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Abstract

:

The paper focuses on the analysis of the values of the static modulus of deformation obtained by the application of the test procedure specified in the methodology for the diagnostics of the sub-ballast layers used for German railways (DIN 18 134) and the Railways of the Slovak Republic (Regulation TS4). The purpose of the study was to determine the correlation between the measured values of the static modulus of deformation according to the above-mentioned methodologies based on a series of experimental measurements on an experimental field built at a scale of 1:1. It also aimed to develop a numerical model characterising the behaviour of the loaded environment during the experimental measurements using the finite element method, which can subsequently be used for the design of the structural composition of the sub-ballast layers. For the purpose of the experimental measurements, a sub-ballast layer of 0/31.5 mm crushed aggregate of different design thicknesses was applied to the sub-ballast layers. A polynomial dependence with a high value of the reliability coefficient can be found between the results of the static modulus of deformation obtained using the mentioned measurement methodologies during the quality inspection of the implemented construction works. This dependence is valid for the specific boundary conditions of the experimental measurements performed (subsoil of clay with gravel admixture and the sub-ballast crushed aggregate layer of 0/31.5 mm dolomitic gravel). In the future, establishing correlation dependencies for other boundary conditions and structural material compositions can be considered.
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1. Introduction


The unification of the European area has increased mobility and competition between the different transport systems, challenging the railways to meet higher quality and quantity requirements. For several decades now, rail transport has been characterised by its ability to provide transport links reliably, safely, and, moreover, with better environmental compatibility and less land use, especially compared with the ubiquitous and environmentally damaging road transport. For these reasons, rail transport is enjoying another renaissance. New high-speed connections are being built and existing railway lines and transport corridors are being upgraded. Improving the quality of railway lines, as well as the safety and reliability of rail transport and the interoperability of the railway area, characterise the basic pillars of the emerging European railway interconnected area.



Continuous technical progress, the invention and application of new materials and constructions in various sectors of civil engineering, and novel approaches in the design and implementation of construction works act in parallel with the need to ensure more efficient diagnostics and subsequent maintenance with appropriate technological procedures using modern construction or track machinery and equipment. As the Slovak Republic is part of the European Union, and thus also part of the European integrated railway area, a considerable adjustment of legislative documents has recently been implemented. The aim of these modifications is to unify the requirements imposed on newly built, modernized, or reconstructed railway lines, and at the same time to extend the possibilities of their design and diagnostics. The importance of meeting this objective lies in the fact that a train in transit passing through the territory of the Slovak Republic must have comparable quality conditions for its ride, not only in terms of signalling and safety equipment or structure gauge but the actual railway superstructure and substructure must be sufficiently safe and comfortable for the passenger. Therefore, the setting of the required values for the track layout and geometry of the superstructure and the deformation resistance of the substructure plays a fundamental role in making the train ride safe and comfortable.



In the case of the modernisation of trans-European corridor lines crossing the territory of the Slovak Republic, it was necessary, within the framework of introducing new approaches to their implementation and diagnostics, to pay considerable attention to the issue of transition zones between the earthwork and the structures of sub-ballast layers (bridges, tunnels, underpasses, culverts, etc.) or between the conventional railway superstructure (ballast superstructure) and the unconventional railway superstructure (slab track). The subject of the presented article is the clarification of some issues related to the amendment of the Railway Regulation TS 4 [1], namely Annex No. 6, dealing with the method of determining the deformation resistance of the sub-ballast layers. In the regulation and the annex in question, the possibility of determining the deformation resistance of the sub-ballast layers was also added by the test procedure used on the German Railways DB A.G. [2]. The legislation is based on the fact that the German railways are among the highest quality ones in the European area, and it is the aim not only of the Railway Infrastructure Administration but also of all the neighbouring railway administrations to approach their quality.



Therefore, the design organisation VALBEK SK, involved in preparing the project modernising the corridor lines of the Slovak Railways (SR) and the General Directorate of the Slovak Railways (GD SR) as an investor of the infrastructure modernisation, approached the Department of Railway Engineering and Track Management of the Faculty of Civil Engineering of the University of Žilina (DRETM, FCI, UNIZA) to carry out a relevant set of measurements according to both test procedures, to compare them and to determine the correlation between the deformation resistance values determined by the SR test procedure (ŽSR TS4) and the DB A.G. test procedure (DIN 18 134).



It is also possible to verify numerically the behaviour of the modelled space in the deformation and especially in the stress state. Using a suitable computational system and relevant input data, it is possible to obtain the response of the whole area of the measured points and thus also generate theoretical data to verify the test methods.



1.1. Global State of Art


	
Research in the field of diagnostics and measurement of mechanical properties of structural layers of linear structures has been carried out by several research teams worldwide. Many computational models have been developed to solve static and dynamic problems of railway line construction, in which specific mechanical properties—rheological properties of materials—are attributed to the track bed. The most commonly used is the rheological model of Hooke’s elastic substance, introduced into the following basic computational models of continuous media:



	
surface computational subgrade models—elastic subgrade (E. Winkler [3], P. L. Pasternak);



	
elastic half-space—elastic half-plane (V. J. Boussinesq [4]);



	
elastic layered half-space (N. Oedomark [5], G. I. Pokrovskii [6]).






The progression of stresses in layered half-space and the derivation of simplified computational approaches have been further addressed by e.g., Burmister [7], Witczak [8], Rappoport [9], Johnson [10], Kandaurov [11], Kezdi [12], and others. In addition to elastic layered half-space, more complex physical models of elastic-plastic, bond-elastic, and semi-plastic layered half-spaces have also been developed [13]. These models do not have significant application in construction practice due to the complexity of calculation and the difficulty of determining the input parameters. However, they are the basis for software applications based on the principle of numerical methods. Modern designs use numerical approaches based on the finite element method (FEM). It is mainly possible due to their variability and general theoretical foundations for solving continuum mechanics boundary value problems. The first simplified numerical models for layered half-space were applied in their research by Kulhawy, Duncan, and Seed [14] and later by e.g., Komvopoulos [15], Tian and Saka [16]. Elements of 3D and applications of nonlinear analysis can be found in the research by Bode, Hirschauer, and Savidis [17], Li, Ekh, and Nielsen [18], Adam, Pflanz, and Schmid [19], Sun, Cai, and Xu [20], Fu and Zheng [21], Sayeed and Shahin [22], and Wattanapanalai [23]. Obtaining relevant outputs from numerical modelling is only possible if good quality numerical modelling input parameters are available, so a highly significant role is played by experimental measurements.



