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Abstract

:

Stone is a durable and high-performance paving material in standard and in intensive service regimes. Stone is thus a preferable material for sidewalk and promenade paving under intensive service regimes, such as touristic promenades and historic sites. Recent studies on the weathering and degradation of stones in buildings have revealed differing analytical approaches among geologists, geo-engineers, and civil engineers. The present research aims to develop a structured analytical–empirical methodology for the assessment of stone pedestrian pavements’ life cycle and life cycle costs. This study presents an integrated methodology that combines diagnostic field surveys, core laboratory tests, and the characterization of deterioration patterns. This approach allows for evaluating how faulty construction methods impact the durability and degradation of natural stone pedestrian pavements. It also assesses their effect on the pavement’s life cycle and associated costs. The diagnostic field survey concentrates on specific construction details, including: (a) Cracks in the paving stones. (b) Peeling of stone layers. (c) Subsidence and cracking at the paving edges. (d) Cracking of filler materials in joints between stone slabs. The laboratory tests focus on five core physical properties for the stone deterioration: (1) apparent density, (2) Water absorption, (3) Compressive strength, (4) Flexural strength, and (5) Abrasion resistance. This study proposes linear and exponential patterns for deterioration. A case study carried out on a Capernaum promenade revealed excessive deterioration patterns caused by the poor core properties of the paving stone and defective construction. The consequences of excessive deterioration on life cycle costs result in additional expenses of 73%, indicating a reduction in the life cycle. The novelty of this research lies in developing and delivering an integrated methodology that enables the assessment of how defective construction methods impact the durability, deterioration, life cycle, and life cycle costs of natural stone pedestrian pavements.
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1. Introduction and State of the Art


Natural stone has been used in construction for centuries due to its durability and aesthetic appeal. However, modern practices utilizing thin stone slabs for cladding, flooring, and paving have sometimes led to premature deterioration [1,2,3]. The rate and extent of deterioration depend on various factors, including the stone’s geological origin, mineralogical composition, physical and chemical microstructure, and the environmental conditions to which it is exposed [4,5,6,7].



Different disciplines, such as architecture, geology, materials science, and civil engineering, often define and analyze weathering processes differently [2,8,9,10,11,12,13,14,15,16,17]. The recent studies have highlighted the contrasting analytical approaches between geologists and geo-engineers on the one hand and civil engineers on the other hand [18,19,20]. While geologists focus more on microstructural changes, civil engineers emphasize the impact on mechanical and physical properties. However, the holistic analysis of component performance within the overall structure is often lacking.



Despite the importance of natural stone paving in urban design, such as in tourist areas, public spaces, and historic sites, research specifically focused on this application is limited [21]. Developing diagnostic and analytical tools is crucial for the design and life cycle planning of modern stone paving. The recent studies have examined topics such as the structural design of cube stone pavements using advanced modelling [22], the life cycle benefits of incorporating stone waste in cement materials [23], and the use of hyperspectral imaging to assess pavements’ condition [24]. In [25] was investigated the impact of the hot and wet Eastern Mediterranean climate on the weathering of natural local sedimentary stones implemented in contact with cement mortars and concrete. The integration of weathering research with Life Cycle Prediction and life cycle costing (LCC) methodologies has also been discussed [26]. However, the holistic analysis of the components’ performance within the overall structure is often missing.



The reasoning and analysis of infrastructure systems is a meticulous topic. Pattern analyses for deriving the root causes of infrastructure failures, including design, the construction methods, execution, and external factors, which include unforeseen events or accidents was developed in [27]. The framework was validated on highway pavement construction. Research on pavement performance and the reliability domain indicates the need for performance and failure mechanisms criteria and life cycle assessment modeling [28,29].



Previous research into the critical success factors in pavement projects indicates the need for performance and life cycle assessment approaches for pavement materials [29]. Some researchers stressed the need for further research to quantify the environmental performance of construction materials and the methods used on sidewalk pavements to elucidate the most environmental pavement alternative and design guidelines by optimizing alternative materials and methods to improve the sidewalk performance [22]. In [30] was developed a stochastic framework for the assessment of pavement performance, emphasizing the pavement structure, the material, the traffic load, and the weather conditions. This model indicates the need for tools for the prediction of pavement performance under failure conditions. In [31] was emphasized the need for life expectancy estimates of pavement alternatives. This state-of-the-art review elucidates the gap in pavement materials’ service life expectancy models and life cycle cost modeling and designs guidelines for sidewalk pavements.




2. Standard Requirements for Pedestrian Design—Review


The structural design requirements for natural stone pedestrian pavements are outlined in [32]. The specific mechanical, physical, petro-physical, and durability requirements for natural stone paving slabs are detailed in [33]. Various national and international standards describe the test methods used to evaluate stone properties [34,35,36,37,38,39,40,41,42,43,44,45].



The fundamental properties that influence the performance of stone pavements include apparent density, water absorption, compressive strength, flexural strength, and abrasion resistance [1,19,46,47,48,49]. While the European and American standards do not prescribe limits for these properties, the Israeli regulations are more prescriptive. However, the Israeli requirements need to be validated against long-term durability data [50,51]. Combining accelerated testing with reference service life data can provide a reliable basis for service life prediction and planning [52,53]. The typical values of limestone properties are summarized in Table 1.




3. Aims of the Current Research


The primary objective of this research is to develop a structured analytical–empirical methodology for assessing the durability, deterioration patterns, and life cycle costs of natural stone pedestrian pavements under both standard and intensive service conditions. This study aims to provide tools for evaluating the impact of inadequate construction practices on the service life and life cycle costs of stone pedestrian pavements.



The research methodology encompasses six primary phases: (1) a state-of-the-art review, (2) a diagnostic field survey, (3) core laboratory tests, (4) the diagnosis of defects, (5) the characterization of deterioration patterns, and (6) life cycle cost assessments. Figure 1 depicts a graphical abstract of the methodology. The methodology proposes core criteria for the field survey, five laboratory tests, the development of deterioration patterns of stone pavement under failure conditions, and life cycle costs models derived from the deterioration patterns.



The novelty of this research lies in developing an integrated methodology that uniquely combines the following:




	
Diagnostic field surveys;



	
Core laboratory tests;



	
The characterization of deterioration patterns;



	
Life cycle cost (LCC) analysis.








This approach bridges material science, engineering practice, and economic assessment for natural stone pavements. It comprehensively evaluates how defective construction methods impact durability, deterioration, service life, and costs. By providing a reproducible framework that translates material properties and field observations into practical economic implications, this research advances sustainable infrastructure development, particularly for pavements under intensive service regimes.




