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Summary This leaflet relates to earthworks and track beds for ballasted track. The study of railway track substructure can be considered as two separate subjects: -



the design of track bed layers and earthworks for new lines;



-



maintenance of the track bed layers and earthworks on existing lines, which show signs of ageing or are exposed to a more severe loading regime (increase in gross tonnage, axle-load or speed).



The technical design life considered in this leaflet for substructure is of 100 years. The leaflet is divided into 3 sections: -



terminology and classification of soils and subgrades,



-



construction of earthworks and track bed layers for new lines,



-



maintenance of earthworks and track bed layers on existing lines.



1
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1 - Terminology and classification of soils and subgrades 1.1 -



Definitions



1.1.1 1.1.1.1 -



Geotechnical symbols, terms, definitions and units ISSMGE recommendations



The geotechnical symbols used in this leaflet are listed in the table below; these symbols conform to the recommendations of the ISSMGE (see List of abbreviations - page 105). Other symbols and units used exceptionally by certain railways are given in the comments column. Table 1 : Geotechnical symbols Definition



Unita



Symbol



Term



IC



Consistency index



Defined by (wL - w)/IP



1



IL



Liquidity index



Defined by (w -wP)/IP



1



IP



Plasticity index



Difference between liquid and plastic limits



-



Comments



Defined by (wL -wP) w



Moisture content



Weight of interstitial water divided by weight of solid particles



wL



Liquid limit



Moisture content of a re-moulded soil at the transitional point between liquid and plastic states



wP



Plastic limit



Moisture content of a re-moulded soil at the transitional point between the plastic and solid state with shrinkage



γ



Bulk unit weight



The total weight of the soil divided by its volume



kN/m3



γd



Dry unit weight



The weight of solid particles in the soil divided by its volume



kN/m3



γs



Particle unit weight



The weight of solid particles divided by their volume



kN/m3



γw



Unit weight water



The weight of water divided by its volume



kN/m3



2



CEN ISO/TS 17892-1 -



CEN ISO/TS 17892-12 CEN ISO/TS 17892-12
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Table 1 : Geotechnical symbols Symbol



Term



Definition



Unita



Comments



ρ



Bulk density



The total mass of the soil divided by its volume



kg/m3



CEN ISO/TS 17892-2



ρd



Dry density



The mass of the solid particles divided by the total volume of the soil



kg/m3



CEN ISO/TS 17892-3



ρs



Particle density



The mass of the solid particles divided by their volume



kg/m3



ρw



Water density



The mass of water divided by its volume



kg/m3



e



Voids ratio



The volume of voids divided by the volume of solid particles



1



n



Porosity



The volume of voids divided by the total volume of soil



1%



Sr



Degree of saturation



The volume of interstitial water divided by the total volume of voids



1%



D, d



Particle size



The size of the particle as determined by sieve analysis or sedimentation



mm



Dn , dn



n- percentile particle size



The size at which n % (by weight) of the sample consists of smaller particle



mm



CU



Uniformity coefficient



Defined by: D60/D10 ; d60/d10



CC



Coefficient of curvature



Defined by:



k



Coefficient of permeability (or hydraulic conductivity)



The rate of flow of water through a unit area of soil when under a unit hydraulic gradient (v/i)



τf



Shear strength



Shear stress at failure in the shear plane (at a given point)



2



1



Some railways use symbol U



1



DIN 18196 SN 670120 BS 5930 Some railways use symbol C



m/s



CEN ISO/TS 17892-11



2



( D 30 ) ( d 30 ) ------------------------- or ----------------------D 60 × D 10 d 60 × d 10



3



CEN ISO/TS 17892-4



kN/m2
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Table 1 : Geotechnical symbols Symbol



Term



ks



Subgrade modulus



Unita



Definition The change in vertical stress divided by the corresponding displacement for a given load increment on a rigid plate



Comments



kN/m3



a. Conventions adopted for the SI units: m, s, kg, N, N/m2 (Pa) 1: for dimensionless values expressed as a real number (e.g. Sr = 0,93) %: for the same values, which can also be expressed as % (e.g. Sr = 93 %) -: for values which are defined as % (e.g. WL = 45)



1.1.1.2 -



Terms and definitions normally used internationally



Some terms are given below together with the most commonly used definitions and symbols. Table 2 : Terms and definitions Symbol



Term



Definition



Comments



Fines



Percentage of soil by weight with d < 0,06 mm



Certain railways consider percentages with d < 0,063 mm or d < 0,08 mm



Particle shape



Defined by thickness width and length of each particle



BS 812/1990 BS 5930/1999 CNR B.U.n.95/1984 NF P 18 561 EN 933-3/1997



Hardness of stone



Resistance to impact and attrition



May be determined by the: - Los Angeles - Deval - Microdeval, tests Los Angeles test CNR B.U.n.34/1973 NF P 18 573/1990 EN 1097-2/1999 Deval test NF P 18 577 Microdeval test CNR B.U.n.109/1985 NF P 18 572/1990 EN 1097-1/1997 Other hardness tests: - BR ballast specification - DIN 52 115
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Table 2 : Terms and definitions Symbol