Diagnostics or control measurements of the mechanical properties of the structural layers of linear buildings are generally carried out in Central Europe by means of static load tests. Experimental measurements based on the implementation of static load tests on the subgrade and sub-ballast layer of linear structures have been addressed by Pospisil and Zednik [24], Shirvani and Shooshpasha [25], Ismael [26], Wyroslak [27], Oh and Vanapalli [28], Kim and Park [29], Neupane, Han, and Parsons [30], and Pospisil, Horníček, and Lojda [31].




1.2. Research Background of the Study


A high-quality, reliable and, above all, safe carriageway can only be achieved if all its structural and material components are designed with regard to the possible traffic (static and dynamic loads) and non-traffic (climatic) loads. Therefore, the DRETM research tasks have long been focused on monitoring individual types of loads, diagnosing the structural or design parameters of the railway line, and studying the impact of incorporating innovative construction materials into the structural layout of the railway line. After relocating the Faculty of Civil Engineering to the central campus of the University of Žilina, it was decided to build an experimental workplace, the so-called DRETM test stand (Figure 1), which serves to implement and meet the objectives of the research tasks of the department.



DRETM research activities were initially focused on monitoring non-traffic loads, characterised by the effects of climatic factors (water, snow, frost). Based on a dense network of embedded Pt1000 temperature sensors [32] and the non-destructive moisture measurement method TDR [33], information on the freezing of the railway track structure was obtained. On the basis of cooperation with the Slovak Hydrometeorological Institute (SHMI), and the Department of Road Construction and Environmental Engineering (DRCEE) [34], the design map of air frost indices for the territory of the Slovak Republic was also modified [35]. Experimentally determined parameters and data obtained from SHMI were also used in the numerical modelling of the railway track design, where the influence of more unfavourable climatic factors [36], and the influence of different railway track designs [37], were subsequently monitored.



Significant progress in the research activities occurred after the decision to apply and subsequently monitor the influence of various innovative thermal insulation building materials (extruded polystyrene, liapor, liaporconcrete, composite foam concrete and foamed glass) on the structural composition of the railway sub-ballast layers. Each measurement profile in Figure 1 characterises a different structural or material arrangement of the sub-ballast layers. Dimensional nomograms have also been developed for the majority of the innovative thermal insulation building materials incorporated, even for areas with significantly more unfavourable climatic conditions (areas with higher frost index values) than those achieved in the Slovak Republic territory. On the basis of the research results, several adjustments were made to the methodology of dimensioning the sub-ballast layers in terms of the effect of non-traffic loads on the needs of Slovak Railways.



The area of interest of the DRETM research was subsequently extended to monitoring the static component of the traffic load and assessing the above-mentioned innovative materials in terms of a possible increase in the deformation resistance of the railway sub-ballast layers. From the subject point of view, the application of the composite foam-concrete layer in the sub-ballast layers was the most significant one after starting the cooperation with Europe [38]. On the basis of joint research with other departments of the Faculty of Civil Engineering of the University of Žilina (FCI, UNIZA), the possibility of applying the composite foam concrete layer also in road construction [39] or in various geotechnical applications [40,41] was subsequently confirmed. Attention has also been paid to the testing of the subgrade, especially for the case when it is composed of fine-grained soils [42,43,44], or the possibilities of improving the subgrade properties [45].



The present research focuses on monitoring and designing modifications of the transition zones between the structures of the sub-ballast layers and the earthwork [46,47]. We also address the issue of building test sections in the railway line due to monitoring the dynamic load transferred to the sub-ballast layers from the train rides, which has been so far only numerically modelled in cooperation with the Faculty of Mechanical Engineering of UNIZA [48,49].



The final research objective is to provide a comprehensive overview of the loads acting on the railway line and to incorporate the possibilities of applying new innovative materials and structural elements in the design of the railway line structure to achieve its optimal structural arrangement in terms of the required gradation of stiffness between the softer structure of the railway line on the earthwork and the stiffer railway line when the railway superstructure is placed, e.g., on a bridge structure, in a tunnel, or over an underpass. It is a transition between conventional and unconventional superstructures.



Incorporating new knowledge and updating legal documents dealing with the design of the structural composition of the railway line introduce the necessity of implementing changes in the diagnostics of the designed structures. One of the regulations that has been recently updated is the Railway Regulation TS 4 [1]. Among the changes implemented in the regulation is the possibility to assess the deformation resistance of the structural layers of the trackbed, by the test procedure by the German railways DB A.G., adopted from DIN 18 134 [2], besides the test procedure used by the Slovak Railways Administration.



Since the values of the static modulus of deformation determined according to the respective test measurement procedures differ, a request from practice was addressed to the DRETM research team regarding determining of the correlation between them. Experimental measurements concerning the comparison of the test procedures for determining the deformation resistance of the sub-ballast layers were conducted in Sector B of the DRETM test stand (Figure 1). The measured results and their comparison, as well as the development of 3D models of the tested structures, are the subject of further chapters of this article.





2. Characteristics of the Methods and Experimental Field


This part of the article characterises the test procedures used for determining the deformation resistance of the sub-ballast layers (test procedure of DB A.G. and SR), their theoretical background, the method of implementing the experimental measurements, and the construction and material composition of the experimental field.



2.1. Theoretical Background of Applied Test Methods


The procedure for assessing the deformation resistance of the structural layers of the trackbed according to the Slovak Railways Administration TS 4 [1] or DIN 18 134 [2] is based on Boussinesq’s theory of elastic half-space [4]. The calculation is carried out in a cylindrical coordinate system (R, β, z, Figure 2), and the obtained results are transformed into a Cartesian coordinate system (x, y, z).



After considering the assumptions of a continuous environment and defining the model conditions, the following equation was used to calculate the progression of stresses in the subgrade:


    σ   r   = A ·       cos  ⁡  β       R   2     ,  



(1)




where A is a constant determined from the equilibrium condition of the sum of the vertical components of the radial stress σr ∙ cosβ over a hemispherical area of radius R and the applied force P. For loading a half-space by a single lone force P (Figure 2), the following relation holds according to the above theory:


    σ   r   =   3   ·   P   ·     cos  ⁡  β     2   ·   π   ·     R   2     ,  



(2)







By decomposing the radial stress into a coordinate prism, the normal and tangential stresses at a given point M are then determined. For the vertical normal stress at the investigated point, the relation then holds:


    σ   z   =   3   ·   P   ·     z   3     2   ·   π   ·     R   5     .  



