings and their distances from the free water of canals may therefore impact the rising phenomenon. To better understand this relation, the variation in the descriptors was linked to building altimetry and distance from canals using statistical tools: descriptive statistics, ANOVA, and regression trees (see Supplementary Materials) [46,47].



The statistical significance of ANOVA was rather low (Table S3 in the Supplementary Materials); nevertheless, a higher variation in decay for buildings at higher altimetry and located in the inner part of the city was confirmed.



The regression tree analysis (Figure 9) partially explains the data variation (cost = 0.362). The tree shows an initial division determined according to altimetry; the altimetric classes between 111–120 and 131–140 cm on ZMPS are separated from the others. Next to this, for both groups, the water distance determined a second separation with a marked difference for buildings far from canals (over 5 m) and nearby canals (1–5 m of distance). From group ID9, a further separation is determined according to altimetry (120–130 cm class and then the 140 cm class). ID10 and ID12 show a Mu value higher than ID11 and ID13, indicating a worsening situation for buildings at 110–120 cm ZMPS.



Previous studies, with similar statistical approaches and based on quantitative data of MC%, were unable, due to scarcity of data, to evaluate the rising damp variation over time [2], but gave interesting results regarding the distribution of rising damp within a typical brick masonry. Similar results were also obtained in theoretical studies regarding the model of rising damp processes in Venetian masonries [49]. These studies confirmed an inverse relationship between MC% and height, with masonries soaked with water up to 150–200 cm over ZMPS and evaporation areas from 200 cm to 300 cm over ZMPS. Other studies showed, on the other hand, that rising damp processes are not linked to the position of a building within the city but more likely to its altitude and distance from water. This is in accordance with what has been observed in the present study.




4.2. Influence of Climatic Forcing on Rising Damp


In Venice, rising damp is affected by the surrounding environment and climatic factors such as water availability (underground or directly in contact with masonry) and evaporation. These are mainly controlled by lagoon water level and tidal movements, precipitation, and thermo-hygrometric conditions.



Seawater is the common water reservoir leading to rising damp in Venetian masonries, particularly for façades directly in contact with canals. Due to global climate change and local subsidence, the average relative sea level increased for Venice approximately +7 cm from year 2000 to 2020 (from +25 cm ZMPS to +31 cm ZMPS) [48]. This sea-level increase corresponds to an increase in the rising damp level and, consequently, to an expansion of damaged brick lines, as observed in the collected data.



Local conditions acting on water evaporation and different physical characteristics of building materials might change the level gap from one building to another along with seasonal and climatic fluctuations until ±10 cm respect to the associated ZMPS height.



The data based on the visual survey need to be discussed by considering the frequency and duration of high tides, too. The actual level of sea water is, in fact, linked to tidal phases and climatic factors, impacting in a different way masonries overlooking canals and masonries that are normally dry but in contact with pathways that are flooded during high tides.



Table 3 reports the number and duration of tides recorded in the years spanning 2000–2009 and 2010–2019 [48], providing an idea of the event rate. Events were mainly concentrated in wet seasons (autumn–spring), where it was possible to observe two events in a few days and none throughout the rest of the year. The frequency and permanence of high tides in Venice is gradually increasing over time. The number and duration of tides events has at least doubled in the last decade for all the altimetry considered. According to the presented data, masonries at +120 cm and +130 cm showed significant variations of rising damp level and degraded brick area, which can be seen in the light of more frequent flooding and direct contact with water.



Until the middle of the 21st century, a further minor increase in the mean sea level and prolonged high tides are expected in the Adriatic region [14]. In response to this, the MOSE [39], a system of mobile dams, has been built to protect Venice. Since 2020, the mobile dams of MOSE have reduced the occurrence of tides expected to be higher than 120–130 cm [26]. Direct contact between water and buildings over +120 cm stops, and the increase in rising levels may also be affected by underlying water reservoirs. In the future, masonries over +120 cm are expected to dry, possibly partially causing salt deposition on the surfaces and within the porosity of material.