Term



Definition



Comments



California bearing ratio CBR



Empirical value of a bearing load expressed as a percentage of a reference bearing load



BS 1377 : 1990 CNR-UNI n.10009/1964 NF P 94 078-1 NF P 94 078-2 UNE 103502/1995



ρPr



PROCTOR density



The maximum dry density and water content under standardised conditions of compaction



BS 1377 : 1990 DIN 18 127/1997 NF P 94 093 SN 670330 UNE 103500/1994



DPr



Degree of compaction



ρd / ρPr



Used by some railways



EV2



Modulus of deformation obtained on 2nd loading in the plate bearing test



2 1, 5 rΔσ E V2 = --------------------- ( MN ⁄ m ) Δs with: r : plate radius Δσ : increment of pressure under plate Δs : increment of settlement of plate



DIN 18 134 NF P 94 117.1 NLT 357/98



MBF



Blue value



Weight of methylene blue absorbed by 100 g of material between 0 and 0,125 mm



EN 933-9/1999



MB



Blue value of soil 0/D



Weight of methylene blue absorbed by 100 g of material between 0 and 2 mm



EN 933-9/1999
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Schematic cross section



1 3



Subgrade or platform



Substructure or infrastructure Superstructure



1.1.2 -



2 4



6



5



Subgrade level 1 Ballast



4 Prepared subgrade or form layer



2 Blanket layer



5 Embankment or excavation surface



3 Track-bed layers



6 Longitudinal drains



Fig. 1 - Schematic cross section NB :



Some countries include the blanket layer in the superstructure



Track bed layers By virtue of their nature and thickness, the track bed layers play an important part in track performance with respect to track support stiffness, maintenance of track geometry and drainage. The general term "track bed layers" refers to both the ballast and sub-ballast layers. The design thickness of the track bed layers depends on: -



intrinsic characteristics of the subgrade soils (nature, bearing capacity, reaction to water and frost, etc.);



-



the geological and hydrogeological conditions of the site;



-



climatic conditions of the site;



-



traffic (gross tonnage, axle loads, speeds);



-



track configuration (rail profile, type and spacing of sleepers, etc.).



The thickness of the ballast layer should be taken into consideration when designing the blanket layer. Ballast The ballast is considered to form part of the superstructure. For this reason, problems relating to the ballast layer and ballast materials are only referred to here in so far as they affect the quality of the infrastructure and track bed.
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Blanket layer The blanket layer lies between the subgrade and ballast. It has a number of functions: -



improving the bearing capacity by modifying the stiffness and achieving a better distribution of transmitted loads;



-



contributing to the improvement of dynamic performance;



-



acting as a filter between subgrade and ballast;



-



protecting against erosion and frost;



-



shedding surface water.



The blanket layer may consist of one or several layers (sub-ballast layer, frost protection layer, filtering layer). It may include granular, cement or lime treated layers, bituminous layers, geosynthetics or frost isolation plates. Earthworks A general term applying to cuttings, embankments and composite cross sections. Subgrade and platform The subgrade is the upper part of the earthworks, on which the blanket layer rests. On embankment, the subgrade will be formed of imported soil whereas in cutting it will be the naturally occurring soil or a layer of imported soil. The platform is the upper surface of the subgrade. Prepared subgrade or form layer The upper part of the subgrade is formed into a prepared subgrade layer, which normally has a crossfall. The function of the prepared subgrade is considered differently by the different railways (e.g. bearing capacity, soil protection during the works and the whole life of the track, frost protection). Longitudinal drains Longitudinal drains collect and discharge surface water, seepage water and ground water. Generally, a distinction is made between: -



buried drains,



-



side ditches.
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1.1.3 -



Geosynthetics



Structural elements made of synthetic materials for use in earthworks and track bed constructions. A distinction is made between: Geotextiles (see ERRI report D 117/RP 24) (see Bibliography - page 106) Geosynthetics (woven or non-woven) which may be used for: -



separation,



-



filtering,



-



drainage,



-



reinforcement.



Geomembranes Geosynthetics (synthetic or bituminous layers) impermeable to water, which may be used for protection of sensitive subgrades against penetration of surface water or for protecting ground water against pollution. Geogrids Fine or coarse mesh geosynthetics may be used for separation and reinforcement. Geocomposites Compound structures made of at least 2 layers of geosynthetic materials.



1.1.4 -



Maintenance of earthworks and track bed on existing lines



General maintenance The term "general maintenance" refers to maintenance and renewal operations as a whole. The objectives of maintenance of earthworks and track bed layers are to: -



ensure that trains run safely and give an adequate standard of passenger comfort,



-



avoid premature fatigue in track bed components.



Renewal Renewal is an operation in which one or several parts of the track bed are replaced. Routine maintenance The term day-to-day maintenance refers to operations aimed at keeping the system in a state of repair compatible with service requirements.
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Remedial work Remedial work embraces the following: -



installing or repairing a drainage system,



-



installation of blanket layers to suit local conditions.



Strengthening of earthworks The main purpose of strengthening work is to stabilise the earthworks by one of the following methods: -



modification of the geometry of the earthwork,



-



improvement of the characteristics of the existing materials,



-



construction of other earth-retaining structures,



-



provision of drainage.