(3)







The magnitude of the vertical stress at depth z below the centre of a rigid circular surface of radius r loaded with a uniform vertical load p is characterised by the relation:


    σ   z   = p   ·   1 −   cos   3   γ   = p −   p       1 +       r   z       2         3   2       ,  



(4)




where for γ the following holds:


  γ =   t g   − 1     ·     r   z     .  



(5)







Relations (3) and (4) indicate that the deformation of this idealised model does not depend on the material elastic constants of the half-space E and ν but only on the position of the investigated point with respect to the load and the magnitude of the given load. Consequently, only the magnitude of the remodelling of the environment depends on the material constants. The drop of a rigid circular plate loaded with a uniform pressure p is determined from the relationship:


  y = f ·     p   ·   r   E     · ( 1 −   ν   2   ) .  



(6)




where:



y: drop in the centre of the load plate (m),



f: stress distribution factor (-),



ν: Poisson’s ratio for the soil material (-),



E: soil material’s modulus of elasticity (Pa),



P: average loading pressure on the plate) (N∙m−2),



r: radius of the loading plate (m).



The stress distribution factor f from Equation (6) depends on the assumed stress distribution in the soil. Generally, the values of the f factor given in Table 1 are considered. The value of the considered stress distribution factor f, and therefore the assumed method of stress distribution in the soil, is one of the differences between the DB A.G. test procedure and the SR test procedure. In the case of the German Railways test procedure [2], for coarse-grained soils, the value of the stress distribution factor f = 2 and the value of the Poisson’s ratio ν = 0.50 where the material is not drained or ν = 0.35 where the material is drained are considered [50].



We can then modify relation (6) to the form:


  E = 2   ·     p   · r   y     ·   1 −   0.5   2     =   3   2     ·     p   ·   r   y   .  



(7)







The deformation modulus of the material Edef can be calculated as the secant modulus according to the elastic half-space theory. The secant is determined from the points P1 (0.3 ∙ σ0max; s1) and P2 (0.7 ∙ σ0max; ss) of the quadratic parabola (Figure 3).



The static deformation modulus Edef can then be calculated from the relation:


    E   d e f   =   3   2     · r   ·     ∆ σ   ∆ y   = 1.5   · r   ·       σ   2   −   σ   1       y   2   −   y   1     .  



(8)







After completing and modifying the relation (a detailed derivation of the relation can be found in Annex B of DIN 18 134 [2]), the final relation for the calculation of the deformation modulus is obtained:


    E   d e f   = 1.5   · r   ·     1     a   1   +   a   2     ·     σ   0 ,     m a x     .  



(9)







In relation (9), the magnitude of the maximum stress acting on the load plate σ0,max is considered from the first cycle of the static load test. The parameters a1 and a2 can be determined by solving the normal equations (detailed in Annex B of the standard [2]) resulting from the equation:


  y =   a   0   +   a   1   ·     σ   0   +   a   2   ·     σ   0   2   .  



(10)







In the case of the SR test procedure [1], for the case of coarse-grained soils, the value of the stress distribution factor f =     π   2    . By modifying Equation (6), the relation for the calculation of the static modulus of deformation is obtained in the form:


    E   d e f   =   π   2     ·     p   ·   r   y     · ( 1 −   ν   2   ) .  



(11)







The final relation for the calculation of the static modulus of deformation is obtained after the addition of the value ν = 0.21 expressing the regularities and processes to be considered in the case of a layer loaded by a rigid circular plate and has the form:


    E   d e f   = 1.5   ·     p   ·   r   y   .  



(12)







2.1.1. DB A.G. Test Procedure


The determination of the deformation resistance of the sub-ballast layers according to [2] is conducted by means of a static load assembly (Figure 4). Within the framework of experimental measurements, specifically of the static modulus of deformation, a rigid circular load plate with a diameter of 300 mm was used since the grain size of the material embedded in the structural layers of the structure of the experimental field did not exceed a quarter of the diameter of the plate in question. To ensure close contact between the load plate and the test material, a thin layer of medium-grained sand was formed between them.



The required pressure acting on the circular load plate shall be derived using a hydraulic assembly, ensuring that the minimum distance between the load plate and the contact surface of the counterweight is at least 0.75 m. This condition was met in the experimental measurements, as the counterweight was a steel frame with a movable cross beam (see Figure 1). A FRÖWAG hydraulic rig with a range of up to 0.8 MN∙m−2 and measurement accuracy of 0.01 MN∙m−2 was applied. Settling measurement could be performed using a cup-beam gauge, a deformation gauge, or an alternative measuring system with a maximum permissible measurement error of 0.04 mm in a measuring range of up to 10 mm. A MITUTOYO digital deflectometer with a measuring range of up to 25.4 mm and measuring accuracy of 0.01 mm was used. The displacement sensor could be placed directly on the circular plate or a support frame working on the principle of a weighting beam, with a leverage ratio not exceeding 2.0. For the experimental measurements, a beam with a leverage ratio of 2.0 was used.



Before the start of the measurement, the circular plate was loaded for a minimum of 30 s with a preliminary load corresponding to 0.01 MN∙m−2 (valid for a 300 mm diameter plate). After the force gauge was reset and the reading on the deformation gauge was recorded, the actual measurement could begin. The static load test was carried out in two load cycles, or a third so-called check load cycle could be conducted.



In the first loading cycle, maximum normal-bearing stress acting under the circular plate of 0.5 MN∙m−2 was considered. When a settlement of the measured layer of 5 mm was reached first, the maximum stress was considered to be the normal stress measured at this stage. The load was applied to the circular plate in at least six stages in approximately equal steps (0.08; 0.16; 0.25; 0.33; 0.42, and 0.50 MN∙m−2) until the required maximum stress was reached. Each load change (from step to step) was conducted within one minute. The load was released in three stages at 50, 25 and approximately 2% of the maximum load. After relief, a second load cycle was performed, in which the load only increased to the penultimate stage of the first cycle (not to reach full load). The transition to the next stage of loading could be made after 120 s while the load had to be maintained constant. At the end of each loading or unloading stage, a reading was recorded on the deformation (drop) sensor. The curve of the dependence of the settlement of the measured layer on the applied load is depicted in Figure 3. The relationship for calculating the static modulus of deformation is characterised by Equation (9) where the final value of the deformation resistance of the measured structural layer is the value determined in the second loading cycle.