Under +120 cm, an increasing number of high tides will probably cause prolonged contact with masonries not overlooking canals, impacting masonry decay.



The presence of MOSE and of current climate changes suggests the necessity of starting continuous monitoring of the city during the 2020s to understand future evolutions.



Precipitation and thermo-hygrometric conditions mainly impact evaporation from masonry surfaces [8,9]. Only in a few cases, rain water contribute to the rise of the buildings water reservoir, since, in Venice, rainwater drains into adjacent canals. The climate in Venice is characterized by cold, moist winters and hot, sultry summers [50,51]. The mean precipitation of 750 mm/year is not evenly distributed over the year but concentrated in spring and autumn. A high relative humidity—over 70%—persists most of the year (see Table S4). In the 2000–2022 period, the average temperature rose, maintaining a rather stable upward trend in recent years, especially in the months of April, May, June, and August. The trend of rainfall has changed over the years with November and September being the rainiest months [15,50,52].



The high relative humidity and the frequent precipitations in autumn and spring impairs evaporation from masonries and enhances the rising damp front, as observed during repeated surveys. A physiological variation up to 10 cm of the rising front was observed during our research in spring/autumn vs. the summer, as reported in Section 3.1: Descriptors Validation.



Since 2020, a severe drought has been affecting the entire Veneto region [51]. An increased and prolonged evaporation from the masonry surfaces may lead to sub-efflorescence salt crystallization and increased damage in terms of powdering and flacking from the bricks. Further monitoring is therefore necessary to understand the evolution in relation to a changing climate.





5. Conclusions


In this research, visual comparisons of old and recent pictures enabled the possibility of monitoring the impact over time of capillary rise of Venetian buildings. Evident feature decay visible on masonries were considered meaningful parameters (e.g., efflorescence, plaster loss, damp front level, and degraded bricks) and rated through expert elicitation according to an evaluation scale.



The application of our methodology on case studies revealed that salt efflorescence distribution and plaster loss are not significant parameters. Efflorescence visibility depends on thermo-hygrometric conditions and plaster loss is influenced by constituent material technology and site-specific history. On the contrary, the level of capillary rise front, the level of algae band, and the extension of brick erosion are significant parameters for describing this phenomenon.



The integration of the dataset on GIS maps helped evaluate the incidence and trend of rising damp at an urban scale. The GIS maps highlighted how capillary rise levels remained substantially unchanged between 2000 and 2020 for masonry in direct contact with canal water under +120 cm. The rising damp level on buildings fluctuated of an height equal to a brick line depending on the season.



For buildings with altimetry between +120 and +140 cm, an increase in rising damp level was observed for half of the cases. This was probably correlated with a period with reduced tidal flooding (1990s and 2000s) followed by a period of frequent floodings (2010–2019). For cases with altimetries between +111 and +120 cm ZMPS, brick decay extension increased in half of the cases, too.



	
About 60% of the considered buildings showed a constant level of algae band over time (less than 10 cm);



	
Brick decay extension was constant over time for 63% of the considered cases, and half of this percentage was related to buildings at an elevation of 0 cm facing canals.






The increased frequency of low and medium tides (<+120 cm) and the evidence of long-term effects of rising damp on masonries may indicate the need to enforce conservation interventions, in particular, on the lower part of masonries.



A visual observation methodology could be also integrated with data from traditional quantitative and other non-invasive approaches in order to have a comprehensive understanding of the rising damp phenomenon at the urban scale.