Improvement of track bed layers The term "improvement" refers to the operation of increasing the thickness of the track bed layers to suit local conditions.



1.2 -



Geotechnical classification of soils



1.2.1 -



General



The most commonly used methods described below draw a distinction between: -



mineral soils (point 1.2.2) which may be sub-classified according to: • • • •



particle size (point 1.2.2.1 - page 10 ), plasticity (point 1.2.2.2 - page 12), sensitivity to water (point 1.2.2.3 - page 12), mineral content (point 1.2.2.4 - page 12);



-



organic soils (point 1.2.3 - page 12),



-



mixed soils (point 1.2.4 - page 13).
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1.2.2 1.2.2.1 -



Mineral soils Classification according to particle size



A mineral soil may be identified by its particle size distribution (PSD) curve which is obtained by sieving and/or sedimentation tests. Figure 2 - page 10 shows an example of a PSD curve. The ISSMFE advocates the use of the size limits given in table 3 - page 10. Some railways use slightly different limits. CLAY



GRAVEL



SAND



SILT



Percentage passing (by weight)



fine medium coarse fine medium coarse fine medium coarse



0,002 0,006 0,02 0,06 100 90 80 70 60 50 40 30 20 10 0



0,002 0,005 0,02 0,05



Example of sieve sizes (square mesh)



0,2



0,6



0,2 0,5



0,074 0,063



0,25



2



2



6



5



60



20



100 90 80 70 60 50 40 30 20 10 0



50



20



5,0 811,3 32



64



0,2 1,0 4,0 6,3 20 31,5



Particle sized (mm)



63



Fig. 2 - Example of a particle size distribution curve (logarithmic scale of abscissas) Table 3 : Particle sizes classification (according to EN ISO 14688-1: 2002) Soil fractions Very coarse soil



Coarse soil



Fine soil



Sub-fractions



Symbols



Particle sizes mm



Large boulder



LBo



> 630



Boulder



Bo



> 200 to 630



Cobble



Co



> 63 to 200



Gravel Coarse gravel Medium gravel Fine gravel



Gr CGr MGr FGr



> 2,0 to 63 > 20 to 63 > 6,3 to 20 > 2,0 to 6,3



Sand Coarse sand Medium sand Fine sand



Sa CSa MSa FSa



> 0,063 to 2,0 > 0,63 to 2,0 > 0,2 to 0,63 > 0,063 to 0,2



Silt Coarse silt Medium silt Fine silt



Si CSi MSi FSi



> 0,002 to 0,063 > 0,02 to 0,063 > 0,0063 to 0,02 > 0,002 to 0,0063



Clay



Cl



≤ 0,002



When classifying a mineral soil according to its particle size, this soil is described by the fraction which dominates its behaviour, preceded where appropriate, by adjectives qualifying the other classes represented. The soil represented in figure 2 would therefore be described as "gravelly and slightly silty sand".
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Based on the particle size distribution the following coefficients may be calculated: -



the uniformity coefficient CU (defined in point 1.1.1.1 - see page 3),



-



the curvature coefficient CC (defined in point 1.1.1.1).



For the soil shown in Figure 2 - page 10, therefore: d 60 1, 2 C U = --------- = ------------- = 20 d 10 0, 06 2



2 ( d 30 ) ( 0, 3 ) C C = ------------------------ = ----------------------------- = 1, 25 d 60 × d 10 1, 2 × 0, 06



The concept of a uniformity coefficient is very important for assessing the quality of granular soils, particularly with respect to: -



suitability for compaction,



-



bearing capacity of the track bed layers closest to the underside of the sleepers.



A granular soil is considered to be well graded when: CU > 6 It should be noted that, for the blanket layer, certain railways demand higher values. In addition, the coefficient of curvature CC is relatively important, although it is not observed by all railways. A soil is considered to be well-graded when: 1 < CC < 3 both for sandy gravel and for sand.
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1.2.2.2 -



Classification according to plasticity



For a more meaningful classification of fine cohesive soils, the Atterberg limits are generally used (the test is performed on the fraction of the soil in the size range 0 to 0,4 mm). The Atterberg limits are: -



liquid limit wL,



-



plastic limit wP.



These are used in conjunction with the diagram derived from the Casagrande plasticity chart (Figure 3 - page 13), to give a further classification of the soil. Even a very small proportion by weight of organic material can affect the classification of fine soils according to the plasticity chart. 1.2.2.3 -



Classification according to sensitivity to water



The sensitivity of a clay to water can be characterised by the Methylene blue test (blue value MBF). Similarly, the sensitivity of a soil to water can be characterised by the clay content (MB). When MB < 0,1, the soil is said to be insensitive to water; when MB > 0,2, the soil is sensitive to water. 1.2.2.4 -



Classification according to mineral content



A reference to the mineral content is often added to the classifications (particle size and plasticity). For example: -



quartz sand,



-



olivine sand,



-



fine marl, according to the CaCO3 content.