2.1.2. Test Procedure of the Slovak Railways


To implement static load tests according to the methodology described in [1], the identical static load set-up described in Section 2.1.1 was used. The primary differences between the examined test procedures lie in the methods of loading/relieving the measured structural layer, recording the reading from the deformation (drop) sensor and calculating the final deformation resistance of the structural layer.



The maximum value of the normal stress acting under a rigid circular loading plate of 300 mm diameter is 0.2 MN∙m−2 for assessing the deformation resistance of the sub-ballast layers. The preliminary load on the circular plate prior to the actual start of the measurement shall not exceed 20% of the maximum load value and shall be applied for 10 s. The static load test is performed in two load cycles with four loading and unloading stages of the same step (0.05; 0.10; 0.15, and 0.20 MN∙m−2). At each loading and relieving stage, it is necessary to wait until the deformation of the measured layer stabilised. The indentation of the circular plate into the measured layer material shall be considered steady if the change in deformation in 1 min does not exceed 0.02 mm. The calculated value from the second loading cycle, based on the relation (12), is considered the final value of the deformation resistance of the measured structural layer.





2.2. Characteristics of the Experimental Field and Method of Experimental Measurements


The experimental field that serves to compare test procedures for determining the deformation resistance of sub-ballast layers used on German and Slovak railways is a part of the Experimental Workplace—the DRETM Test Stand, described in Section 1.2. The experimental field (Figure 5: plan, Figure 6: cross-section AA’) was built in sector B of the Experimental Workplace. It also contains a steel frame with a movable crossbar serving as a counterweight for the actual implementation of the experimental measurements—static load tests. The dimensions in Figure 5 are provided in mm.



Figure 5 displays the geometrical arrangement of the experimental field and the locations of the experimental measurements (static load tests). To obtain a sufficient set of measurements for their statistical evaluation, a total of 20 static load tests (10 according to the DB A.G. test procedure and 10 according to the SR test procedure) were carried out on the surface of one structural layer. The experimental field consisted of a subgrade made of uniformly mixed clay and river gravel (soil characterised as gravelly clay—CG) on which a non-woven separating geotextile and a sub-ballast layer of crushed aggregate fr. 0/31.5 mm were subsequently placed. The sub-ballast layer of total thickness 750 mm was formed successively from 150 mm thick partial layers (five partial layers in total) to observe the influence of the thickness of the structural layer on the increase in the deformation resistance of the structure under study in the framework of the comparison of the examined measurement procedures. The sufficient thickness of the sub-ballast layer ensures the required deformation resistance of the railway substructure. According to [1], the minimum required deformation resistance of the structural sub-ballast layers (structural layers under the ballast bed layer, fr. 31.5/63 mm) at the sub-ballast upper surface level ranges from 30 MPa to 100 MPa depending on the speed zone of the designed railway line and the type of construction (new construction, reconstruction, or modernisation on the original sub-ballast layers). A total of the measurement cycles were carried out. The individual measurement cycles differed from each other in terms of the deformation resistance at the level of the subgrade surface. The deformation resistance values for the measurement cycles are specified in Figure 6. The scatter of the values of the deformation resistance of the subgrade surface ±2 MPa was determined by the authors of the paper and maintained throughout all experimental measurements. Thus, 120 static load tests were carried out in one measurement cycle, and a total of 360 static load tests were carried out in all three measurement cycles (60 were carried out on the subgrade surface and 300 on the surface of the individual partial structural layers of the crushed aggregate of fr. 0/31.5 mm). The classification of the subgrade material and its basic characteristics can be seen in Table 2.



The classification of the subgrade material (Figure 7) was carried out according to STN 72 1001 [53], and the evaluation of the consistency according to [54,55]. The subgrade sampling from the experimental field was conducted using the roller test (Figure 8). The determined subgrade characteristics listed in Table 2 were the moisture content of the material w, the bulk density of the material in the wet state ρ, the curvature number Cc, the non-uniformity number Cu, the soil moisture content at the inter-fluidity wL, the soil moisture content at the inter-plasticity wP, the soil plasticity index Ip and the soil consistency degree Ic. The material of the sub-ballast layer of crushed aggregate with a grain size of 0/31.5 mm (dolomitic gravel) was transported from a quarry located near the village of Veľká Čierna (approx. 25 km from the university campus) directly from the quarry stone crusher (Figure 9, left), due to the guarantee of a suitable grain-size curve of the material.



The basic material characteristics were determined for the sub-ballast layer and sub-grade material. The sample for determining the characteristics was extracted using the pit test (Figure 9, right) from the last structural layer of the experimental field after the completion of the first measurement cycle. The material of the sub-ballast layer was evaluated following the procedure described in [1,56], and its grain size curve is specified in Figure 10.



The red dashed curves characterise the desired lower and upper grain size limits for the crushed aggregate fr. 0/31.5 mm and the blue curve is the grain size curve for the material applied in the experimental measurements. The classification of the sub-ballast layer material and its characteristics are provided in Table 2.





3. Results and Discussion


This part of the article presents the results of the experimental and numerical analysis aimed at establishing the correlation between the values of the static modulus of deformation determined according to the DB A.G. and SR test procedures and the design of a numerical model characterizing the situations under which the experimental measurements were carried out. The examined test procedures are described in Section 2.1.1 and Section 2.1.2 and the material characteristics of the experimental field with a detailed specification of the implementation of the experimental measurements are provided in Section 2.1.2. Since the set of measured values of the static modulus of deformation is large (see Section 2.1.2 for more details), their statistical assessment was conducted.



As part of the statistical assessment, the value of the arithmetic mean of the experimentally measured values was first determined according to Equation:


      E   d e f    ¯  =   1   N     ·     ∑  i = 1   N      E   d e f ,   i     .  



(13)







The standard deviation was then calculated according to the relationship:


  σ =    1   N     ·       ∑  i = 1   N      (   E   d e f ,   i     −     E   d e f    ¯  )   2    .  



(14)







Erroneous values that were subsequently excluded and not used in the further evaluation of the data were values outside the interval:


  (     E   d e f    ¯  − 2 σ ;       E   d e f    ¯  + 2 σ ) .  



