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Abstract: The article shows the importance of analyzing old wood strength properties in restoration and monitoring the structure's condition. The issue of the characteristics of wooden structures destruction in the salty water of the Gulf of Finland is discussed. In particular, wood's physical and mechanical properties are analyzed during the long-term operation in water. The result of testing of small standard samples for different types of stress states is shown. Changes in the chemical composition of wood are identified. The change in the chemical composition of the material affecting its strength properties is described on the example of Fort Kronschlot crib foundation. It has been established that the process of diffusion, amplified by alternating wave loads, led to the washing of extractive substances, a decrease in potassium, and a lack of calcium in the cell walls of tracheids. The results of this research work may be useful in assessing the residual life of long-term wooden structures underwater and in predicting the restoration time for these structures more accurately.
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1. Introduction
Cribs, piles, and other types of wooden structures have been built in large numbers since ancient times as underwater footings for constructions from other materials (Fatkullina & Voznyak 2022, Chernykh et al. 2020). The crib foundations were suitable when the solid soil of the footing did not allow the driving of piles or, conversely, in the case of very weak soil (hay, peat). The crib on the weak soil is carried out with a bottom preventing seepage; in solid and rocky soils, such type of bottom is not available. 
In hydraulic engineering structures, the crib's height should be as low as possible so that the bottom is permanently underwater to prevent its rotting. The height of the crib foundations is determined according to the position of the lowest water level. 
The low cost, sufficient strength, environmental friendliness, and durability of underwater wooden structures put wood first among the other materials used in this construction field (Kagan 1958, Ishimaru et al. 2001).
However, one of the most serious problems of wood is its reduced strength due to the effects of different environmental conditions (such as very wet environment, bioactive environment, and others). Based on centuries-old experience in exploiting wooden marine hydraulic structures, it has been established that wood will be preserved indefinitely under water if there are no woodworms in the sea.
However, several studies have shown that wood is sometimes less well stored in seawater than in freshwater (Kazantseva 2021). Thus, in the work (Bykovskiy 1953), there are examples of a reduction in the strength of wood when exposed to seawater for a long time. It should be noted that the reduction of wood strength was also found when it has been kept in river water for a long time (Mudrov 1949).
This issue is particularly relevant in preserving ancient structures that have become a part of our historical heritage and have been exposed to the aquatic environment for a long time. In the process of studying this problem, we will understand the influence of the environment on the structure and properties of wood in detail, as well as lay the foundation for the study of issues about its preservation and restoration.
Great historical experience in constructing and exploiting wooden structures, including architectural monuments, has also been accumulated in Poland (Adamczyk 2021, Gloger 1907, Kotwica 2006).
Nowadays, structures, the foundations of which include wooden cribs, are often cultural heritage monuments, and preservation is a major task. (Shashkin et al. 2021-1, Korolkov et al. 2020). A typical example of the structure erected on the crib foundation is the historical Fort Kronschlot, located in the Neva Bay of the Gulf of Finland; its restoration is currently being done (Shashkin et al. 2021-2).
The paper gives the results of a study of pine logs put in the crib of the foundation in 1824. Special attention is paid to the chemical changes in the wood composition during its long stay under the water when there was an aggressive environmental impact on the material. Leaching of wood salts, decomposition (or hydrolysis) of cellulose, and dissolution of structural elements occur, which also appear in the form of deterioration of its mechanical properties.
2. Materials and Methods
The diameter of the logs crib studied was 26 cm, length 1.5 m (Fig. 1). The material examination revealed that the log's central part (core) was light-colored and undamaged. The peripheral part (sapwood) had a bright dark grey color (Fig. 2). The outside part of the sapwood was full of radial cracks (fig. 3) at a depth of 0.5 to 2 cm. The area of the damaged part was 15 to 20% of the total cross-sectional area of the sample. The annual layers were 0.4 to 5.1 mm wide. The wood density was 370 kg/m3.