4. Materials and Methods


This study was based on integrating the results obtained from experimental research on regression models developed for the prediction of deterioration patterns and the life cycle cost analysis of natural stone paving exposed to different decay and weathering agents.



(a) The one-year-long in-use exposure of limestone paving slabs in a pedestrian promenade built near Capernaum, the Sea of Galilee, Israel. These limestone slabs were imported from Jordan (an arid and hot climate) and exposed to service in Israel’s hot and wet climate. (For more information about the environmental conditions near the Sea of Galilee, see [54,55]. The selected limestone had no proven performance record or established service life in a hot and wet climate. The promenade designers chose Jordanian limestone based exclusively on aesthetic and architectural criteria. The contractor declared the compressive and flexural strength of the stone prior to the execution of paving works and found it met the standard requirements for building stones, see Table 1, and the maximal load scheme calculations. However, stone defects (decay) and failure (cracks) were observed in the promenade only one year after the implementation of Jordan limestone slabs; see Figure 2. This research adopted the definitions of “defect”, “failure”, and “defective performance”, which are recommended by [52,56]. The ratio of stones with defective performances (measured by the number of defective slabs) in the promenade was 15%. The chemical, physical, and engineering properties of the new (unaged) stones and one-year-long in-use aged stones were tested to reveal the causes and trends of stone deterioration upon the effect of particular environmental and service conditions.



(b) The accelerated short-term ageing of Jordan limestone and the reference limestone of proved long-term in-use service life was carried out by exposure to cycles of wetting/drying and UV radiation for 1000 h (QUV test [36]). The conditions during the QUV test were chosen under the natural regimes of rain cycles and the intensity of UV (ultra-violet) radiation in the area of the Sea of Galilee (Lake Kinneret), Israel [57]. This experimental stage was conducted to reveal the degradation trends of Jordan limestone under the effect of agents, characterizing the service conditions of external stone paving. The chemical, physical, and mechanical properties of the new and in-lab aged stones were tested, and the trends of deterioration of the stone exposed to ageing agent were revealed.



(c) The comparison between the performance characteristics of the paving limestones tested after one-year-long in-use exposure and accelerated short-term ageing (Performance characteristic: the physical quantity that is related to the critical property [52]. This stage reveals if accelerated short-term ageing exposure is reliable for the performance evaluation of external paving stones used in hot and wet climates.



(d) The rate of Jordan limestone degradation upon the effect of different ageing agents was estimated compared to that of the reference limestone. This estimated result was then used for the mathematical regression models.
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Figure 2. Paving limestones from Jordan. (High-resolution pictures can be seen in Appendix A of this paper). 






Figure 2. Paving limestones from Jordan. (High-resolution pictures can be seen in Appendix A of this paper).
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4.1. Field Survey


The contractor conducted regulatory tests of the stone’s mechanical properties (compressive and flexural strength and module of elasticity) and the stone’s bulk density prior to construction. These properties fully complied with the standard requirements [51]. However, the performance of the pedestrian promenade was defective and failed, as is shown earlier in Figure 2c,d.



A preliminary inspection was conducted along the Capernaum promenade (as shown in Figure 2b). During this initial visit, damage and wear to the promenade’s path were assessed since its handover. The identified damage included the following:




	-

	
Cracks in the paving stones (as shown in Figure 2d).




	-

	
The peeling of stone layers in some paving stones (as shown in Figure 2c).




	-

	
Subsidence and cracking at the edges of paving between limestone and basalt stones (as shown in Figure 2e).




	-

	
The cracking of filler materials in joints separating the stone slabs (as shown in Figure 2f,g).









A second visit took place one month after the first visit, during which samples of the paving stones were taken for testing.



The promenade, situated along the western road encircling the Sea of Galilee and to its east, is located in a sloping area. Therefore, a retaining wall varying in height between 1.20 and 2.50 m was designed on its eastern side. In some topographic regions, a retaining wall was also required on the western side of the promenade. The promenade is paved with hard limestone slabs, 4 cm thick, 30 cm wide, and of varying lengths. The edges of the paved path are lined with two strips of basalt stone (as shown in Figure 2b). The retaining wall is based on a foundation compacted with 94% AASHTO Mode A [58], topped with a Type A bedding layer compacted with 98% AASHTO Mode A [58]. The paving stones are laid on a 30 cm thick Type A bedding layer, compacted with 98% AASHTO Mode A [58].



The cross-section of the promenade includes a foundation compacted to 94% and an AASHTO Mode A [58], bedding layer compacted to 98%. The requirements for the AASHTO Mode A [58], bedding layer, according to the technical specifications, are as follows:




	-

	
Sieve #200 (upper limit)—within the range of 5–15%.




	-

	
Sand equivalent test—at least 27%.




	-

	
Atterberg limits [59]—maximum liquid limit of 25%, and a maximum plasticity index of 6%.









These specifications ensure the structural integrity and durability of the pavement, catering to the necessary engineering standards for such constructions.



Material testing for the pavement construction was conducted during construction. The test findings indicated that in most cases, the material met the requirements; for example, the compressive and flexural strength of paving limestone was tested during construction, and the strength results met the standard requirements. However, some tests revealed material properties that did not comply with the Type A (AASHTO Mode A [58]) bedding material specifications. For example, some tests during construction indicated that the material in the first layer of the beginning sections was suitable as Type B bedding [58]. This discrepancy could contribute to the observed sinkages in various locations. Despite the tests showing the non-compliance of the foundation and bedding materials with the stone slab paving requirements, these discrepancies were not recorded in the project’s work logs and were not resolved and addressed by the contractor on time.




4.2. Lab Experiments


In the present research, the following stones were laboratory tested:




	-

	
Reference paving hard limestone (RPHL)—Ramon Grey Limestone from Mitzpe Ramon, Negev Desert of southern Israel (https://www.stonecontact.com/ramon-grey-limestone/s7784, accessed on 30 October 2024).




	-

	
New (unweathered) paving limestone from Jordan (NUPL).




	-

	
Used (one-year in-use weathered) paving limestone from Jordan (UWPL).









The experiments included tests of the stones’ chemical composition, the main physical properties used to characterize their pore structure, and the abrasion behavior of the stones used to estimate the performance properties of the pedestrian zone under discussion.



Chemical Composition:




	-

	
The laser ablation ICP-MS method determined the chemical impurities’ content in the unaged RPHL and NUPL [60]. The chemical impurities in limestone (the minerals containing chemical compounds of aluminum (Al), magnesium (Mg), iron (Fe), manganese (Mn), and halite and sulfate salts) are the leading cause of color changes in limestone and may even cause the crumbling of limestone subjected to the impact of environmental agents [61].









