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Abstract

:

This paper investigates porous concrete and the influence of water level variations and porosity on the mechanical, physical, and hydraulic properties of porous concrete. The effect of different void percentages and various water levels on the properties of porous concrete was studied. Fabricated specimens with targeted porosities of 20% and 25% were subjected to a series of tests to evaluate their compressive strength, hydraulic conductivity (permeability), and porosity. The permeability of the specimens was assessed using a falling head permeameter to ensure effective water percolation. Porosity was quantified through a volumetric method, providing insights into void content. Both cubical and cylindrical specimens were used for all tests, along with compression tests under both air-dried and oven-dried conditions. The results showed that the maximum compressive strength occurred under oven-dried conditions for both cubical (7.05 MPa, 5.58 MPa) and cylindrical (8.36 MPa, 4.81 MPa) specimens, with 20% and 25% porosities, respectively. The compressive strength was found to be low in air-dried samples and increased with higher water levels, peaking at the 40% water level. Furthermore, the porosity exhibited a significant correlation with the reduction in density, affecting the mechanical properties. For the cylindrical and cubical samples, the dry density decreased by 16.03 kg/m3 and 20.85 kg/m3 and the permeability increased by 0.41 mm/s and 0.84 mm/s, respectively, for every 1% increase in porosity. The results showcased the effect of water level variation on porous concrete properties as well as its promising ability to infiltrate water. This promotes the development of sustainable pavement systems by minimizing surface runoff and aiding groundwater recharge.
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1. Introduction


The natural ground is being transformed into impermeable land cover, due to high-impact development in transportation infrastructure areas and caused by the construction of conventional pavements [1]. The use of conventional concrete induces alterations in the hydrological aspects and the thermal environment of the surroundings [2]. An increase in impermeable surfaces generally reduces hydrologic response time and therefore increases flood risk [3]. Urban expansion exacerbates stormwater runoff contamination due to impervious pavements, hindering clean water absorption into the soil and disrupting the natural water cycle [4]. Moreover, issues with hydroplaning surfaces, reduced groundwater recharge, and non-skid-resistant wearing courses are detrimental to impermeable pavement systems [1]. Additionally, urbanization has also increased construction and demolition waste, which is often discarded in landfills with limited reuse. Recycling this waste into construction material is a sustainable solution, curbing pollution and reducing reliance on finite resources. Porous concrete (PC) pavements have emerged as a promising low-impact development technology, as a way to reduce the negative environmental effects of infrastructure development and operation [5]. Utilizing strategies like using recycled concrete aggregate, which can be used in porous concrete, minimizes waste and natural resource usage, making porous concrete an environmentally advantageous solution for sustainable development [6].



Because of its porous structure, porous concrete offers numerous benefits for addressing urban issues such as urban heat islands, noise from transportation, urban waterlogging, and groundwater depletion [7]. Porous concrete pavements enable stormwater runoff to filter through surface voids, directing it into an underlying stone reservoir for storage and infiltration [8]. This pavement system allows easy retrofitting in dense urban areas, enabling on-site stormwater infiltration, without use of urban space [9]. It filters stormwater effectively, recharges groundwater, and reduces implementation costs [10]. Therefore, porous concrete is ideal for pavement systems, providing environmental protection and sustainability advantages [11]. Replacing just 6% of impervious surfaces with porous concrete pavements in areas where more than 80% of the surface is impermeable can mitigate the urban heat island effect, enhance architectural aesthetics, and reduce surface runoff, benefiting the stormwater system [12]. These pavements, which receive runoff from neighboring impervious surfaces and are situated above poorly drained soils, can play a crucial role in hydrologic mitigation [13].



PC is a non-slumping, open-graded material comprising hydraulic cement, coarse aggregate, admixtures, and water, with connected pores ranging from 2 to 8 mm, a void content typically between 15% and 35%, compressive strength of 2.8 MPa to 28 MPa, and a drainage rate of 81 to 730 L/Min/m2, depending on the size of the aggregates and mixture density [14]. Its primary characteristic lies in its elevated permeability attributed to a substantial void content, which imparts a light weight and lower strength when juxtaposed with conventional or waterproof concrete [15].