Fig. 1. Logs of the studied crib foundation

Due to the high number of defects in the form of dark grey cracks, the wood was not used to determine the physical and mechanical properties of the material being studied, which was consistent with the accepted research practice (Shkarovskiy et al. 2022, Glukhikh & Akopian 2017). Only the chemical properties of this part of the log were determined.
Extensive testing was done to determine the influence of the Gulf of Finland on wood's strength and chemical composition.
For testing 10 samples were prepared for each type of stress state according to the following standards (State Standards, GOST) of the Russian Federation: compression along (GOST 16483.10-73*) and across the fibers (GOST 16483.11-72*), chipping along the fibers (GOST 16483.5-73*), tension (GOST 16483.23-73*) and bending (GOST 16483.9-73*). The research was carried out on an Instron 5966 universal machine at Saint Petersburg State University of Architecture and Civil Engineering (SPbSUACE/ SPbGASU) testing center in a certified sector for mechanical tests of building structures. The speed of load application was 4 mm/min. The humidity of samples before tests was determined by weight and was 20%.


Fig. 2. Samples of light and dark grey wood of the studied log

A chemical analysis was also carried out (Azarov et al. 1999) for the log's light and dark grey wood to analyze the changes in the physical and mechanical properties of the material. 
This research was conducted at the Department of Cellulose and Paper Production of Saint Petersburg State Forest Technical University (SPbFTU). Also, for the detection of the various chemical elements in the studied material, X-ray fluorescence spectroscopy was done on a spectrometer of the brand Bruker Jaguar (Mukhamedova & Pashkova 2018).


Fig. 3. Cracks of the peripheral part of the studied log
3. Results and Discussion
Table 1 shows the test results of the stained pine used in the Gulf of Finland for 200 years in a crib foundation with a standard humidity of 12%. The same values are given in standard pine samples from B.P. Kohlev (Ugolev 1998) for comparison.
The results of the stained pine chemical analysis from the peripheral (dark-colored) and central (light) parts of the studied log are presented in Table 2. For comparison, the parameters of a standard pine sample are given.
The results of the stained pine chemical analysis from the peripheral (dark-colored) and central (light) parts of the studied log are presented in Table 2. For comparison, the parameters of a standard pine sample are given.
The data presented in Table 1 showed that the strength properties of the stained pine were lower than those in the standard samples from the reference literature. The maximum reduction can be seen in the modulus of elasticity.
Тable 1. Comparison of the temporary strength values by types of stress state of samples
	Item No.
	Name of the stress parameter
	Temporary strength 
of the studied pine tree crib, MPa 
	Temporary strength 
of the standard pine, MPa

	1
	Compression along the fibers
	18.56
	48.5

	2
	Cross-fiber compression
	1.67
	5.1

	3
	Chipping along the fibers
	3.62
	6.5

	4
	Tension along the fibers
	55.97
	100

	5
	Bending
	70.36
	86

	6
	Modulus of elasticity
	1581.83
	10000



Table 2. Comparison of chemical analysis results 
	Item No.
	Name of the parameter
	Light part 
of the pine crib
	Dark-coloured part of the pine crib 
	Standard pine 

	1
	Ash content, %
	0.181
	0.341
	0.16

	2
	Cellulose, %
	58.176
	58.572
	50.6

	3
	Lignin, %
	29.517
	30.133
	27.5

	4
	Amount of soluble substances 
in hot water, % 
	0.265
	0.101
	2.6

	5
	Amount of soluble substances 
in acetone, %
	0.878
	0.566
	19.14



Table 3. Comparison of the content of chemical elements in wood
	№
	Name
	Concentration, %

	
	
	Light part 
of the studied pine crib
	Dark-coloured part 
of the studied pine
	Standard pine