Physical Properties:



The following physical properties were tested:




	1.

	
Density and total water absorption;




	-

	
Tested following ASTM C97 [62].










	2.

	
Surface water absorption;




	-

	
Checked according to the procedure described in [45].










	3.

	
Water evaporation capacity;




	-

	
Tested according to the procedure described in [61].




















	-

	
According to this procedure, the stones previously subjected to the surface water absorption test were then exposed to the lab environment (21 ± 3 °C/55% RH), and their weight loss was monitored during the next seven days.




	-

	
Water evaporation capacity was calculated as the ratio between the quantity of water evaporated by the stone in 24 h and the quantity previously absorbed in 168 h.









These properties were tested before and after the accelerated short-term ageing of the limestone (new (unweathered) stones, RPHL and NUPL, and in-use weathered stone, UWPL) using the QUV test for 1000 h [36,61].



Abrasion Behavior:




	-

	
The Amsler abrasion wear of new (unweathered) and in situ weathered limestone was tested before and after the accelerated short-term ageing of limestone via the QUV test using the procedure described in ASTM C241/C241M-21 [37].









This structured presentation, including all the relevant references and explanations, provides a comprehensive overview of the experimental approach used in this study to evaluate the performance of the different limestone samples under various weathering conditions. The chemical composition tests focused on identifying the impurities that could lead to discoloration and deterioration. The physical property tests characterized the stones’ pore structure and water absorption/evaporation behavior, which are critical factors in weathering resistance. Finally, the abrasion tests provided insights into the stones’ performance under the wear conditions expected in a pedestrian zone.




4.3. Life Cycle Prediction and LCC Analysis


In the introduction of the current article, it was mentioned that throughout ancient history, stones have been employed in construction due to their physical and petrochemical properties, ensuring long-term durability in various environmental and service conditions on construction sites. In this context, it is noteworthy that in Israel, different types of limestone, namely chalk stones (karst) and hard limestone known as Jerusalem stone, as well as sandstone referred to as “Kurkar”, have been used in construction projects for millennia. In contemporary construction practices, these stones are no longer utilized as dimensional building blocks with thicknesses ranging from 40 cm to 1.5 m in wall construction because of insufficient waterproofing and capillary water absorption. Instead, they have evolved into elements primarily used for concrete wall cladding, paving, and flooring materials, typically with thicknesses ranging from 2 to 10 cm. Over the centuries of using these stones, they have demonstrated their exceptional resilience to local environmental conditions, contingent on their specific application and service regime in various projects.



One noteworthy example among these stones is Jerusalem Stone (hard limestone), which serves as a benchmark for assessing the long-term durability of these stones. Detailed information regarding the characteristics and evaluation of these stones can be found in these references [63,64]. The authors used Jerusalem Stone as a reference stone for life cycle assessment.





5. Results and Discussion


5.1. Properties of Unweathered and In situ Aged Paving Limestones


The contents of impure chemical elements in the stones are presented in Figure 3. Compared to the reference stone, RPHL, the limestone from Jordan, NUPL, has many more chemical impurities, Al, Fe, Cl, and SO4 contents. These impurities are generally associated with clay mineral impurities in limestone. The clay impurities in limestone are prone to the impacts of high humidity and UV radiation and might cause the deterioration of the stone [1,61]. According to Winkler [1], the decay process in stones containing high amounts of impurities may take only a few years.



Figure 4 shows the general engineering properties of the studied paving stones. It can be seen that the bulk densities of the NUPL and RPHL are typical for limestone; see Table 1. However, the bulk density of NUPL is approximately 7% lower than the minimal limit recommended by [50,51] for building stone. The lower bulk density of NUPL is indirect evidence of higher porosity and water absorption than those of the reference limestone (see Figure 4). The Amsler abrasion wear of the NUPL is higher by 33% than that of the reference limestone, RPHL. The estimated wear resistances of the RPHL and NUPL, calculated using Equation (1), are 22 and 24 mm, respectively [42].


Wide Wheel = 17 + 1.7·(Amsler)



(1)




where




	
Wide Wheel—Capon (“Wide Wheel Abrasion Test”).



	
Amsler—Amsler abrasion wear.








Thus, NUPL is more appropriate for paving a promenade in an intensive pedestrian environment compared to RPHL (see Table 1).
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Figure 3. Elemental analysis of minor chemical elements in paving stones. RPHL—reference paving hard limestone; NUPL—new (unweathered) paving limestone from Jordan. 
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Figure 4. Physical engineering properties of paving stones. RPHL—reference paving hard limestone; NUPL—new (unweathered) paving limestone from Jordan; +—positive error; −—negative error; CV—coefficient of variance. 






Figure 4. Physical engineering properties of paving stones. RPHL—reference paving hard limestone; NUPL—new (unweathered) paving limestone from Jordan; +—positive error; −—negative error; CV—coefficient of variance.
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It was found that the water absorption and evaporation characteristic values of the NUPL are six to fifteen times higher than those of the reference RPHL, as can be seen in Figure 5. The relatively small changes in capillary water absorption compared to the large increase in total water absorption suggest that most of the additional water uptake occurred in larger pores or microcracks formed during weathering, rather than through capillary action in fine pores. This indicates that environmental exposure primarily caused mechanical damage and structural fragmentation, increasing the total porosity, without significantly altering the fine-pored capillary network, which governs capillary absorption.



Furthermore, the evaporation capacity of the NUPL evaluated in terms of moisture residue in the stone after 168 h long in-lab exposure was about 15 times less than that in the case of the reference RPHL.