(15)







The correlation coefficient was calculated as the ratio of the value of the arithmetic mean of the values determined according to the SR test procedure       E   d e f ,   S R    ¯    and the value of the arithmetic mean of the values determined according to the DB A.G. test procedure       E   d e f ,   D B    ¯    by the relation:


    K   k   =       E   d e f ,   S R    ¯        E   d e f ,   D B    ¯    .  



(16)







3.1. Correlation Dependence between the Values of the Static Modulus of Deformation Determined According to the Examined Test Procedures


After the statistical assessment and the exclusion of measurements according to the relations given in the introduction of this section, a graphical dependence of the increase in the deformation resistance of the sub-ballast layers on the increasing thickness of the sub-ballast layer was first constructed separately for the two test procedures under consideration (Figure 11—SR test procedure, and Figure 12—DB A.G. test procedure).



It should be noted that the blue curve in Figure 11 and Figure 12 characterises the first measurement cycle with the deformation resistance of the subgrade surface E0 = 10 ± 2 MPa; the red curve characterises the second measurement cycle with the deformation resistance of the subgrade surface E0 = 20 ± 2 MPa; and the green curve characterises the third measurement cycle characterised by the deformation resistance of the subgrade surface E0 = 30 ± 2 MPa.



Figure 11 indicates a linear dependence with a high coefficient of determination between the values of the static modulus of deformation within the measurement cycles determined by the test procedure of the Slovak Railways on the surface of the partial structural layers of the crushed aggregate of 0/31.5 mm.



Measurement uncertainty for each partial design layer of 0/31.5 mm crushed aggregate ranged from ±1.336 MPa to ±8.118 MPa, with measurement uncertainty increasing with increasing design layer thickness. The highest values of measurement uncertainty were obtained for the first measurement cycle.



Figure 12 indicates a polynomial dependence with a high value of the coefficient of determination R2 between the values of the static modulus of deformation within the individual measurement cycles determined by the DB A.G. test procedure on the surface of the partial structural layers of crushed aggregate of 0/31.5 mm. In the case of partial structural thicknesses of crushed aggregate 150 mm and 300 mm, the maximum value of the normal stress acting under the load plate of 0.5 MN∙m−2 was not applied, but the value of the applied normal stress depended on the settlement of the load plate. The value of the normal stress when the settlement of the load plate was close to 5 mm was used. Measurement uncertainty for the individual partial structural layers of the crushed aggregate of 0/31.5 mm ranged from ±0.945 MPa to ±5.060 MPa, with the measurement uncertainty increasing with increasing structural layer thickness and the highest values of measurement uncertainty were obtained in the first measurement cycle.



The change in the value of the correlation coefficient from the growing value of the deformation resistance of the sub-ballast layers caused by the increase in the design thickness of the sub-ballast layer of crushed aggregate fr. 0/31.5 mm for all three measurement cycles can be seen in Figure 13.



Figure 13 indicates that the value of the static modulus of deformation Edef,SR = 25.11 MPa determined on the surface of the partial structural layer of crushed aggregate of thickness 150 mm fr. 0/31.5 mm in the first measurement cycle by the SR test procedure is approx. 1.14 times higher than the value of the static modulus of deformation for the identical partial structural layer by the DB A.G. test procedure. Figure 13 also reveals that the value of the correlation coefficient in all three measurement cycles gradually increases until a value of the static modulus of deformation of approx. Edef,SR = 70 MPa is reached and then starts to decrease again. In the case of a 750 mm thick structural layer of 0/31.5 mm crushed aggregate, the correlation coefficient is virtually equal to one, and thus the values of the static modulus of deformation measured by the two test procedures are nearly identical. After considering the values of the static modulus of deformation from all measurement cycles (first to third measurement cycle), it was finally possible to establish the final correlation dependence between the examined test procedures, depicted in Figure 14.



Figure 14 confirms that the coefficient of determination R2 reaches a high value, and the correlation dependence can thus be considered nearly perfect. The relationship presented in Figure 14 can therefore be used to convert the value of the static modulus of deformation of the layer made of a crushed aggregate of fr. 0/31.5 mm (for the case of dolomitic rocks) determined by the test procedure of SR to its value in the case of the application of the test procedure of DB A.G. or vice versa.




3.2. Numerical Verification of the Static Load Test Stand Situation


The computational model was developed to verify the experimentally measured data. Its further use is clearly defined by the possibility of variable modifying of individual inputs, thus generating predictive behaviour of the modelled section. In this case, it is a static analysis, where the response in the form of deformations and stresses on the numerical model is monitored from the moment of loading the modelled circular plate. The modelled region, as well as the material parameters, were adopted from Section 2 for this purpose. The modelled element was a boundary layer whose properties are described in Table 2. The geometrical parameters were considered as indicated in Figure 5 and Figure 6. The subgrade surface was modelled in the form of elastic support in the vertical direction for all unloaded boundary surfaces. The lateral boundary areas were also elastically supported in the perpendicular directions, with the value of unit stiffness per area reduced by approximately 20%, as is normally considered for a local-type model. Stress and strain response in the wider environment was therefore not monitored. Loads of the circular plates were successively applied to the computational model according to the two standardised methods presented in Section 2. The computational model and its networking can be seen in Figure 15. For the computational model, the elastic constants varied according to the results presented in Figure 11 and Figure 12 as part of the sensitivity analysis, which is the focus of this paper. The vertical strain values at the centres of the modelled circular plates were obtained successively, and these were correlated with the measured drop values of the real circular plates recorded in the experimental measurements of the modelled section. A 300 mm diameter circular plate with steel parameters was also modelled separately, and the contact was considered a frictionless interface since the aim was to embed vertical loads to the structure of the rail section during the tests.



The numerical simulation of the load test was based on the results of the numerical model. The model was created in the Visual FEA system [57,58]. The computing system used for the simulation is developed for static, dynamic and other special simulations in engineering. The core method for numerical computations in the software is Finite Element Method (FEM). The numerical model of the load test is created from standard 3D volume elements hexahedron and prism type. The modelled area has dimensions 10 m × 10 m with a square plane shape. The depth of the layer was 0.20 m and 5.0 m. Layer 1 parameters are: modulus of elasticity E1 = 350 MPa; Poisson’s ratio ν1 = 0.3; unit mass ρ1 = 2050 kg∙m−3. The colour of the Layer 1 is blue in Figure 15. Modelled Layer 2 parameters are E2 = 25–120 MPa; Poisson’s ratio ν2 = 0.35; unit mass ρ2 = 2050 kg∙m−3. The colour of Layer 2 is green in Figure 15. Connection between the Layer 1 and Layer 2 systems allows a model with a special FEM element Surface Interface. These elements can take shear flow into account in geotechnical simulations.