PC has been commonly used in permeable pavement systems such as roadways, sidewalks, driveways, parking lots, and other light-duty flatwork applications [16]. Studies have revealed that key factors influencing the strength of PC include the concrete porosity, water-to-cementitious material ratio, paste characteristics, as well as the size and volume content of coarse aggregates [17,18,19]. Achieving consistent compressive strength across different types and gradations of aggregates is feasible through careful mixture design [20]. An increase in porosity resulted in an increase in permeability and a simultaneous decrease in compressive strength [21]. The large and medium pores significantly contributed to the permeability of porous concrete, while adding cement enhanced the compressive strength by reducing porosity, minimizing small pores, and increasing hydration products [22].



The main objective of the implementation of porous concrete in road pavement systems is to percolate the rainfall water to recharge the groundwater system. During continuous rainfall, the subgrade soil becomes saturated, and the underground water recharge process is blocked. The voids in the porous concrete layer, which are approximately 20–25%, with the aggregate layer being approximately 35–40%, can serve as temporary water reservoirs by storing rainwater [23]. Over time, the water stored in these voids can slowly infiltrate the subsoil, contributing to groundwater recharge. A porous concrete pavement should be able to withstand vehicular loads and other relevant loads subjected to different water-level conditions. It is thus necessary to ensure the performance of a porous concrete pavement in different water-level conditions.



The mechanical and durability characteristics of concrete are significantly affected by the presence of water in its pores [24]. Excess water in concrete can lead to structural damage, including fractures and spalling [25]. The addition of fly ash to magnesium oxychloride cement enhances its pore structure, water repellency, and overall stability when exposed to water [26]. The molar ratios of the raw materials and the curing conditions in turn also have an impact on these parameters [27]. Evaluating the structural performance of these structures involves assessing their mechanical properties, particularly the compressive strength [28]. Research has been conducted on the effect of moisture variation relative to water saturation on the compressive strength of conventional concrete. It was found that the compressive strength of the concrete decreased as the moisture content increased [29]. The compressive strength of concrete decreased correspondingly with an increase in moisture content, but an unexpected rise in compressive strength was noticed at nearly saturated conditions [30]. The initial increase in moisture content led to a decrease in compressive strength, which then increased. Furthermore, the impact of moisture content on compressive strength intensified as porosity increased [31]. The mechanical properties of porous concrete may also be affected by variations in water levels within the pore structure, leading to changes in internal water content and stress distribution. Although the effect of water content variation on the compressive strength of concrete has been studied, the variation in the properties of porous concrete under different water level conditions remains unknown. Therefore, it is crucial to investigate the impact of water level variation on the mechanical properties of porous concrete under various loading conditions and environmental factors.



The objective of this study was to analyze the interplay of water level variation regarding the mechanical properties of porous concrete, along with the influence on hydraulic properties due to porosity. To investigate this relationship, standard practices were followed for material selection and sample preparation (cubical and cylindrical) in accordance with Indian Standards (IS) and ASTM (American Society for Testing and Materials) codes. The influence of porosity on hydraulic properties was assessed by calculating permeability using a falling head permeameter. Furthermore, to assess the impact of water level variations on the mechanical properties, compressive strength was determined using a universal testing machine (UTM) at simulated water table levels. The investigation then further explored the correlation between permeability and porosity, alongside the relationship between compressive strength and water level.




2. Experimental Programs


2.1. Materials


Type I Portland cement having a specific gravity of 3.15 and conforming to the requirements of ASTM C 150 [32] was used to prepare all the concrete mixtures. This type of cement is a general-purpose cement suitable for most concrete construction projects and commonly available on the market.



In the study, only a single group of aggregates, characterized by particle sizes ranging from those passing through a 10 mm sieve to those retained on a 4.75 mm sieve, was utilized. It was found that porous concrete containing smaller aggregate sizes exhibited superior strength, attributed to the increased total bond area between neighboring aggregates [33]. The physical properties of the coarse aggregates used are tabulated in Table 1.