Thus, it could be considered that the intensive water absorption and sluggish water evaporation of the NUPL from Jordan, taken together with the high content of impurities in this stone (see Figure 3) might cause the advanced deterioration of the NUPL during one-year-long in-use exposure in the hot and wet climate near Capernaum, the Sea of Galilee (Lake Kinneret), Israel. Unfortunately, no tests of the chemical and physical/engineering properties of the NUPL were carried out by the contractor prior to paving the promenade. As was previously mentioned, the defects appeared in the paving after only one year. Therefore, the defective performance of the NUPL in the pedestrian promenade could serve as evidence of how disregarding the basic chemical/physical/engineering properties of paving stones and keeping up only with their aesthetical appearance and sufficient strength characteristics might lead to construction faults costing many millions of dollars. Hence, the chemical, physical, and engineering properties of specific building stones compared with those of a reference local stone of known lifespan should be considered as a necessary criterion for minimizing the probability of defects appearing in the external stone paving. It should be emphasized one more time that RPHL, chosen as a reference stone in the current research, is well known for its satisfactory long-term durability in different in-use exposures to the various environmental conditions in Israel. There is evidence about the lifespan of RPHL external pavements, which is up to 50 years [16]. In this research, a model for the prediction of the service life of claddings under standard conditions was developed, and the service life of stone under standard conditions was defined.
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Figure 5. Water absorption and evaporation characteristics of paving limestones. RPHL—reference paving hard limestone; NUPL—new (unweathered) paving limestone from Jordan; +—positive error; −—negative error; CV—coefficient of variance. 
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The one-year in-use exposure of paving limestone from Jordan to the hot and humid environment in the vicinity of the Sea of Galilee mostly led to an improvement in the water absorption characteristics of this stone and its abrasion wear (see Figure 6). The total water absorption and the surface absorption capacity of the NUPL have risen by 22% to 40% because of in-use weathering. The water absorption characteristics of the weathered (UWPL) and new (NUPL) limestone paving showed marked differences after one year of environmental exposure (Figure 6). The total water absorption and surface absorption capacity increased by 22% to 40% in the UWPL, indicating increased porosity due to weathering. However, capillary water absorption remained relatively stable, suggesting that the increased absorption occurred primarily in the larger pores and the microcracks rather than the fine capillary networks. The coefficient of variance (CV) for water absorption and evaporation was notably higher in the UWPL, pointing to non-uniform degradation across the stone slabs. This heterogeneous deterioration can compromise the overall durability of the paving. These changes—increased total absorption, stable capillary action, and high variability—collectively indicate accelerated wear in the UWPL after just one year. This rapid deterioration underscores the importance of proper material selection and maintenance of limestone paving in challenging environments.



The water evaporation capacity of the unused and used limestones from Jordan, the NUPL and the UWPL, respectively, was much smaller than that of the reference limestone, the RPHL; see Figure 7. The exposure of the stones to the cycles of UV radiation led to the decreased water evaporation capacity of all the studied stones. The water evaporation capacity of the limestone from Jordan after UV exposure became more insufficient, i.e., 41% vs. approximately 50% before UV exposure. Thus, 59% of the absorbed water was entrained in the NUPL and the UWPL after QUV ageing. A low water discharge might facilitate limestone decay processes [61] No difference was observed between the mean water evaporation capacity of the new and used limestones from Jordan, the NUPL and the UWPL, respectively, before and after their exposure to the QUV test. However, after the QUV test, the absolute variation in water evaporation capacity was much higher in UWPL than in NUPL, i.e., 25% vs. up to 7%, respectively. Thus, the QUV test could be adopted as a valuable method to reveal the discrepancies in the water discharge of paving limestones aged by different weathering agents.



The variation coefficients of the properties of limestones from Jordan, the NUPL and the UWPL, checked before and after the QUV test, are shown in Figure 8. Surface water absorption capacity is the property that was the most affected by ageing, with variation coefficients ranging from 28% to 38%. The water evaporation capacity during 24 h varied from 3% to 16%. Thus, the cycles of intensive wetting followed by short drying periods might cause substantial differences in the amount of water that remained in the adjacent stones implemented in the Capernaum promenade. Therefore, the stones from Jordan, the UWPL, being exposed during use to the mentioned wetting/drying cycles might undergo different rates of deterioration and decay because of the variances in the properties of the wet and dry limestones, i.e., the following:




	-

	
The variable kinetics of the phase transformations of minor minerals [61].




	-

	
The inconstant degree of thermal and hydric expansion [1].




	-

	
The differences in load-bearing capacity and abrasion wear (ibid).









Therefore, the failures that appeared very soon after paving works began on the Capernaum promenade might also be explained by the large differences between the properties of the different limestone slabs from Jordan.



Thus, the variation coefficient of limestone’s total surface water absorption could serve as a helpful performance characteristic for estimating the life cycle of external pavement. According to Bortz and Wonneberger an average lifespan of a 1 mm, completely unweathered, hard limestone slab in a humid climate is 33 years [65]. No proven data are available for the lifespan of limestones subjected to solar radiation. As previously mentioned, there is evidence about the lifespan of RPHL external pavements of approximately 35 years. Thus, for the limestone from Jordan, the lifespan calculated based on 28% and 38% variation coefficients is likely to range from 25 to 30 years, correspondingly.
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Figure 6. Changes in physical and engineering properties of paving limestone from Jordan after one year of in situ weathering. NUPL—new (unweathered) paving limestone. UWPL—used (one-year in situ weathered) paving limestone; +—positive error; −—negative error; CV—coefficient of variance. 
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Figure 7. Water evaporation capacity of paving limestones. RPHL—reference paving hard limestone; NUPL—new (unweathered) paving limestone from Jordan. UWPL—used (one-year in situ weathered) paving limestone; +—positive error; −—negative error; CV—coefficient of variation. 
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[image: Applsci 14 10415 g007]







The coefficient of variance (CV) of the laboratory tests presented in Figure 4, Figure 5, Figure 6 and Figure 7 aimed to assess the dispersion and uncertainty in the stones’ physical and mechanical properties. The CV shows that the genuine stone’s physical and mechanical properties were initially more widely dispersed compared to that of the standard reference stone, expressing the trend of the NUPL toward accelerated deterioration comparing to that of the reference stone (RPHL). The physical properties of the stones after exposure to the site service regime (UWPL) were found with a high ratio of properties variance, as depicted by the coefficient of variance.
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Figure 8. The variation coefficient of the properties of the limestone from Jordan. NUPL—the new (unweathered) paving limestone from Jordan. UWPL—the used (one-year in situ weathered) paving limestone. 
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5.2. Assessment of the Life Cycle Costs of Paving


5.2.1. Life Cycle Cost Modeling Approaches for Stone Pavements


The life cycle costs of natural stone paving detail comprise three elements: the initial construction cost (C), the annual maintenance costs (M), and the end-of-life replacement costs (R). Figure 9 illustrates the sequence of costs over a single life cycle of natural stone paving in detail. This figure illustrates annual maintenance costs of 1% of the construction costs and assumes that the pavement will be used for one more service life cycle; therefore, the end-of-life replacement costs are avoided. The maintenance of pedestrian pavement is carried out continuously based on periodical inspections (twice per annum) and the assessment of the condition; the deteriorated slabs are replaced, and the sinking slabs are replaced after the repair of the bedding pavement layer. The annual costs of this procedure are estimated at 1% of the construction cost.