1.2.3 -



Organic soils



Organic soils are the result mainly of the decomposition of vegetable or animal remains (see table 4 page 13). The main groups are: topsoil, peat, organic mud (also gyttja, dy and sapropel). Like mineral soils, organic soils can normally be tested for moisture content, liquid limit, plasticity index, strength and compressibility. Topsoil consists mainly of natural and artificial humus mixed in varying proportions with mineral soils. Peat consists of the remains of vegetable matter in varying stages of decomposition and is formed in situ. It is classified according to the degree of decomposition, etc., but the classification system is not given here as it is of little interest for railway applications.
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Medium plasticity



Low plasticity



High plasticity Clay



50 40 Silt and organic soils



Plasticity index IP = wL - wP (%)



60



30 20 IP = 0,73 (wL - 20)



10 0 0



10



20



30



40



50



70



60



Liquid limit



80



wL (%)



Fig. 3 - Plasticity chart for the classification of fine grained soils (after Casagrande) Organic muds are organic soils deposited under water by sedimentation, and they originate from the decomposition of plant and animal matter and micro-organisms. They are often mixed with sand, clay or limestone and have an elastic, spongy texture.



1.2.4 -



Mixture of mineral and organic soils



Mixed soils can be classified according to table 4: Table 4 : Classification of mixtures of mineral and organic soils (according to EN ISO 14688-2: 2004) Organic content (≤ 2 mm) % of dry mass



Soil Low-organic



2 to 6



Medium-organic



6 to 20



High-organic



NB :



> 20



some railways use different values.



Soils containing organic matter can also be classified according to plasticity using figure 3.
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1.3 -



Classification of subgrades according to bearing capacity



To classify a subgrade, it is necessary to: -



determine the quality of each soil type contained in the subgrade (see point 1.3.1);



-



then determine the bearing capacity of the whole subgrade: prepared subgrade and subsoil (see point 1.3.2 - page 16).



1.3.1 -



Soil quality classes



The quality of a soil depends on the following two factors: 1. the geotechnical properties of the soil; for this purpose, the geotechnical classification referred to in point 1.2 - page 9 should be used; 2. the local hydrogeological and hydrological conditions; these conditions, in as far as they affect the bearing capacity of the soil, can be considered good if: • the uppermost layer of soil is above the level at which it may be adversely affected by the highest natural ground water level (this level should be assessed assuming unfavourable weather conditions and no drainage), • there is no harmful natural transverse, longitudinal or vertical water flow in the subgrade, • rainwater is correctly drained from the subgrade and the longitudinal or transverse drainage system is in proper working order. If any of these three criteria is not satisfied, the hydrogeological and hydrological conditions must be considered to be poor. On the basis of the above information, it is possible, by referring to table 5 - page 15, to assign a quality class to any given soil using the following 4 QSi quality classes for soils: QS0



:



"Unsuitable" soils which do not form a suitable subgrade and therefore require improvement (replacement to a certain depth with better quality soil, stabilisation with binding agents, use of geotextiles, reinforcement with piles, etc.). For this reason, these soils are not considered here when dimensioning the track bed layers.



QS1



:



"Poor" soils which are acceptable in their natural condition subject to adequate drainage being provided and maintained in good order. These soils could be considered for upgrading by means of the appropriate treatment (e.g. stabilisation binding agents).



QS2



:



"Average" soils.



QS3



:



"Good" soils.



Point A.4 - page 72 contains a table, which links the above-mentioned quality classes for soils with the French earthworks classification.
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Table 5 : Soil quality classes Soil type (geotechnical classification) 0.1



High-organic soils



0.2



Soft soils containing more than 15 % of fines a, with a high moisture content, unsuitable for compaction



0.3



Thixotropic soils b (e.g. quick-clay)



0.4



Soils containing soluble material (e.g. rock salt or gypsum)



0.5



Contaminated ground (e.g. industrial waste)



0.6



Medium-organic soils b



0.7



High plasticity soils with more than 15 % of fines, collapsible soils c or expansive soils d



1.1



Soils containing more than 40 % of fines a (except for soils classified under 0.2 or 0.7)



1.2



Rocks which are very susceptible to weathering E.g.: - Chalks with ρd < 1,7 - Marl - Weathered shale



Soil quality class



QS0



QS1 t/m3



and high friabiity



1.3



Soils containing more than 15 to 40 % of fines a (except for soils classified under 0.2 or 0.7)



1.4



Rocks which are moderately susceptible to weathering E.g.: - Chalks with ρd < 1,7 t/m3 and low friability - Unweathered shale



1.5



QS1 e



Soft rock E.g.: Microdeval wet (MDE) > 40 and Los Angeles (LA) > 40



2.1



Soils containing from 5 to 15 % of fines a except collapsible soils c



2.2



Uniform soils containing less than 5 % of fines a (CU ≤ 6) except collapsible soils d



2.3



Moderately hard rock



QS2 f



E.g.: If 25 < MDE ≤ 40 and 30 < LA ≤ 40 3.1



Well graded soils containing less than 5 % of fines a



3.2



Hard rock



QS3



E.g.: If MDE ≤ 25 and LA ≤ 30



a. These percentages are calculated from particle size distribution analysis undertaken on material passing a 63 mm sieve. The percentages indicated here have been rounded down (practices vary slightly from one Railway to another); they may be increased by up to 5 % if a sufficiently representative number of samples is taken. b. Certain railways sometimes include these soils in quality class QS1. c. Collapse settlement higher than 1 % for undisturbed samples or for remoulded samples with the standard Proctor density and a normal pressure of 0.2 MPa d. Free swelling higher than 3 % for undisturbed samples or for remoulded samples with the standard Proctor density e. These soils can come under class QS2 if the hydrogeological and hydrological conditions are good. f. These soils can come under quality class QS3 if the hydrogeological and hydrological conditions are good.
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1.3.2 -