2.2. Preparation of Specimens


The process of preparing porous concrete was a multi-step procedure that involved careful attention to detail and precise execution to achieve the desired porosity levels. The materials were initially collected and tested for properties like their specific gravity, bulk density, water absorption, ACV, AIV, and percentage of deleterious materials. The study incorporated ASTM C29 [34] standards to calculate the bulk density and voids in the aggregates. The sample was filled in three layers, with each layer receiving 25 tamping strokes as per ASTM C29 [34]. Target porosities of 20% and 25% were selected, considering the impermeability associated with porosities below 15% and the potential reduction in compressive strength at very high porosities (greater than 35%) as per American Concrete Institute (ACI) 522-R Report [14].



The porous concrete mix design was conducted in accordance with the guidelines set forth by ASTM C-192 code [35], ACI 522 R report [14] following the procedural recommendations outlined. The minimum volume of paste required for the mix was calculated using Equation (1) [36].


   V p  % =  V  void - agg   −  ϕ design   



(1)







This calculation assumed that aggregates were compacted as in to the ASTM C29 (DRUW) procedure and that the paste component was relatively incompressible. Dry cement content was determined following the ACI 522 R-10 report [14], and judicious selection of a water-to-cement (w/c) ratio of 0.4 was made using a binder drainage test [37]. The material proportions for target porosities of 20% and 25% are shown in Table 2.



The coarse aggregate was accurately measured and combined with cement to produce a dry mix in a concrete mixer. The required amount of water was added to form a fresh concrete mix. This mixture was cast into molds in three layers and thoroughly consolidated by tamping with a tamping rod. Afterward, the molds were opened on the following day, and the specimens were subjected to a curing period of an additional 27 days to facilitate optimal hydration and strength development. The curing was performed in controlled lab conditions for the whole period at 23 °C ± 2°C, all following ASTM C192/C192M [35]. Table 3 presents the number of specimens used for the various tests, including permeability, porosity, and compressive strength tests. The compressive strength tests were conducted under different conditions, including air-drying, oven-drying, and varying water levels at 20%, 40%, 60%, 80%, and 100% of the specimen’s height for both 20% and 25% target void ratios.



For each specific target void ratio, a set comprising 24 cube specimens (150 mm × 150 mm × 150 mm) and 24 cylindrical specimens (diameter: 150 mm, height: 300 mm) were prepared. The choice of these specimen shapes was based on their established prominence and their widespread recommendation for evaluating the properties of concrete, as stipulated by the relevant standards such as IS 516-2021 Part 1 Section 1 [38] and ASTM code (ASTM C39/C39M) [39]. Within the sample pool, compressive strength assessments were conducted under various environmental conditions, encompassing oven-dried and air-dried states, as well as under different levels of specimen immersion, corresponding to water levels set at 20%, 40%, 60%, 80%, and 100% of the height of the specimen. Additionally, three samples were designated for each porosity level, to facilitate porosity and permeability calculations, as outlined in Table 3. This experimental setup adhered to the minimum sample specimen requirements prescribed by IS 456 (2000) [40] and ASTM C39 [39], ensuring statistical robustness and reliability in the analysis. The mix design proportion for each sample is shown in Table 4.




2.3. Testing Programs


The mechanical properties (compressive strength), physical properties (density), and hydraulic properties (porosity and permeability) of the porous concrete specimens were tested.



2.3.1. Compressive Strength


The mechanical properties, i.e., compressive strength tests, were conducted on specimens under different conditions: oven-dried, air-dried, and varying water levels (20%, 40%, 60%, 80%, and 100%). The oven-dried condition was checked as an ideal case for reference, the air-dried condition was checked to imitate regular field conditions, and the different water level conditions were checked to imitate different water table conditions in the field. After curing, the specimens were soaked for 24 h, air-dried for 24 h, or oven-dried for 24 h, as per the condition. Testing was performed using a compression machine, with soaked specimens placed in water containers at desired water levels, as shown in Figure 1. The compressive strength values were recorded following ASTM C39 [39] standards for all specimens. This involved subjecting the specimens to axial compressive loads at a controlled rate until failure occurred. The maximum load at failure was recorded, and the compressive strength was calculated by dividing this load by the cross-sectional area of the specimen.