Considering the conducted tests, it is estimated that the paving and structures covered with Jordanian stone exhibit an accelerated deterioration pattern. The life cycle of the paving components is expected to range from a minimum of 1 year (as observed in the promenade case study) to a maximum of 20 years, instead of the original 24 [66]. Staged replacement work will be necessary, with the current requirement to replace 15% of the stone slabs and to seal the cracked joints with suitable cement mortar. It is also assumed that the dismantling costs will be 0.12C—12% of the construction costs (where C is the reinstatement cost per square meter of paving).



The research method uses field surveys designed to identify the financing needs and sources. Subsequently, a model for estimating the costs was developed, distinguishing between various financing sources, as demonstrated through two typical projects: a residential construction project for sale and an office building construction project for rental purposes (a “yielding” project). Running the model on these typical projects allowed for the comprehensive characterization of the life cycle costs flow, their scope, and their dependency on various parameters.



Figure 10 depicts the actual field survey datapoints gathered. Two deterioration patterns were suggested to characterize the deterioration progress: linear deterioration and exponential deterioration. Both the patterns have a high correlation coefficient with time, despite the small number of datapoints available for similar failure conditions of natural stone pavement. This methodology was developed and validated in prior research [15,16,17].



In light of this, a comparison was made between the costs to the owner under normal wear conditions (without replacements until a life cycle of 24 years) and costs under accelerated wear conditions in two wear patterns (Figure 9):




	-

	
A linear wear pattern (uniform wear rate).




	-

	
An exponential wear pattern (initially rapid wear rate that decelerates over time).
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Figure 10. The linear versus exponential wear patterns in the paving of the Capernaum promenade. 
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5.2.2. Cost of Paving Under Standard Wear Conditions (Without Failure)


Equation (2) expresses the present value of the LCC under standard wear, where the maintenance costs remain constant, assuming preventive and condition-based maintenance. The deterioration rate for this equation was taken from the reference stone’s deterioration (RPHL) and was assessed at 1% per annum, [16].


LCC1 = C + M × rp(i, LC1)



(2)




where




	
LCC1 = The life cycle costs under standard wear conditions.



	
C = The initial construction cost per square meter.



	
M = The annual maintenance costs (a typical value for stone paving is 1% per year).



	
M = The annual maintenance costs (a typical value for stone paving is 1% per year).



	
M = The annual maintenance costs (a typical value for stone paving is 1% per year).



	
rp = The present value factor of a payment series at an annual interest rate of i [%] over LC1 years.



	
i = The annual interest rate [%].








Based on the two examined accelerated wear patterns, two LCC flow scenarios were estimated:



Under “linear” wear conditions—at a constant rate.



Under “exponential” wear conditions, the rate decelerates over time (Figure 11).



Under both the wear patterns, it is assumed that 15% of the Jordanian stone slabs need to be replaced immediately.
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Figure 11. Life cycle cost Flow for paving stones with linear deterioration pattern (with failure conditions). 
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5.2.3. Linear Wear Pattern


The cost flow under linear wear conditions is presented in Figure 11. In these conditions, the cost to the owner for the component is


LCC2 = C + M × rp(i,LC) + R1 × sp(i,1) + R2 × [rp(i,20) − rp(i,1)]



(3)




where




	
LCC2 = The life cycle costs under “linear” wear conditions.



	
R1 = The replacement costs in the first year.



	
sp(i,n) = The present value factor of a single payment in year n (in this case n = 1) at an annual interest rate of i = 6%.



	
R2 = The replacement costs from the second year up to the twentieth year, which is the maximum life cycle for Jordanian stone slabs, as determined by the accelerated wear tests.








Equation (3) expresses the present value of the life cycle costs under linear accelerated deterioration pattern, as expressed in Figure 10. The maintenance costs were taken from the Capernaum field survey, with observed wear of 15% after 1 year and 4% in the remaining life cycle of the stone according to the linear wear patterns acquired by the linear deterioration pattern shown in Figure 10.



Subtracting Equation (2) from Equation (3) yields the marginal cost incurred by the owner due to defects in the quality of the paving stone and the coverings under linear wear conditions (Equation (4) below):


∆LCC1−2 = R1 × sp(i,1) + R2 × [rp(i,24) − rp(i,1)]



(4)




where




	
∆LCC1−2 = The marginal life cycle costs under “linear” wear conditions.



	
R1 = The replacement costs in the first year.



	
sp(i, n) = The present value factor of a single payment in year n (in this case n = 1) at an annual interest rate of i = 6%.



	
R2 = The replacement costs from the second year up to the twenty-fourth year, which is the maximum life cycle for Jordanian stone slabs, as determined by the accelerated wear tests.



	
rp(i, n) = The present value of the series of equal payments during n years, where n = 1.








The value obtained is given in terms of the present value.



Plugging the values into Equation (3) where i = 6%, a lower interest rate than the long-term market rate in Israel, yields the following result:


  Δ  L C    C   1 − 2   = 1.12 × 0.15  C  ×  s p    6 , 1   + 1.12 ×    0.85   19    ×  C  ×    r p    6 , 20   −  r p    6 , 1      



(5)







By plugging the values into Equation (5), the following value is obtained:



That is, the additional cost incurred by the owner due to defects in the quality of the stone and the joints is about 69% of the original paving price (in terms of the present value).





5.3. Exponential Deterioration Pattern


Under exponential wear conditions, the costs incurred by the client for defects according to the exponential wear pattern are


  L C  C 3  = C + M × r p   i , L C   +   ∑   j = 1   20    R j  × s p   i , j    



(6)




where,




	
Rj is the rate of cracked stone slabs in year J, derived from Figure 12.








Subtracting Equation (2) from Equation (6) yields the additional cost incurred by the client due to defects under exponential wear conditions, as presented in Figure 10 (Equation (7) below):


  Δ L C  C  1 − 3   =   ∑   j = 1   20    R j  × s p   i , j      



(7)




where i represent the annual interest rate on the capital.



By plugging the values into Equation (7), with the Ri values derived from the function in Figure 9, the following value is obtained:


  Δ L C  C  1 − 3   = 0.73 C  











That is, the additional cost incurred by the client due to defects in the quality of the stone according to the exponential wear pattern is 73% of the original paving price (in terms of present value).



Therefore, the present value of the paving is between 0.31C and 0.27C, where C is the reinstatement value of the stone paving per square meter.