Bearing capacity classes for subgrade



The bearing capacity of the subgrade depends on: 1. the quality class of the soil which forms an embankment or the natural soil at the base of a cutting; 2. the quality and thickness of the prepared subgrade (when this exists). On the basis of the parameters described above a distinction can be made between the three following bearing capacity classes: -



P1 : poor subgrade,



-



P2 : average subgrade,



-



P3 : good subgrade.



Methods of classification used vary from one Railway to another. One of the methods is given in table 6. Table 6 : Determination of the bearing capacity of the subgrade Embankment or excavation surface Quality class of the soil



CBR a (min)



Requirements of prepared subgrade



Class of bearing required for the subgrade



Quality class



CBR b (min)



Min. thickness: "ef" (m) (see Fig. 15 - page 37)



QS1 QS2 QS3 QS3



2 c-3 5 10-17c 10-17c



0,50 0,35 0,50



QS1



2c-3



P1 P2 P2 P3



QS2



5



P2 P3



QS2 QS3



5 10-17 c



0,35



QS3



10-17 c



P3



QS3



10-17 c



-



a. CBR corresponding to the "in situ" conditions of the material (the samples must be saturated during the test) b. CBR corresponding to a remoulded sample compacted to the design conditions of the material (the samples must be saturated during the test). c. Proposed values according ERRI Report D117/RP 28 (1983).
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1.4 -



Frost susceptibility of soils



Soils may be divided into three classes according to their degree of susceptibility to frost: -



not susceptible to frost;



-



susceptible to frost;



-



very susceptible to frost.



A soil which is not susceptible to frost is one which does not cause unacceptable disturbance to the track geometry as it freezes and thaws. A soil which is susceptible or very susceptible to frost is one in which lenses of ice (formed under certain conditions of temperature and water availability) cause unacceptable disturbance of the track geometry. For individual gradings, the frost susceptibility of a soil can generally by deduced from its particle size using table 7. Table 7 : Frost susceptibility of the various soils types Degree of frost susceptibility



Soil type



Not susceptible to frost



Sand Gravel



Slightly susceptible to frost



Silty sand, silty gravel



Susceptible to frost



Clay, clayey moraine



Very susceptible to frost



Silt, clayey silt, silty clay, silty moraine



In practice, it is essential to consider the overall grading. A soil composed mainly of coarse particles (which are unaffected by frost) will become frost-susceptible when the percentage of clay or silt rises above a certain critical level. It is therefore essential to use the concept of a critical percentage of fine particles. Casagrande's criterion is the best known; it gives the critical percentage of particles with a diameter of d < 0,02 mm (table 8) for soils having uniformity coefficients CU of 5 and 15 respectively. For other values of CU, the critical percentage may be found by interpolation. Table 8 : Critical percentage of fine particles (d < 0,02 mm) in a soil with regard to its frost susceptibility Uniformity coefficient CU of the soil under consideration



Critical percentage (by weight) of particles with a diameter d < 0,02 mm



5



10



15



3
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For a given track, the frost susceptibility also depends on geological conditions, the nature of the constituent soil particles (mineral and chemical composition, shape of the fine particles) and the required quality of track geometry. For these reasons, some railways have adopted other frost-susceptibility criteria. These include the criteria of: -



Beskow (see Bibliography - page 106),



-



Schaible (see Bibliography - page 106).



Criteria developed for roads should not be used unless appropriately adapted. The degree of frost susceptibility can be estimated by the capillarity of the soil layer. If the capillary rise of water is > 0,7 m the soil layer can be considered frost susceptible. In track-bed layers the capillary rise of water shall be ≤ 0,3 m The degree of frost susceptibility can also be estimated with the help of figure 4. For this purpose, the particle size distribution analysis should be carried out on that fraction of the test sample which passes through a 2 mm sieve. The frost susceptibility criteria of soils are not applicable to organic soils.



SILT



CLAY



SAND



fine medium coarse fine medium coarse



Percentage passing (by weight)



0,002 100 90 80 70 60 50 40 30 20 10 0



s



0,006



p ce us



0,002



ti



0,02



e bl ry ve



0,005



s



p ce us



0,2



0,06



tib



2



le ib pt



le



e sc su no



0,02



0,6



0,05



p ce us s t



0,2



tib



le



0,5 2 Particle size d (mm)



Fig. 4 - Frost susceptibility of soils (estimation on the basis of sieve analysis of fraction passing 2 mm)
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2 - Earthworks and track bed for new lines 2.1 2.1.1 -



Geotechnical and hydrogeological studies General



No new line can be either designed correctly or constructed economically unless both the nature of soils and rocks encountered and the hydrogeology of the route are fully understood. The geotechnical studies include all field and laboratory work deemed to be necessary. Technical requirements must also be compatible with the environmental constraints (mining operations, water mains, etc.).