The testing was performed using a universal testing machine (UTM) along with accessories like containers and plates custom made for the test, which are represented in Figure 2 and Figure 3.




2.3.2. Determination of Physical and Hydraulic Properties


The dry and the saturated surface dry (SSD) density were measured by dividing oven-dried weight by the volume of the specimen and SSD weight by the volume of the specimen, respectively [41].



The porosities of the PC specimen were determined from Equations (2)–(4), as shown below [42,43]. All three types of porosity were calculated for each sample.


      A total   ( % )  =  1 −    W 3  −  W 1     V 1  ×  ρ w     × 100     



(2)






      A open   ( % )  =  1 −    W 2  −  W 1     V 1  ×  ρ w     × 100     



(3)






      A close   ( % )  =  A total   ( % )  −  A open   ( % )      



(4)




where   A total   is the total porosity of the specimen and   A open   and   A close   are open and closed void ratios, respectively.   W 1   is the weight of a specimen when it is submerged under water,   W 2   is its weight in the SSD condition, and   W 3   is the weight of the specimen after being totally dried in an oven.   V 1   is the volume of the specimen, and   ρ w   is the density of water.



The coefficient of permeability for the specimens was determined using a custom-designed falling head permeameter, inspired by Neithalath [44]. The specimens were dried and laterally confined using wall putting and silicone to prevent water passage through the sides. The cube specimens had an acrylic sheet placed on top, as shown in Figure 4, while the cylinder specimens used a high-density polyethylene pipe secured with a rubber gasket and hose clamp, as shown in Figure 5. The prepared specimens were then placed in the permeability test apparatus.



Water was added to the tank until full, and the time taken for the water level to fall from fixed heights of 450 mm and 250 mm for cubes, and 650 mm and 450 mm for cylinders, was recorded. The coefficient of permeability (k) was calculated using Equation (5) [44,45].


  k = 2.303 ×   a l   A t   ×  log 10   (   h 1   h 2   )   



(5)




where k is the coefficient of permeability, a is the cross-section area of the standpipe, A is the cross-section area of the sample, l is the length of the sample,   h 1   and   h 2   are initial and final heads, and t is the time for head fall.






3. Results


3.1. Influence of Water Table on Compressive Strength of Porous Concrete


Figure 6 and Figure 7 show the compressive strength variation in the different test conditions for both cubical and cylindrical specimens under 20% and 25% void ratios. It can be seen from the graph that for both cylindrical and cubical specimens the oven-dried condition showed higher strength values compared to the air-dried condition. However, the strength of air-dried cylindrical sample for 25% void ratio was significantly lower (1.88 MPa). In the general case, it can be seen that the compressive strength decreased initially at the 20% water level, then peaking at the 40% (5.86 MPa, 4.16 MPa for cubes, 5.55 MPa, 4.91 MPa for cylinders) water level, excluding the air-dry and oven-dry conditions, followed by a gradual decrease and finally a slight increase in 100% water level, which was more profound in the cylindrical specimen rather than in the cubical specimen. While taking oven-dried samples as a reference, the maximum variation was 33.5% and 50.5% for cubical specimens, with 37.1% and 60.9% variations for the cylindrical specimens cast with 20% and 25% void contents, respectively. The least variation for the oven-dried samples was seen in the 40% water table conditions, which were 33.5% and −2.1% for the cylindrical specimens and 16.9% and 25.5% for the cubical specimens for 20% and 25% void ratios.



The decrease in the compressive strength of wet concrete may have been caused by the separation of cementitious particles using pore water, which might have reduced the van der Waals force and surface energy, thus reducing the critical stress of the cracks, which may have been the reason for the decrease in compressive strength of the samples at some water levels, as found in conventional concrete [29]. Notably, the compressive strength of the concrete at a 40% water content demonstrated a significant improvement, second only to the oven-dried sample. This may have been as, when concrete is subjected to a load, the pores and channels perpendicular to the load direction are closed, and free water flows inside the concrete. The viscosity of the water causes a pore water pressure gradient. Under a high loading rate, the pore water pressure increases, and the occurrence of cracks in the solid phase is delayed, thereby increasing the compressive strength of the concrete, as found in conventional concrete [46]. These reasons found in conventional concrete may also be applicable to porous concrete.