[image: Applsci 14 10415 g012] 





Figure 12. The cost flow assuming an exponential deterioration pattern. 
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6. Discussion


This research delivers a novel approach to natural stone pavements’ life cycle analysis, incorporating the material properties, the deterioration patterns, and consequent life cycle costs and planning. The tested standard properties of the paving stone have been incorporated into the life cycle cost analysis model in the following ways:




	
The core laboratory tests of the paving stones, including apparent density, water absorption, compressive strength, flexural strength, and abrasion resistance, provided decisive criteria for the assessment of the natural stone pavement’s wear and tear trends. The coefficient of variance of the laboratory tests shows that the genuine stone physical properties were initially more widely dispersed compared to those of the standard reference stone. The physical properties of the stone after exposure to the site service regime were found to have a high ratio of variance, as depicted by the coefficient of variance, and intensive accelerated deterioration worsened these properties.



	
The diagnostic field survey focused on construction details, such as cracks in the paving stones, the peeling of stone layers, subsidence and cracking at the edges, and the cracking of joint filler materials. These observations helped characterize the deterioration rate of the stone pavement.



	
Based on the laboratory tests and field observations, two deterioration patterns were developed: a linear deterioration pattern and an exponential deterioration pattern.



	
These deterioration patterns were then used for life cycle cost analysis. The LCC model compared the costs under standard wear conditions (without failure) to the costs under the two accelerated wear patterns.



	
The natural stone pavement LCC approach developed in this research further enhances the state-of-the-art methodologies [21,23], that focus on life cycle assessment and do not discuss the deterioration patterns under intensive service regimes and the outcomes of failure mechanisms.









7. Conclusions


	-

	
An integrated framework is proposed for assessing natural stone pavements’ durability and life cycle costs. This framework incorporates laboratory testing, field surveys, and deterioration pattern analysis. This study highlights the adverse influence of substandard construction practices on pavement performance, leading to premature degradation and increased costs.




	-

	
Essential laboratory tests were conducted to establish the material properties, including density, water absorption, compressive, flexural, and abrasion resistance. A comprehensive field survey was implemented to identify the deterioration patterns. Statistical analysis revealed two distinct patterns: linear and exponential. The exponential pattern, characterized by rapid initial deterioration, substantially impacted the life cycle costs.




	-

	
Life cycle cost analysis demonstrated that defective construction practices can result in losses from 69% to 73% of the initial paving value. These findings underscore the critical importance of adhering to the established mechanical parameters during natural stone pavement planning and construction phases.







This methodology is reproduceable in any project provided that a diagnostic field survey is carried out, the performance of the stone pavement is assessed according to the ratio of damaged and cracked stones, and the degradation mechanisms are identified according to the framework provided in this research.
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Figure A1. Paving limestones from Jordan: (a) new (unaged) stones; (b) general view of pedestrian promenade built near Capernaum, Sea of Galilee, Israel. Paving limestones from Jordan: (c) defects observed in one-year-long in-use aged paving slabs; contour scaling at the stone surface; (d) failure observed in one-year-long in-use aged paving slabs; cracks in paving slabs. Paving limestones from Jordan: (e) defects at edges of paving between limestone and basalt stones; (f) cracking of filler materials in joints separating stone slabs. Paving limestones from Jordan: (g) cracking of filler materials in joints separating stone slabs. 






Figure A1. Paving limestones from Jordan: (a) new (unaged) stones; (b) general view of pedestrian promenade built near Capernaum, Sea of Galilee, Israel. Paving limestones from Jordan: (c) defects observed in one-year-long in-use aged paving slabs; contour scaling at the stone surface; (d) failure observed in one-year-long in-use aged paving slabs; cracks in paving slabs. Paving limestones from Jordan: (e) defects at edges of paving between limestone and basalt stones; (f) cracking of filler materials in joints separating stone slabs. Paving limestones from Jordan: (g) cracking of filler materials in joints separating stone slabs.



[image: Applsci 14 10415 g0a1a][image: Applsci 14 10415 g0a1b][image: Applsci 14 10415 g0a1c][image: Applsci 14 10415 g0a1d]







References


	



Winkler, E.M. Stone in Architecture; Springer: Berlin/Heidelberg, Germany, 1997. [Google Scholar]

	



Steiger, M.; Charola, A.E.; Sterflinger, K. Weathering and Deterioration. In Stone in Architecture; Siegesmund, S., Snethlage, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 227–316. [Google Scholar]

	



Tugrul, A.; Zarif, I.H. Engineering aspects of Limestone Weathering in Istanbul, Turkey. Bull. Eng. Geol. Environ. 2000, 58, 191–206. [Google Scholar] [CrossRef]

	



Eren, Ö.; Bahali, M. Some engineering properties of natural building cut stones of Cyprus. Constr. Build. Mater. 2005, 19, 213–222. [Google Scholar] [CrossRef]

	



Güneş Yılmaz, N.; Mete Goktan, R.; Kibici, Y. Relations between some quantitative petrographic characteristics and mechanical strength properties of granitic building stones. Int. J. Rock Mech. Min. Sci. 2011, 48, 506–513. [Google Scholar] [CrossRef]

	



Luodes, H.; Selonen, O.; Pääkkönen, K. Evaluation of dimension stone in gneissic rocks—A case history from southern Finland. Eng. Geol. 2000, 58, 209–223. [Google Scholar] [CrossRef]

	



Cardani, G.; Meda, A. Flexural strength and notch sensitivity in natural building stones: Carrara and Dionysos marble. Constr. Build. Mater. 1999, 13, 393–403. [Google Scholar] [CrossRef]

	



Mostafavi, M.; Leatherbarrow, D. On Weathering: The Life of Buildings in Time; The MIT Press: Cambridge, MA, USA, 1993. [Google Scholar]

	



Emídio, F.; de Brito, J.; Gaspar, P.L.; Silva, A. Application of the factor method to the estimation of the service life of natural stone cladding. Constr. Build. Mater. 2014, 66, 484–493. [Google Scholar] [CrossRef]

	



Cardell, C.; Delalieux, F.; Roumpopoulos, K.; Moropoulou, A.; Auger, F.; Van Grieken, R. Salt-induced decay in calcareous stone monuments and buildings in a marine environment in SW France. Constr. Build. Mater. 2003, 17, 165–179. [Google Scholar] [CrossRef]

	



Anwar Hossain, K.M.; Easa, S.M.; Lachemi, M. Evaluation of the effect of marine salts on urban built infrastructure. Build. Environ. 2009, 44, 713–722. [Google Scholar] [CrossRef]

	



Silva, A.; Gaspar, P.L.; de Brito, J. Probabilistic Analysis of the Degradation Evolution of Stone Wall Cladding Directly Adhered to the Substrate. J. Mater. Civ. Eng. 2013, 25, 227–235. [Google Scholar] [CrossRef]