Biannual monitoring and the selection of new buildings is now under consideration to expand the dataset for assessing the impact of the MOSE system and climate changes. Moreover, the dataset could be discussed in relation to environmental conditions of the decades for evaluating the effects of specific conservation strategies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su15076274/s1. Table S1. Frequency table of variation in rising damp height; erosion extension; algal band; 0 = no significant variation; 1 = slight variation; 2 = significant variation; / = non assessable; Figure S1. Histogram of frequency of masonries cases categorized according to their altimetry (0; 100–110; 110–120; 121–130; 131–140; >140 cm on ZMPS) and distance from water (0 = directly in contact; 1 = 1–5 m away; 2 = >5 m from water); Table S2. Number of observations visualized as histograms categorized according to altimetry (0; 100–110; 110–120; 121–130; 131–140; >140 cm on ZMPS) and distance from water (0 = directly in contact; 1 = 1–5 m away; 2 = >5 m from water); Table S3. ANOVA results on variation in capillary front (blue line) and erosion extension (red line) in reference to water distance and altimetry; Table S4 Yearly cumulative precipitation and temperature 2000–2022 (left); monthly mean precipitation, relative humidity and average temperature during the 2000–2022 periods in Venice. Data freely available since 2000 on ARPAV Regional Agency of Veneto for the environmental protection and prevention and the Centro previsione e segnalazione maree, Municipality of Venice sites (www.Arpa.veneto.it; www.comune.venezia.it).
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Figure 1. (A) Dorsoduro 3246: external wall of Ca’ Foscari (15 September 2022) is an example of a suitable picture for visual analysis of a palace directly in contact with the lagoon water. (B) Cannareggio 4925: Ca’ Zen (up 18 July 2010; down 27 January 2021) showing a rejected site due to unknown intervention of replacement of bricks is an example of a building far from the water. (C) Santa Croce 1033: Ca’ Talenti “delle Oche” was a rejected site due to works in progress covering the façade. 
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Figure 2. Map depicting the position (indicated as red circle) of the feasible sites selected for this study within the city of Venice. 
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Figure 3. San Marco 556 A Rio dei Bareteri (calle Erizzo). Pictures taken in different times and climatic conditions. 
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Figure 4. (A) Example of different extensions of plaster on the same wall in different periods (above: 1990, below: 1970). (B) Evidence of rising damp front (5115 Calle Larga dei Botteri, above: 2003, below: 2021). (C) Example of algal band variation (2802 Ponte San Tomà, above: 2006, below: 2021). (D) Example of decayed bricks (6123 Campo S. Maria Formosa, Ca’ Donà, above: 2004, below: 2021). 






Figure 4. (A) Example of different extensions of plaster on the same wall in different periods (above: 1990, below: 1970). (B) Evidence of rising damp front (5115 Calle Larga dei Botteri, above: 2003, below: 2021). (C) Example of algal band variation (2802 Ponte San Tomà, above: 2006, below: 2021). (D) Example of decayed bricks (6123 Campo S. Maria Formosa, Ca’ Donà, above: 2004, below: 2021).



[image: Sustainability 15 06274 g004]







[image: Sustainability 15 06274 g005 550] 





Figure 5. Three notable examples of comparison and of evaluation of the descriptors: Variation in height of capillary rise front, variation in algal band, and variation in brick-erosion area. GPS= georeferenced location latitude–longitude; A* = altimetry on the local reference level ZMPS; ++ remarkable increase, + significant increase, = similar level, and / non comparable. 
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Figure 6. Map of Venice depicting variations in the sharp front levels of rising damp. Dots represent the evaluated cases: −1 blue = decrease in sharp front level; 0 green = no variation; 1 orange = increase; and 2 red= remarkable increase. The colored lines on the background identify altimetry curves (see legend). 
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Figure 7. Map of Venice depicting variation in decayed brick extensions. Squares represent the evaluated cases and their colors identify the following marks: green = no variation; orange = increase in sharp front level; red = remarkable increase; and uncolored = / non comparable. The colored lines identify altimetry curves (see legend). 
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Figure 8. Map of Venice depicting variation in algal band levels. Diamonds represent the evaluated cases: light green (−1, 0) = negative or no variation; green (1) = slight increase in height of algal band; and dark green (2) = significant variation in the algal band level. The colored lines identify altimetry curves (see legend). 






Figure 8. Map of Venice depicting variation in algal band levels. Diamonds represent the evaluated cases: light green (−1, 0) = negative or no variation; green (1) = slight increase in height of algal band; and dark green (2) = significant variation in the algal band level. The colored lines identify altimetry curves (see legend).