The analysis of the failure pattern revealed a predominant occurrence of specimen failure along the longitudinal sections, which aligned with the grooves formed during the compaction of concrete using a tamping rod. The observed failure pattern, as depicted in Figure 8 and Figure 9, offers valuable insights into the structural behavior of the porous concrete. Distinctly, the initial failure tended to manifest at the uppermost part of the specimens. This observed tendency can be ascribed to the distribution of compaction energy during the specimen fabrication process, where the top layer receive comparatively less compaction energy in comparison to the underlying layers.




3.2. Influence of Porosity on the Physical and Hydraulic Properties of the Porous Concrete


3.2.1. Density


Upon a comprehensive examination of the data, it became evident that the augmentation in porosity exhibited a substantial correlation with the notable reduction in density. This decrease in density can predominantly be ascribed to the presence of a larger number of voids and an increased abundance of voids within the porous concrete, as visually depicted in the accompanying Figure 10 and Figure 11. Additionally, the decline in density was accompanied by a proportional deterioration in the material’s mechanical properties, particularly concerning the compressive strength, as demonstrated in Figure 6 and Figure 7.




3.2.2. Permeability


Similarly, Figure 12 and Figure 13 depict the relationship between the permeability of the porous concrete and its porosity. The data clearly illustrate that porosity exerted a direct influence on the permeability of the porous concrete, revealing a linear correlation. Specifically, as the porosity of the porous concrete increased, its permeability was proportionally augmented. This phenomenon can be rationalized by considering the increased presence of open voids within the porous structure as the porosity increases. Consequently, this amplified void space offers a larger surface area for water to permeate through the material.




3.2.3. Observed Porosity


The examination of porosity in the porous specimens unveiled differences between the intended and actual porosity values, as depicted in Table 5. The estimated porosity consistently manifested lower values compared to the observed porosity. These variations can be attributed to the compaction effort and type employed during the preparation of samples. Specifically, the hand compaction method was used, and the compaction effort, which was applied twenty-five times in three layers by different individuals, was not uniform across all specimens. This inconsistency in the compaction process led to variations in the density of the material, thereby affecting the porosity. As a result, the actual porosity values deviated from the intended values.






4. Conclusions


This study examined the impact of water table variations and porosity on the physical property of density, mechanical property of compressive strength, and hydraulic property of permeability of porous concrete. This included experiments such as compressive strength tests, falling head permeability tests, and porosity tests for both cubical and cylindrical samples with target void ratios of 20% and 25%. The conclusions presented here are based on the findings of this investigation. From the results obtained, the following conclusions may be drawn:




	
The oven-dried condition resulted in the highest compressive strength for both cubical and cylindrical specimens. Compressive strength peaked at 40% water level and decreased at 60% due to cementitious particle separation by the pore water. A slight increase was observed at the 100% water level, possibly due to pore closure and free water flow.



	
Increasing porosity led to a decrease in both density and compressive strength. This may be attributed to the presence of a larger number of voids, reducing the effective load-carrying area. The observed porosity values were consistently higher than the target porosities, due to compaction limitations.



	
Porosity directly impacts the permeability of porous concrete, showing a linear correlation. Higher porosity leads to increased permeability due to the presence of more open voids, offering a larger surface area for water to infiltrate.