	



Silva, A.; de Brito, J.; Gaspar, P.L. Service life prediction model applied to natural stone wall claddings (directly adhered to the substrate). Constr. Build. Mater. 2011, 25, 3674–3684. [Google Scholar] [CrossRef]

	



Silva, A.; Dias, J.L.; Gaspar, P.L.; de Brito, J. Service life prediction models for exterior stone cladding. Build. Res. Inf. 2011, 39, 637–653. [Google Scholar] [CrossRef]

	



Shohet, I.M.; Puterman, M.; Gilboa, E. Deterioration patterns of building cladding components for maintenance management. Constr. Manag. Econ. 2002, 20, 305–314. [Google Scholar] [CrossRef]

	



Shohet, I.M.; Paciuk, M. Service life prediction of exterior cladding components under standard conditions. Constr. Manag. Econ. 2004, 22, 1081–1090. [Google Scholar] [CrossRef]

	



Shohet, I.M.; Paciuk, M. Service life prediction of exterior cladding components under failure conditions. Constr. Manag. Econ. 2006, 24, 131–148. [Google Scholar] [CrossRef]

	



Turkington, A.V.; Paradise, T.R. Sandstone weathering: A century of research and innovation. Geomorphology 2005, 67, 229–253. [Google Scholar] [CrossRef]

	



Siegesmund, S.; Snethlage, R. (Eds.) Stone in Architecture; Springer: Berlin/Heidelberg, Germany, 2011. [Google Scholar]

	



Dubois, C.; Quinif, Y.; Baele, J.M.; Dagrain, F.; Deceuster, J.; Kaufmann, O. The evolution of the mineralogical and petrophysical properties of a weathered limestone in southern Belgium. Geol. Belg. 2014, 17, 1–8. [Google Scholar]

	



Mendoza, J.M.F.; Oliver-Solà, J.; Gabarrell, X.; Josa, A.; Rieradevall, J. Life cycle assessment of granite application in sidewalks. Int. J. Life Cycle Assess. 2012, 17, 580–592. [Google Scholar] [CrossRef]

	



Colagrande, S.; Quaresima, R. Natural cube stone road pavements: Design approach and analysis. Transp. Res. Procedia 2023, 69, 37–44. [Google Scholar] [CrossRef]

	



Zulcão, R.; Calmon, J.L.; Rebello, T.A.; Vieira, D.R. Life cycle assessment of the ornamental stone processing waste use in cement-based building materials. Constr. Build. Mater. 2020, 257, 119523. [Google Scholar] [CrossRef]

	



Özdemir, O.B.; Soydan, H.; Çetin, Y.Y.; Düzgün, H. Neural network-based pavement condition assessment with hyperspectral images. Remote Sens. 2020, 12, 3931. [Google Scholar] [CrossRef]

	



Wasserman, R. Deterioration of Sandstone in the Historical and Contemporary Sea Walls upon the Impact of the Natural and Man-Made Hazards. Appl. Sci. 2021, 11, 6892. [Google Scholar] [CrossRef]

	



Wasserman, R.; Ciabocco, L.; Shohet, I.M. Estimating the Service Life of Exterior Stone Claddings Subjected to Regular and Marine Service Conditions. Appl. Sci. 2023, 13, 4942. [Google Scholar] [CrossRef]

	



Battikha, M.G. Reasoning Mechanism for Construction Nonconformance Root-Cause Analysis. J. Constr. Eng. Manag. 2008, 134, 280–288. [Google Scholar] [CrossRef]

	



Damnjanovic, I.; Zhang, Z. Risk-Based Model for Valuation of Performance-Specified Pavement Maintenance Contracts. J. Constr. Eng. Manag. 2008, 134, 492–500. [Google Scholar] [CrossRef]

	



Gunduz, M.; Sirin, O.; Al Nawaiseh, H.M. Assessment of Critical Project Success Factors for Management of Pavement Construction Using the Delphi Approach. J. Constr. Eng. Manag. 2024, 150, 04024020. [Google Scholar] [CrossRef]

	



Moynihan, G.; Zhou, H.; Cui, Q. Stochastic Modeling for Pavement Warranty Cost Estimation. J. Constr. Eng. Manag. 2009, 135, 352–359. [Google Scholar] [CrossRef]

	



Praticò, F.G.; Casciano, A.; Tramontana, D. Pavement Life-Cycle Cost and Asphalt Binder Quality: Theoretical and Experimental Investigation. J. Constr. Eng. Manag. 2010, 137, 99–107. [Google Scholar] [CrossRef]

	



BS 7533-4; Code of Practice for the Construction of Pavements of Precast Concrete Flags or Natural Stone Slabs. BSI: London, UK, 2006.

	



EN 1341; Slabs of Natural Stone for External Paving—Requirements and Test Methods. CEN: Brussels, Belgium, 2013; p. 34.

	



ASTM C99/C99M-18; Standard Test Method for Modulus of Rupture of Dimension Stone. ASTM: West Conshohocken, PA, USA, 2018.

	



ASTM C880/C880M-18e1; Standard Test Method for Flexural Strength of Dimension Stone. ASTM: West Conshohocken, PA, USA, 2018; p. 3.

	



ASTM G154-23; Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp Apparatus for Exposure of Nonmetallic Materials. ASTM: West Conshohocken, PA, USA, 2023; p. 9.

	



ASTM C241/C241M-21; Standard Test Method for Abrasion Resistance of Stone Subjected to Foot Traffic. ASTM: West Conshohocken, PA, USA, 2021; p. 3.

	



BS:EN 12370:2020; Natural Stone Test Methods. Determination of Resistance to Salt Crystallization. BSI: London, UK, 2020.

	



BS 7533-102; Code of Practice for the Installation of Pavements Constructed with Clay, Natural Stone or Concrete Paving Units Surfaced with Modular Paving. BSI: London, UK, 2021.

	



EN 12372:2022; Natural Stone Test Methods—Determination of Flexural Strength under Concentrated Load. CEN: Brussels, Belgium, 2022; p. 16.

	



EN 13161:2008; Natural Stone Test Methods—Determination of Flexural Strength under Constant Moment. CEN: Brussels, Belgium, 2018; p. 18.

	



EN 14157:2017; Natural Stone Test Methods—Determination of the Abrasion Resistance. CEN: Brussels, Belgium, 2017; p. 19.

	



EN 1926:2006; Natural Stone Test Methods—Determination of Uniaxial Compressive Strength. CEN: Brussels, Belgium, 2016; p. 17.