	1
	Hafnium (Hf)
	0.1455
	0.1493
	–

	2
	Stibium (Sb)
	0.6276
	0.6569
	–

	3
	Calcium (Ca)
	0.3950
	0.2222
	0.208

	4
	Sodium (Na)
	0.1547
	0.1262
	0.016

	5
	Ferrum (Fe)
	0.3189
	1.053
	0.038

	6
	Bismuth (Bi)
	0.1167
	–
	–

	7
	Plumbum (Pb)
	0.1134
	–
	–

	8
	Cadmium (Cd)
	0.0371
	0.1520
	–

	9
	Chlorine (Cl)
	0.0114
	0.2530
	–

	10
	Marganese (Mn)
	–
	–
	0.030

	11
	Potassium (K)
	–
	–
	0.472

	12
	Sulfur (S)
	–
	–
	0.087

	13
	Phosphorus (Р)
	–
	–
	0.127

	14
	Silicon (Si)
	–
	–
	0.055

	15
	Manganese (Mg)
	–
	–
	0.123

	16
	Aluminium (Al)
	–
	–
	0.041

	17
	Nitrogen (N)
	–
	–
	2.090



This value has decreased 6 times as wood softens in water and loses its hardness. This phenomenon can also be explained by the fact that extractive water-soluble substances in the samples studied are few (Table. 2).
Extractive substances can be found not only in cell cavities but also permeate the walls of wood cells, thus making them more flexible (Tsepaev 2003, Shniewind 1966). After being in the water for a long time, they have been washed out, and the wood has become more fragile. 
· Compression across the fibers decreased by 3 times,
· Compression along the fibers by 2.6 times,
· Chipping and tension along the fibers decreased by 1.8 times,
· Bending by 1.2 times.

In the material that has been used in water for a long time, the adhesion strength of early and latewood also decreases due to faster destruction of the walls of earlywood because of their slight thickness, especially under compression (Ishimiaru et al. 1996).
A slight decrease in chipping strength along the grain (compared to other indicators) can be explained by the destruction in the radial plane, where the contact area of early and latewood was smaller (Miyoshi et al. 2020).
The increased ash content of the material significantly affects the strength properties (Azarov et al. 1999). A significant value of this parameter demonstrates the increased amount of minerals in wood.
Considering that the waters washing Fort Kronschlot were considerably polluted due to human labor activity (Zaytseva 2019), many uncharacteristic chemical elements were found in wood during the research. This factor explains the presence of heavy metals in the material (see Tables 1 and 2). In dark grey wood, the concentration of metals is higher, except for calcium, which indicates the significant destruction of wood cells.
Based on the data presented in Tables 1, 2, 3, we can conclude that the main factors that led to a decrease in the strength properties of wood are the following: 
· the absence of potassium and reduced calcium, the main chemical elements that affect the wood's cells,
· the reduction of extractive substances concentration,
· increase in the ash content, especially in the peripheral part of the log,
· the impact of the sediment, especially sand, is caused by the waves of water-borne effects that, at small depths, are typical for a crib foundation capturing the sand and moving it onto the crib.
4. Conclusions
The chemical composition and strength properties of the wood of a crib foundation that has been in seawater for a long time are subject to significant changes. These changes are caused by both chemical and biochemical processes as well as diffusion processes. The diffusion speed increases significantly under the influence of alternating loads caused by the constant movement of waves.
The outer (dark grey) wood has a high ash content, which leads to increased fragility of the wood and may indicate a high content of minerals derived from water, while the inner (light part) has an ash content that is not different from the known data.
In turn, wave action dynamics are characterized by significant variability in both force load and spatial distribution. At shallow depths (crib foundations are at a depth of 3...5 m), the wave reaches the bottom, captures sand, and moves it to the foundation cribs. Sand has an abrasive effect on the structure, contributing to its destruction.
The results will allow us to predict the possibility of further exploitation of the crib foundations without expensive research available only in specialized laboratories or to justify the need for their restoration.

The work was carried out within the framework of the research topic No. 22C24 with the financial support 
of a grant of St. Petersburg State University of Architecture and Civil Engineering.
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