2.1.2 -



Preliminary studies



A study of available documents (topographical maps, geological maps, hydrogeological data, aerial photographs, historical site investigation records relating to the area, etc.) constitutes the first stage of the geotechnical studies. Site reconnaissance should also be included at this stage. The preliminary studies give a general understanding of the geotechnical problems likely to be encountered and provide a basis for defining the scope of the main investigation. Photographic interpretation (stereoscope examination of aerial photographs) may permit further analysis and a fuller understanding of the geology of the site.



2.1.3 -



Main ground investigation



The main geotechnical investigation consists of: -



geophysical methods (table 9 - page 20);



-



mechanical methods (table 10 - page 21).



Both the performance and the interpretation of the test indicated in the tables 9 - page 20 and 10 page 21 should be carried out by experts or experienced companies
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Table 9 : Geophysical methods General methods Electrical



Electromagnetic



Specific methods



Measured parameter



Resistivity



Apparent resistivity



Lithology. Detection of faults, cavities, aquifers



Tomography



Apparent resistivity



Lithology in borings. Detection of faults, cavities, aquifers



Geo-radar



EM waves



Antropic fills. Detection of cavities and water conductions at low depth. Definition and control of layer’s thickness



Anomaly of earth’s magnetic field



Location of antropic fills. Investigation of geological structures



Gravity field



Investigation of geological structures and rock. Zones with great density contrast. Cavities



Refraction



V. elastic waves



Dynamic modulus. Thickness of layers. Rippability



Reflection



V. elastic waves



Investigation of geological structures. Detection of cavities



Surface waves



V. elastic waves



Dynamic modulus. Investigation of embankments and soil improvement control



Cross-hole



V. elastic waves



Lithology in boring. Dynamic modulus. Soil improvement control



Down-hole



V. elastic waves



Lithology in boring. Dynamic modulus. Soil improvement control



Tomography



V. elastic waves



Lithology in boring. Dynamic modulus. Detection of cavities. Soil improvement control



Magnetic



Microgravimetric



Seismic



Application
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Table 10 : Mechanical methods General methods Borehole



Penetrometer



Specific methods



Measured parameter



Trial pit



Surface lithology. Soil samples



Borings



Boring parameters



Lithology. Soil samples. Execution of "in situ" tests



Static



Resistance



Thickness of layers. Measurements compaction and bearing capacity of soft soil



Mechanical properties of soil



Soils and rocks



Mechanical properties of soil



Soils



Dynamic Pressuremeter



PBPa, SBPb Flat dilatometer



Plate loading test



Static Dynamic



Permeability tests



Application



Lefranc



Permeability



Lugeon Others



Vane test



Laboratory tests



Index and chemical test



Soils



Soils Soils Rocks



Shear strength



Soft soils Soils and rocks



Permeability test



Coefficient of permeability



Soils



Mechanical test



Deformability and shear strength



Soils and rocks



a. Preboring pressuremeter b. Self boring pressuremeter



NB :



Requirements for performing most of the "in situ" tests indicated in the table are given in EN ISO 22476-1 to EN ISO 22476-6, EN ISO 22476-8, EN ISO 22476-9, EN ISO 22476-12 and EN ISO 22476-13 . Requirements for performing laboratory tests for soils of the type indicated in the table can be found in CEN ISO/TS 17892-5 (deformability). CEN ISO/TS 17892-7 to CEN ISO/IS 17892-10 (shear strength).
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2.1.4 -



Supplementary ground investigation



Following interpretation of the results of the main ground investigation, the need will arise to undertake further detailed ground investigation in problem areas (large embankments and cuttings, zones of marginal or poor ground conditions, areas where hydrogeology is a problem, etc.) and to clarify the design of foundations at major structures. This entails: -



additional boreholes;



-



disturbed and undisturbed sampling for laboratory tests;



-



in situ testing;



-



further hydrogeological studies over at least one annual weather cycle.



Where necessary, natural slopes should be instrumented to monitor any shallow or deep seated ground movements.



2.1.5 -



Supervision of investigations



During the course of the investigations, the programme should be adapted to the observed soil and ground water conditions. It is therefore essential that the work be supervised by an experienced geotechnical specialist.



2.1.6 -



Geological and geotechnical report



The results of all investigations should be presented in the form of a geotechnical report. This report should contain a description of the site and geology, borehole logs, geological sections, etc. The results must be interpreted for each structure planned. All the necessary calculations (slope stability, settlement, dewatering) are given in the report, which must give precise recommendations for the design of earthworks, track bed and the foundation of engineering structures and indicate whether special construction techniques may be required (reinforced earth, vibro-flotation, intensive dynamic compaction, etc.). The longitudinal geotechnical section may also include information on each cutting and embankment: -



height of the earthwork;



-



geotechnical description of each stratum;



-



methods of construction;



-



suitability of soils for re-use (for embankments, prepared subgrade, etc.);



-



hydrogeology: • maximum and minimum piezometric levels, • drainage requirements (during and after construction);
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-



slopes: • recommended slopes (including need for benching), • special requirements to ensure stability (toe drains, filter layers, counterfort drains, etc.);



-



measures to facilitate consolidation settlement of embankments over compressible soils;



-



embankment design (i.e. homogeneous construction, a drainage layer included at its base, an impermeable covering, composite construction, etc.);



-



requirements for prepared subgrade on embankments and in cuttings;



-



assumed soil quality classes, bearing capacity of subgrade and required track bed construction.