The numerical model was constructed from 17,520 six-node hexahedron volume elements. The machine time on a standard PC was approximately 30 s for one nonlinear computational iteration. However, this time increased proportionally with the number of varying parameters in the sensitivity analysis and with the variability of the change in position of the modelled load on the circular plate. Significant amounts of numerically calculated and experimentally measured data were compared.



Due to the scope of the comprehensive problem, a single loading stage for the basic positions of the circular plates with a load of 0.5 MN∙m−2 is depicted in a graphical form. Figure 16 presents the vertical deformation and the highest principal stress as surface isosurfaces. To compare the experiment with numerics, 60 stages of calculation (10 load positions × 6-values of continuous load intensities) were performed for the DB A.G. test procedure and 40 calculation stages (10 load positions × 4-values of continuous load intensities) for the SR test procedure. The main comparison criterion was the values of measured and calculated vertical deflections wmax.



The Visual FEA calculation system was effective as it allowed using both nonlinear analysis and a database of materials for geotechnical calculations. The main advantage of this system is the relativity simple modelling of the geometry using a wide range of modelling utilities. Detailed information about the system with practical examples can be found in the literature [57,58].





4. Conclusions


The aim of the article was to compare the achieved values of the static modulus of deformation using two test (DB A.G. and SR) procedures based on a series of experimental measurements on constructed sub-ballast layers of the railway track (Figure 5 and Figure 6) and the subsequent development of FEM numerical models. From the literature review and the results of experimental measurements and numerical modelling, it was possible to draw the following conclusions:




	
The test procedures rely on an identical theoretical background (Boussinesq’s elastic half-space theory). As can be seen from Section 2.1, the difference starts from relation (6), where different values of the stress distribution factor f are considered in the different test procedures and then a different procedure is applied to determine the settlement of the load plate under different values of the maximum normal stress.



	
Based on the test procedures presented in Section 2.1.1 and Section 2.1.2, the main differences between both test procedures (DB A.G. versus the SR procedure) include the magnitude of the applied maximum stress acting on the circular load plate (0.5 MN∙m−2 versus 0.2 MN∙m−2), the method of recording the load plate drop (in a regular time step of 120 s versus after the plate drop has stabilized, max. 0.02 mm/1 min) and the method of calculating the value of the static modulus of deformation (relation (9) versus relation (12)).



	
In the case of the application of the SR test procedure, it is possible to establish a linear dependence between the values of the static modulus of deformation determined for different design thicknesses of the sub-ballast layer of crushed aggregate 0/31.5 mm with a high value of determination R2 (Figure 11). In the case of the application of the DB A.G. test procedure, the application of a polynomial dependence is preferable (Figure 12), which is probably due to the application of a different value of the maximum stress acting on the rigid circular load plate. For structural crushed aggregate layers of thickness tCA ≤ 300 mm, the maximum stress acting on the circular plate was determined based on the maximum allowable settlement of the circular plate of 5 mm).



	
In the case of application of a large structural thickness of the crushed aggregate layer (tCA approx. 750 mm), a correlation coefficient between the values of the static modulus of deformation determined by the test procedure of the German Railways and the test procedure of the Slovak Railways (Figure 13) equal to one can be considered. In this case, it is no longer assumed that the determined value of the static modulus of deformation is influenced by the deformation resistance of the subgrade surface. The highest value of the correlation coefficient (approx. 1.5, see Figure 13) was obtained for values of the static modulus of deformation of approx. 70 MPa (value determined in the case of a tCA of approx. 350–400 mm of the design thickness of the sub-ballast layer of crushed aggregate using the SR test procedure, see Figure 11). In this case, it is assumed that the deformation resistance of the subgrade surface is nearly unaffected by the static tests carried out according to the SR test procedure, in contrast to the static tests conducted according to the DB A.G. test procedure (application of 2.5 times the maximum stress on the surface of the rigid circular load plate).



	
A statistical evaluation of 300 measured values of the static modulus of deformation (150 values using the SR test procedure and 150 values using the DB A.G. test procedure) for 3 different cases of the deformation resistance of the subgrade surface (E0 = 10 ± 2 MPa, E0 = 20 ± 2 MPa and E0 = 30 ± 2 MPa) has produced the final relationship between the static moduli of deformation determined by both test procedures, which can be seen in Figure 14. However, the validity of this relationship needs to be verified for other fractions (0/45, 0/63, 0/90 and 0/125 mm) or types (rock origin) of crushed aggregate and subgrade.



	
In the framework of the dimensioning of railway lines on the territory of the Slovak Republic, the static modulus of deformation is currently applied. The department’s future research will assess the possibility of applying the dynamic deformation modulus in the framework of railway line dimensioning.



	
Considering the results of the FEM calculations, where the values of the deformation modulus of the modelled layer and its thickness varied, it can be concluded that the higher agreement between the measured and calculated data is an application of the DB A.G. test procedure. By applying the test procedure of the Slovak Railways, the linearised response is due to a relatively lower maximum load and lower number of load stages. From the nature of the changing geometric parameter, it analytically follows that it should be a non-linear response. The higher differences for the Slovak Railways methodology are influenced by the participation of a higher measurement error in the lower response values. Similar results have been presented in studies [59,60].
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Figure 1. Test stand DRETM. 






Figure 1. Test stand DRETM.



[image: Buildings 13 02016 g001]







[image: Buildings 13 02016 g002 550] 





Figure 2. Loading of a half-space by a lone force [4]. 
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Figure 3. Load settlement curve [2]. Legend: 1: Line connecting point (0.01 MN∙m−2; 0 mm) and the first point from the first loading cycle; 2: First point from the first loading cycle; 3: Secant between 0.3 ∙ σ0max and 0.7 ∙ σ0max; 4: Quadratic parabola between the first and the last point from the first loading cycle; 5: Quadratic parabola between the first and the last point from the second loading cycle; 6: First point from the second loading cycle; s: Settlement in mm; σ0: Normal stress in MN∙m−2; ◦: Measurement points from the first loading cycle; □: Measurement points from the unloading cycle; ∆: Measurement points from the second loading cycle. 
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Figure 4. Static load assembly [52]. 
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Figure 5. Experimental field—plan and method of implementing experimental measurements. 
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Figure 6. Experimental field—cross section AA’. 
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Figure 7. Grain-size curve of the subgrade material. 
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Figure 8. Subgrade sampling from the experimental field—roller test. 
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Figure 9. Preparation of the sub-ballast material in the quarry (left), sampling and implementation of the pit test (right). 