[image: Sustainability 15 06274 g008]







[image: Sustainability 15 06274 g009 550] 





Figure 9. Tree graph for variation in rising damp fronts in relation to altimetry and distance from water. Within each square, the leaf number ID, the number of observations for that leaf N, the mean value Mu, and the variance Var are given. For each branch, the factors leading to the division (altimetry or water distance) and the respective altimetry classes of 0, 100–110, 111–120, 121–130, 131–140, and <140 and 0 = on water, 1 = nearby water, and 2 = far from water are given. 
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Table 1. Evaluation of rising damp front increase as nr of cases and corresponding percentages on total cases at a given masonry altimetry. ++ remarkable increase, + significant increase, = similar level, and − = decrease.
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	Altimetry on ZMPS (cm)
	++
	+
	=
	−





	0
	0/74 (0%)
	23/74 (31.1%)
	50/74 (67.6%)
	1/74 (1.3%)



	+100–110
	0/14 (0%)
	3/14 (21.4%)
	11/14 (78.6%)
	0/14 (0%)



	+111–120
	5/32 (15.6%)
	11/32 (34.4%)
	16/32 (50%)
	0/32 (0%)



	+121–130
	0/21 (0%)
	12/21 (57.1%)
	9/21 (42.9%)
	0/21 (0%)



	+131–140
	1/12 (8.3%)
	5/12 (41.7%)
	6/12 (50%)
	0/12 (0%)



	+141–150
	1/13 (7.7%)
	2/13 (15.4%)
	8/13 (61.5%)
	2/13 (15.4%)



	+151–160
	0/9 (0%)
	5/9 (55.6%)
	4/9 (44.4%)
	0/9 (0%)



	>+161
	0/4 (0%)
	2/4 (50%)
	2/4 (50%)
	0/4 (0%)



	Total
	7/179 (3.9%)
	63/179 (35.2%)
	106/179 (59.2%)
	3/179 (1.7%)
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Table 2. Evaluation of damaged brick band extension as number of cases and corresponding percentages on total cases at a given masonry altimetry. ++ remarkable increase, + significant increase, = similar level, and − = decrease.
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	Altimetry on ZMPS (cm)
	++
	+
	=
	−





	0
	2/61 (3.3%)
	15/61 (24.6%)
	44/61 (72.1%)
	0/61 (0%)



	100–110
	1/10 (10%)
	3/10 (30%)
	6/10 (60%)
	0/10 (0%)



	111–120
	0/19 (0%)
	9/19 (47.4%)
	10/19 (52.6%)
	0/19 (0%)



	121–130
	0/13 (0%)
	8/13 (61.5%)
	5/13 (38.5%)
	0/13 (0%)



	131–140
	0/8 (0%)
	3/8 (37.5%)
	5/8 (62.5%)
	0/8 (0%)



	141–150
	0/7 (0%)
	3/7 (42.9%)
	4/7 (57.1)
	0/7 (0%)



	151–160
	0/7 (0%)
	2/7 (28.6%)
	5/7 (71.4%)
	0/7 (0%)



	>161
	0/2 (0%)
	1/2 (50%)
	1/2 (50%)
	0/2 (0%)
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Table 3. Number of total tides and tidal time for each altimetry in the periods between 2000–2009 and 2010–2019.
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Altimetry

(cm on ZMPS)

	
Nr. of Tides Events Higher than Altimetry (#)

	
Contact with Salty Water: Duration (h, min)




	
2000–2009

	
2010–2019

	
2000–2009

	
2010–2019






	
0

	
/

	
/

	
/

	
/




	
100–110

	
141

	
234

	
362.05

	
642.55




	
111–120

	
52

	
95

	
133.10

	
260.50




	
121–130

	
20

	
40

	
54.55

	
106.25




	
131–140

	
9

	
16

	
25.0

	
48.40




	
141–150

	
5

	
11

	
11.05

	
22.10




	
151–160

	
1

	
4

	
1.20

	
3.55




	
>161

	
0

	
3

	
0

	
2.35
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