2.2 2.2.1 -



Suitability of soil for substructure works Body of the embankment



Generally, the suitability of a soil for use can be determined as follows (see table 5 - page 15): -



soils which cannot be used unless a special study is carried out (taking into account the long term behaviour of the embankment subject to the climatic, hydrogeological and hydrological conditions) include soils 0.1 to 0.7,



-



soils which can be used in certain conditions (moisture content, climatic conditions, compaction conditions, height of embankment, layer of low quality fill protected by a layer of higher quality material, sandwich construction); soils 1.1 to 1.5, 2.1 and 2.2;



-



soils which can always be used: 2.3, 3.1 and 3.2.



The upper limit of particle size in any fill is governed by the need to be able to spread and compact it effectively, and is therefore related to the depth of the layer. Normally, particles should not be more than 600 mm in diameter; it is also recommended that the maximum particle size is less than half of the thickness of the layer. The maximum particle size of fill used to backfill structures must be less than 100 mm. In this case, fill should be laid in thin layers and a small compactor should be used so as not to disturb the structure. The fill used in the vicinity of masonry of overbridges must not be susceptible to settlement (i.e. soil of quality class QS3). The lowest layer of embankments resting on damp ground must be selected from quality class QS3 (drainage material). The drainage qualities can be improved by using geotextiles.



2.2.2 -



Prepared subgrade (embankments and cuttings)



The categories of materials given in point 2.2.1, except soils 0.1 to 0.7, 1.1 (if the soil has medium plasticity) and 1.2, are also applicable to the prepared subgrade. However, the size of the largest particle should be either half of the layer thickness or 200 mm, whichever is the smaller (maximum of 100 mm in the vicinity of structures).
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2.3 2.3.1 -



Design and construction of earthworks General



The regulations relating to the design and construction of earthworks on different railways are largely based on techniques developed for highway works. A bibliography covering both roads and railways is given in Bibliography and it is therefore only necessary to make a few general comments here. The tasks of design and construction of earthworks must be very closely controlled. Correct dynamic functioning of the "vehicle/track/earthwork" system, especially the minimisation of the forces generated by rail/wheel contact, depends to a great extent on the correct performance of the earthwork from the outset. All earthworks, including landscaping and noise-protection structures, must be subject to geotechnical checks. In order to meet environmental requirements, the earthworks must conform to the following conditions: -



the materials used, especially near the surface of the structure, must not harm local vegetation;



-



the effect on hydrogeological conditions must be examined;



-



archaeological sites should be protected as far as possible.



2.3.2 2.3.2.1 -



Stability analysis of earthworks Methods of analysis



Stability: resistance to slope failure, both in the short and long term, must be demonstrated by calculations based on the geotechnical and hydrogeological properties of the ground. Settlement: settlement predictions should show not only how fast construction should proceed but also demonstrate that any settlements, which occur after the line is opened, can be rectified by routine track maintenance; if not, one of the alternatives given in point 2.3.2.3 should be considered. 2.3.2.2 -



Slope angles



Embankments: for soils which are acceptable according to point 2.2.1 - page 23, a slope of 1:1,5 or 1:2 is normally adopted (some railways adopt 1:1 or 1:1,25). In the case of coarse rockfill, also berms or toe walls, etc., may be required. Cuttings: slope angles vary according to the type of ground, e.g.: -



intact rock not susceptible to weathering and without unfavourable dip or cleavage: a slope of between 45° and 90° but with a stone trap at the base and benches having a width of about 1/3 of the height of each step produced;



-



granular soils: slope of 1: 1,5;



-



cohesive soils: slopes typically in the range 1:1,5 to 1:2 according to the height of the cutting, or even flatter, with benches if required.
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2.3.2.3 -



Techniques for the protection and stabilisation of sensitive soils and for use where hydrogeological conditions are unfavourable



Embankments: -



Replacement of the sensitive soil (this method, which is the most reliable, should be used when the depth of soil to be removed is not excessive).



-



Pre-loading for consolidation of the soil underlying the embankment or temporary surcharge of the embankment.



-



Installation of vertical drains or piles.



Where a soil susceptible to water or frost is used to form the body of an embankment, it should be protected by a covering of better quality soil. In areas susceptible to flooding, the sides of an embankment must be protected with a layer of rockfill or stones with an intermediate granular layer if required. Cuttings: In ground which is sensitive to frost or water, cutting slopes should be protected by a coarse granular layer. The water can be eliminated by appropriate methods (toe drains, counterfort drains, ditches, filter layers, etc.). Other methods may also be used (surfacing of embankment, nailing, cantilevered or anchored retaining walls, etc.). Frost protection of cutting slopes shall be considered in cohesive soils in cold climate areas.