	



BS EN 1925; Natural Stone Test Methods—Determination of Water Absorption Coefficient by Capillarity. BSI: London, UK, 1999; p. 10.

	



EN ISO 15148; Hygrothermal Performance of Building Materials and Products—Determination of Water Absorption Coefficient by Partial Immersion. ISO: Geneva, Switzerland, 2002; p. 14.

	



Vázquez, P.; Alonso, F.J.; Carrizo, L.; Molina, E.; Cultrone, G.; Blanco, M.; Zamora, I. Evaluation of the petrophysical properties of sedimentary building stones in order to establish quality criteria. Constr. Build. Mater. 2013, 41, 868–878. [Google Scholar] [CrossRef]

	



Price, D.G. Engineering Geology; de Freitas, M.H., Ed.; Springer: Berlin/Heidelberg, Germany, 2009. [Google Scholar]

	



Stats Limited. A Reference Guide to Stone Testing and Properties; Stats Limited: Abu Dhabi, United Arab Emirates, 2007. [Google Scholar]

	



ASTM C170/C170M-23; Standard Test Method for Compressive Strength of Dimension Stone. ASTM: West Conshohocken, PA, USA, 2023.

	



Doron, M. (Ed.) Section 14. Stone Works. In General Specifications of the Inter-Ministerial Building Works (“The Blue Book”); Israeli Ministry of Defense: Tel Aviv, Israel, 1991; p. 23. (In Hebrew) [Google Scholar]

	



SI 2378; Part 1: Natural Stone Cladded Walls: Natural Stone for Cladding and General Cladding System Requirements. SII Standards Institution of Israel: Tel Aviv, Israel, 2012; p. 20.

	



ISO 15686-1; Buildings and Constructed Assets—Service Life Planning—Part 1: General Principles and Framework. ISO: Geneva, Switzerland, 2011; p. 30.

	



ISO 15686-2; Buildings and Constructed Assets—Service life planning—Part 2: Service life prediction procedures. ISO: Geneva, Switzerland, 2012; p. 25.

	



Assouline, S.; Mahrer, Y. Spatial and Temporal Variability in Microclimate and Evaporation over Lake Kinneret: Experimental Evaluation. J. Appl. Meteorol. Climatol. 1996, 35, 1076–1084. [Google Scholar] [CrossRef]

	



Shilo, E.; Ziv, B.; Shamir, E.; Rimmer, A. Evaporation from Lake Kinneret, Israel, during hot summer days. J. Hydrol. 2015, 528, 264–275. [Google Scholar] [CrossRef]

	



CIB W086; Building Pathology. A State-of-the-Art Report; De Freitas, V.P., Ed.; CIB Publication; CIB—International Council for Research Construction, Innovation in Building and Construction: Rotterdam, The Netherlands, 2013. [Google Scholar]

	



IMS-Israel Meteorological Service. Database of Israel Meteorological Service. In Archive of Meteorological Data. Available online: https://ims.data.gov.il/ (accessed on 27 December 2023).

	



AASHTO M145-91; Standard Specification for Classification of Soils and Soil-Aggregate Mixtures for Highway Construction Purposes. American Association of State Highway and Transportation Officials: Washington, DC, USA, 2012.

	



Bovis, M.J. Atterberg limits. In Sedimentology; Encyclopedia of Earth Science; Springer: Berlin/Heidelberg, Germany, 1978. [Google Scholar] [CrossRef]

	



Perkins, W.T.; Fuge, R.; Pearce, N.J.G. Quantitative analysis of trace elements in carbonates using laser ablation inductively coupled plasma mass spectrometry. J. Anal. At. Spectrom. 1991, 6, 445. [Google Scholar] [CrossRef]

	



Wasserman, I.; Bentur, A. The efficiency of surface treatments on enhancement of the durability of limestone cladding stones. Mater. Struct. 2004, 38, 99–105. [Google Scholar] [CrossRef]

	



ASTM C97/C97M-18; Standard Test Methods for Absorption and Bulk Specific Gravity of Dimension Stone. ASTM: West Conshohocken, PA, USA, 2018.

	



Wasserman, R. Durability aspects of masonry stones used in the southern temple wall in Jerusalem. In Structural Analysis of Historical Constructions—Modena, Lourenço & Roca (eds) © 2005; Taylor & Francis Group: London, UK, 2005; pp. 245–253. ISBN 0415363799. [Google Scholar]

	



Shor, M.; van Zuiden, A.; Wieler, N.; Asscher, Y. Stone Deterioration of the Western Wall: Chemical and Mineralogical Characterization of Salts. In Advanced Nondestructive and Structural Techniques for Diagnosis, Redesign and Health Monitoring for the Preservation of Cultural Heritage; Osman, A., Moropoulou, A., Lampropoulos, K., Eds.; TMM 2023; Springer Proceedings in Materials; Springer: Cham, Switerland, 2023; Volume 33. [Google Scholar] [CrossRef]

	



Bortz, S.A.; Wonneberger, B. Laboratory evaluation of building stone weathering. In Degradation of Natural Building Stone; Labuz, J.F., Ed.; Geotechnical Special Publications 72; ASCE: Reston, VA, USA, 1997; pp. 85–104. [Google Scholar]

	



HAPM Component Life Manual; CRC Press: Boca Raton, FL, USA, 1992; ISBN 9780415557788.








[image: Applsci 14 10415 g001] 





Figure 1. Graphical abstract. 
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Figure 9. Life cycle cost flow for paving stones with standard deterioration pattern (without failure conditions). 






Figure 9. Life cycle cost flow for paving stones with standard deterioration pattern (without failure conditions).



[image: Applsci 14 10415 g009]







 





Table 1. Typical values of properties of limestone and standards requirements for building stones’ properties.






Table 1. Typical values of properties of limestone and standards requirements for building stones’ properties.





	Property
	Typical Values for Limestone [1,48]
	Requirements for Building Stones [50,51]





	Bulk density

× [103 kg/m3]
	1.9–2.65
	Sample > 2.46; Average > 2.6



	Total water absorption [mass %]
	<1%–~20%
	<1.5%



	Water absorption

coefficient [kg/(m2·hour1/2)]
	n/a
	<0.5



	Compressive strength [MPa]
	20–100
	Sample > 56; Average > 60



	Flexural strength [MPa]
	5–25
	>5



	Abrasion characteristic [mm]
	Capon (Wide Wheel) abrasion resistance:

For intensive environment

< 23
	Amsler abrasion wear:

For public places—Sample < 2.3; Average < 2.0
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