Figure 9. Preparation of the sub-ballast material in the quarry (left), sampling and implementation of the pit test (right).



[image: Buildings 13 02016 g009]







[image: Buildings 13 02016 g010 550] 





Figure 10. Grain-size curve of the sub-ballast material (crushed aggregate fr. 0/31.5 mm). 
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Figure 11. Dependence of the increase in deformation resistance of the sub-ballast layers on the thickness of the sub-ballast layer of crushed aggregate 0/31.5 mm—SR test procedure. 
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Figure 12. Dependence of the increase in deformation resistance of the sub-ballast layers on the thickness of the sub-ballast layer of crushed aggregate 0/31.5 mm—test procedure of DB A.G. 
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Figure 13. Dependence of the correlation coefficient. 
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Figure 14. Final correlation dependence between the values of static modulus of deformation determined by the test procedure of the German Railways and the test procedure of the Slovak Railways. 
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Figure 15. The FEM model of the load test with mesh. 
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Figure 16. The FEM model results for variable load stages position. 
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Table 1. Values of the stress distribution factor f used for the calculation of the modulus of elasticity of the soil in the implementation of the static load plate test [51].
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	Assumed Stress Distribution
	Stress Distribution Factor f





	Uniform distribution
	2



	Load distributed through a rigid plate
	     π   2     



	Parabolic distribution in coarse-grained soils
	     8   3     



	Parabolic distribution in fine-grained soils
	     4   3     
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Table 2. Classification and basic characteristics of subgrade and the sub-ballast layer.
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	Soil Type
	w

(%)
	ρ

(kg∙m−3)
	Cc

(-)
	Cu

(-)
	wL

(%)
	wP

(%)
	Ip

(-)
	Ic

(-)





	Gravelly clay
	16.3
	2114
	0.14
	114.98
	39.0
	18.8
	20.2
	1.12



	Gravel
	2.6
	2176
	-
	23.86
	-
	-
	-
	-
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Gravel

Fine |Medium] Course | Fine |Medium| Course

Fines
Silt

[Clay]

\

0€9

00z

09

0

90

o

Grain diameter (mm)

€900

00
100

9000
7000
2000

88R3RIR_=2°
JuStom Aq 1ourg o)





media/file4.png





media/file30.png





media/file18.png
St NS






media/file21.jpg
Static modulus of deformation

1
1
1

Eay(MPa)

160
140
20

8

o8B 588

L= 0.166tc,- 0677
R:-09935

17tc4+4578
.997

0 100 200 300 40 30 60 70 80
Thicknessof crushed aggregates layer fr. 0/31.5mm fc, (mm)
©  lstmeasurement cycle (E0=10+2 MPa)
®  2nd measurement cycle (EO =202 2 MPa)
©  3rd measurement cycle (E0 =30 =2 MPa)





media/file26.png
Correlation coefficient C,

1.8
1.6
1.4

1.2

0.8

0.6 -

0.4

0.2 -

W .
L “¥y..
...-' "":i"-.

®
.. . '9{!1 22T TV
. H ."lh-.t!fl""
1--&“ Fi .,

6

C.=-0.0002E 5,2+ 0.0225E ;,+0.714
R2=0.9297

C,=-0.0001E 2+ 0.0153E -+ 0.9289
R2=0.9147

C. =-8E-05E2+0.0109E .+ 1.1172

R2=09615

20 40 60 80 100 120 140
Staticmodulus of deformation E 5 (MPa)

160





media/file27.jpg
g

2 88% 8% &
(egw)oanpasord
15910V g ou o1 Sutpaooe
5 UOHEWLIOJIP JO SNINPOW

°

20 140 160

100

6

40

20

8
Staticmodulus of deformation E;according to the SR test

0

procedure (MPa)





media/file3.jpg





media/file22.png
Static modulus of deformation

1
1

60
40

—
I~
=

E,.r(MPa)

5 3 3B

=
=

[
o T -

Edef: 0.166fcﬂ— 0677
Rz =0.9935 R

L -
.......
.

0

|Egr=017tcs+4578 L ‘ gee

R2=0.997 P

R?-=0.9955....-jZZ:;i?§IZf ----

3 L ]
ik o*”
L _.i
.
.*

0 100 200 300 400 500 600 700

Thickness of crushed aggregateslayer fr. 0/31.5mm f-, (mm)
® Ist measurement cycle (E0=10+2 MPa)
® 2nd measurement cycle (E0 =20 =2 MPa)
® 3rd measurement cycle (E0=30+2 MPa)

800





media/file19.jpg
Fine Sand. Cravel
" —
|
© § i
B I \ 1
: pmsl v
i [ [
N I \
© I [
- [ Ll
= IRl
=i
0 -
o T Lt T !
33 SR SR T S S Y

e





media/file7.jpg
Legend:

1

Digital deflectometer
Measuring frame with leverage ratio
Hydraulic pump

Pressure plate with magnetic holder and
upper ball-and-socket joint

Pressure cylinder

Load plate

Spacer





media/file28.png
.
-
-

e

o

‘. =
@
E

160

S & 8 8 8 8 °
(e JIN)21npasoad
1891 "'V (] 2Y3 03 3uipaodoe
PPy uonewIojop Jo snnpow diyelg

140 ~

100 120 140 160

20
Staticmodulus of deformation Eraccording to the SR test
procedure (MPa)





media/file10.png
3050

700 o, 550 550 ., 550 , 700
‘1 1 1 1
S
o's}
1T 000 "
3
® © 1
Lo
® @ Ry
Lo
Lo
® @ =
Lo
® @ X
=

Legend:

. Positions of static load tests carried out according
to the SR test procedure — regulation TS4

. Positions of static load tests carried out according
to the DB A.G. test procedure — DIN 18134





media/file32.png
Vertical displacement —corner load

Wmax = 2.34 mm
Vertical displacement —shorter edge

Wmax = 2.27 mm
Vertical displacement —middle

Wmax = 2.19 mm
Vertical displacement —Ilonger edge

Maximal prinic stress — corner load

O1,max = 464 kPa
Maximal principal stress—shorter edge

o1,max = 46.12 kPa
Maximal principal stress —middle

o1,max = 45.7 kPa
Maximal principal stress—Ilonger edge

Wmax = 2.21 mm

O1,max = 46.10 kPa





media/file14.png
Gravel

Medium | Course

Fine
__.--"'