Overall, the different water level conditions in porous concrete showed significant changes in the compressive strength value. More such research works on microstructure pore structure analysis and its effect on mechanical properties need to be carried out to generalize the results. Understanding this relationship between compressive strength and the respective change in the water table is vital for effective implementation in sustainable pavement systems.
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Figure 1. Specimen arrangement for compressive strength testing at different water levels. 
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Figure 2. Compressive strength testing of cylindrical specimens with water container using UTM. 
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Figure 3. Compressive strength testing of cubical specimens with water container using a UTM. 
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Figure 4. Permeability measurement apparatus for cubical specimen. 
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Figure 5. Permeability measurement apparatus for cylindrical specimen. 
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Figure 6. Plot of compressive strength of cubes in different test conditions. 
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Figure 7. Plot of compressive strength of cylinder in different test conditions. 
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Figure 8. Failure pattern for cubical specimens. 
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Figure 9. Failure pattern for cylindrical specimens. 
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Figure 10. Plot of density vs. observed porosity for cubes. 
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Figure 11. Plot of density vs. observed porosity for cylinders. 
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Figure 12. Plot of permeability vs. porosity for cubes. 
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Figure 13. Plot of permeability vs. porosity for cylinders. 
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Table 1. Physical properties of coarse aggregates.






Table 1. Physical properties of coarse aggregates.





	Aggregate Size
	10 mm–4.75 mm



	Sp. Gr
	2.64



	Bulk Density
	1542.57 kg/m3



	Water Absorption
	0.868%



	Percentage of Deleterious Materials
	4.702%



	Aggregate Impact Value (AIV)
	35.40%



	Aggregate Crushing Value (ACV)
	37.39%



	Void Percentage
	41.50%










 





Table 2. Material proportions.
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	Description
	Design Data-20% Porosity
	Design Data-25% Porosity
	Remarks





	Percentage of Aggregates Voids (  V  void - agg   )
	41.50
	41.50
	(ASTM C29/C29M) [34]



	Adopted % of Void (  ϕ design  )
	20.00
	25.00
	



	Cement Paste (   V p  %  )
	21.50
	16.50
	



	Specific Gravity of Cement
	0.32
	0.32
	



	Adopted w/c considering workability
	0.40
	0.40
	



	Cement Content (   V p  /  ( 0.315 + w / c )  × 1000  ) kg/m3
	300.70
	230.77
	(ACI Committee 522, 2010) [14]



	Water Content (kg/m3)
	120.28
	92.30
	



	Coarse Aggregate (kg/m3)
	1542.57
	1542.57
	










 





Table 3. Number of specimens for different types of tests.
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	Type of Test
	No. of Cube Specimens

(150 mm × 150 mm × 150 mm)
	Number of Cylindrical Specimens (150 mm × 300 mm)





	Compressive Strength Test
	21
	21



	Normal Condition
	   3  -   Cu  1 , 2 , 3     
	   3  -   Cy  1 , 2 , 3     



	Oven Dried Condition
	   3  -   Cu  4 , 5 , 6     
	   3  -   Cy  4 , 5 , 6     



	Water Level at 20% of height
	   3  -   Cu  7 , 8 , 9     
	   3  -   Cy  7 , 8 , 9     



	Water Level at 40% of height
	   3  -   Cu  10 , 11 , 12     
	   3  -   Cy  10 , 11 , 12     



	Water Level at 60% of height
	   3  -   Cu  13 , 14 , 15     
	   3  -   Cy  13 , 14 , 15     



	Water Level at 80% of height
	   3  -   Cu  16 , 17 , 18     
	   3  -   Cy  16 , 17 , 18     



	Water Level at 100% of height
	   3  -   Cu  19 , 20 , 21     
	   3  -   Cy  19 , 20 , 21     



	Porosity and Permeability
	3
	3



	Normal Condition
	   3  -   Cu  22 , 23 , 24     
	   3  -   Cy  22 , 23 , 24     










 





Table 4. Mix proportions and w/c ratio for each void percentage.
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	Sample
	Mix Proportion (Cement: Aggregate)
	w/c Ratio
	Void Percentages





	   C  u a    
	1:5.13
	0.4
	20%



	   C  y a    
	
	
	



	   C  u b    
	1:6.69
	0.4
	25%



	   C  y b    
	
	
	










 





Table 5. Observed porosity for different target porosities.
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	Target Porosity

(%)
	Observed Porosity

Cylinder (%)
	Observed Porosity

Cube (%)





	
	28.93
	24.29



	20
	29.97
	27.26



	
	33.85
	28.6



	
	33.75
	32.31



	25
	34.698
	32.31



	
	35.45
	32.46
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