#
A~

Sand

Medium| Course
|

Fine

Silt

Fines

Clay

/

SR IBI I e

y3om Aq 1aur o,

0°¢9

00¢

09

0°¢

90

0

Grain diameter (mm)

€900

00
100
900°0
¥00°0

000





media/file11.jpg
subgrade surface

1 measurement cycle: E, =10+ 2 MPa
2% measurement cycle: Eg =20+ 2 MPa
3+ measurement cycle: E,=30 +2 MPa

5 x crushed aggregates layer fr.0/31.5 mm,
thickness 150 mm, total thickness 750 mm

non-woven separation geotextile B30

subgrade (clay with an admixture of gravel)





media/file6.png
01=03-0omex 2=0.7 - Oomx 03 = GOmax

03 | 04 o5 06 oo

0.2

0 0,01 0.1

llllllllllllllll lo_ n\
N__
X.&_ 0
_
/o
A o
™ \nA _ A__
V\x.\ il _ O \\“
-
PIIIIIIITI? i i S S— >
o i) S & < S v
= — -l (ap] = L





media/file15.jpg





nav.xhtml


  buildings-13-02016


  
    		
      buildings-13-02016
    


  




  





media/file16.png
e L






media/file2.png
Legend:

Sector A: verification of the material thermotechnical characteristics and monitoring
of the thermal regime of the track substructure construction

Sector B: measuring of the deformation characteristics - the major experimental stand
Sector C: measuring of the deformation characteristics - the small experimental stand

Measuring profile no. 4

[ e e e

e
4 |n“/ o
L eol o0l - : :

. 1 &2 Ge 9 Measuring profile no. 3
measuring nodes g|§ a|§\ B R i o i«
- distributors for B B

datal gle &8
ata loggers
56 =SS B

steel test frame Measuring profile no. 2
with a movable
transverse beam

Measuring profile no. 1

| Measuring profile no. 5





media/file20.png
100

L4

% Finer by weight

\O
o

oo
o

70
60
50

40

(8]
]

20

10

Fines Sand Gravel
Silt Fine Medium Course Fine Medium Course
A/
‘ /
A '
L
AN/
/ V4
1/ f
- / 1
’P "/
_
- ‘/ / /’/
-
" / e —— /
- s ” -
0063 012 025 0500 1 2 4 8 16 22 315 45 63

Grain diameter (mm)






media/file23.jpg
Static modulus of deformation

140
120
100

IE 2= 0.0002¢c2+0.0003tc4 + 17.058
R=09974

IE2=0.0002¢¢:2~0.01126¢;+21.85
R:=09994

E.q= 00002102+ 0012155+ 21,54

R:=09973

o 100 200 300 400 500 600 700
Thickness of crushed aggregateslayerfr. 0/31.5mm fcs (mm)
®  1st measurement cycle
@ 2nd measurement cycle
©  3rd measurement cycle

800





media/file5.jpg
>

8
©
m S
(]
d= %
13 /
§—f———ft———t——— 1\\
S o
[ !
8 1
w X 4“ 0
o
s S +
g I 7 e
i z \\ﬂ |
g —
" T <A
Ll N 7
. s %85 3543 a-





media/file24.png
Static modulus of deformation

E zr=0.0002¢c42+0.0003¢, +17.058 -8
| R =0.9974 e
1E 2= 0.0002¢,2~ 0.0112¢c,+21.85 P
I R2=0.9994 '

E,.:=0.0002¢c,2+0.012¢sp+21.54 e ;

R2=09973 = i@
_ ‘,
| .':E:::: --------
0 100 200 300 400 500 600 200

Thickness of crushed aggregateslayer fr. 0/31.5mm {4 (mm)
®  Ist measurement cycle
® 2nd measurement cycle
® 3rd measurement cycle

800





media/file29.jpg





media/file1.jpg
i of the material thermotechnical characteristics and monitoring
of the thermal regime of th track substructure construction

Sector B: measuring of the deformation characteristics-the major experimental stand
Sector C: measuring of the deformation characteristics - the small experimental stand

Measuring profile no. 4

le0.7
leno.6

Measuring

‘measuring nodes
~distributors for

data loggers

profil

proil

steel testframe
withamovable
transverse beam

|Measuring profile no. 5





media/file31.jpg
Vertical displacement —corner load Maximal princ stress —corner load

{
'

=234 mm 1464 kP
Verticaldisplacement —shorter e Maxinal princpal tress—shorte eige

(.
¢

=227 mm 4612400
Verticaldisplacnent —midle Mexiomal princpal stress—widdle

(
{

=219 mm 1457 K00
Vertialdisplcement —longer edge Masimal privcipal strss —longeredge

(
¢

Y O = 4610 kP2





media/file25.jpg
Correlation cocfficient C,
oo oo B e
chE88-NERE

C=-0.0002E 12+ 0.0225E,r+0.714
RE=09297

C.=-0.0001E2+0.0153E 1+ 0.9289
R=09147

C,=-8E-05E,,2+ 0.0109E ,+ 11172
R2=09615

0 40 6 8 100 120
Staticmodulusof deformation £ (MPa)

140

160





media/file12.png
subgrade surface

15t measurement cycle: E; =10 + 2 MPa
2nd measurement cycle: E,=20 + 2 MPa
34 measurement cycle: E;=30+2 MPa

®191W W
R IA

99,99

» \ A

— 5 x crushed aggregates layer fr. 0/31.5 mm,
thickness 150 mm, total thickness 750 mm

— non-woven separation geotextile BS30
450 GTX-N, 350 g'rm~

— subgrade (clay with an admixture of gravel)





media/file9.jpg
3050
700 550 , 550 , 550 , 700
| R N

800 ), 550 ), 550 |, 550 | 550 |, 800
3800

Legend:

(@) Positions of static foad tests carried out according
to the SR test procedure - regulation TS4

. Positions of static load tests carried out according
to the DB A.G. test procedure — DIN 18134





media/file0.png





media/file8.png
Legend:

1.

2.
3.
4

ARG

Digital deflectometer

Measuring frame with leverage ratio
Hydraulic pump

Pressure plate with magnetic holder and
upper ball-and-socket joint

Pressure cylinder

Load plate

Spacer





media/file17.jpg