2.3.3 -



Construction of embankments and prepared subgrades



The quality of an earthwork is highly dependent on compaction. The compaction should achieve a minimum deformation modulus with an homogeneous distribution. The compaction method is designed: -



either with the aid of compaction trials,



-



or by using the recommendations established for this purpose: e.g. the ADIF document mentionned in the bibliography - page 106 gives, for each type of soil, each type of compactor and any moisture content, the thickness of the individual layers to be provided and the compactive effort required; special arrangements can also be recommended (watering, drainage).



The degree of compaction is usually related to a reference test: Standard Proctor or Modified Proctor can be used as reference tests. The latter is becoming more common in some countries for high speed lines and high embankments. The deformation modulus can be measured by means of the plate load bearing test or by dynamic devices (Portancemeter, dynamic plate load testing). When plate load bearing test is used, the load interval for the estimation of Ev might be 0,3 - 0,7 of the maximum test load. This maximum load depends on the plate diameter (0,5 MN/m2 for the 300 mm plate and 0,25 MN/m2 for the 600 mm plate may be used).
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The degree of compaction and minimum deformation modulus, which are specified for each layer, are generally as follows: Embankment fill: 95 % of the maximum dry density as determined from the reference compaction test (Standard Proctor test or Modified Proctor test depending on the type of line, high of the embankment and country)



ρd



≥



EV2



≥



45 MN/m2 for fine soils, or 60 MN/m2 for sandy and gravelly soils



EV2/EV1



≤



2,2 for EV1 less than the minimum value prescribed for EV2



Prepared subgrade: ρd



≥



100 % of the maximum dry density as determined from the Standard Proctor test or 95 % of the maximum dry density as determined from the Modified Proctor test



EV2



≥



80 MN/m2



EV2/EV1



≤



2,2 for EV1 less than the minimum value prescribed for EV2 Some countries use less restrictive values for conventional lines.



2.3.4 2.3.4.1 -



Earthworks on highly compressible or expansive soils Highly compressible soils



Highly compressible soils are mainly peat and moorland but can also include soft clays. Depending mainly on the properties and thickness of the compressible soil, the features of the earthworks and the allowable diferential postconstruction settlements, the foundation treatment may consist on: -



Partial or complete soil replacement. This method might be useful for low to medium required substitution thickness. A shallow ground water level might make difficult this method.



-



Stone columns and sand compaction piles: The most known installation method is the vibro replacement method and the vibro compaction method. To have effectiveness in load redistribution to the columns and to avoid installation risk the soil should have an undrained shear strength of cu > 15-25 kN/m2. An installation in very soft soil is therefore not recommended. In these cases, geotextile-encased columns (GEC) might be used.



-



Grouted stone columns, premixed and concrete columns. In very soft soil or soil with organic layers columns can be formed by injecting binder into the stone or gravel column. Alternatively premixed materials can be used. To have a proper load distribution among the columns a cap layer with reinforcement (for example geogrids) above the columns may be necessary.



-



Lime and lime cement columns (deep soil mixing): Lime and lime cement columns are installed using the deep soil mixing technique, in which a binder, such as lime, cement or a mixture of lime and cement is mixed with the soil using mixing tools (EN 14679: 2005/AC (see Bibliography page 106)).
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-



Dynamic compaction: This technique is useful to densify the soil up to significant depths. This method is appropriate for new lines to compact very loose soils or landfills. Weights ranging between 15 and 40 t are repeatedly dropped from a high of more than 10 m.



-



Cut-mix-injection method (FMI): German method, by which soft soils can be cut, mixed and injected with cement slurry during one process.



-



Lightweight fill materials: When it is necessary either to construct a new line or restore an existing line with a peat subgrade, it is important to limit additional loads. This can be achieved by using lightweight material (expanded clay, expanded polystyrene) which is confined by a geotextile and protected by a layer of gravel beneath the ballast layer (refer, for example to point C.4.6 page 81).



-



Foundation reinforcement with piles or jet-grouting (EN 12716: 2001, (see Bibliography page 106)).



-



Preload treatment. Vertical drains may be used



-



Foundation treatment with grouting (EN 12715: 2000 (see Bibliography - page 106)).



Often it is necessary to install a geogrid-reinforced soil body between the track bed layers and the pile like foundation system to have a good load distribution, load transmission into the piles and reduction of horizontal deformation. 2.3.4.2 -



Volumetric unstable soils



In arid climates, where significant periods of drought followed by humid periods may be identified, the possible existence of swelling soils under the track bed layers must be consider, and if this is the case, the processes of swelling or shrinkage have to be analysed along with the depth of the active layer (zone subjected to seasonal changes in water content) and the swelling potential of the expansive soil. Materials showing a high degree of plasticity (wL > 50 or IP > 18) and low values of dry density (less than 1.5 - 1.6 t/m3) have to be considered as potentially expansive, and the design shall include results of tests to quantify this property. Those tests may consist upon measuring the swelling pressure, the free swelling or, if possible, the relationship between swelling and confining pressure on undisturbed samples. Tests may also be carried out on remoulded samples prepared with the natural conditions of moisture content and dry specific weight, acted upon by vertical stresses equivalent to those permanent stresses expected under the track at the location of the soil subject to analysis. The behaviour of those soils may be very much affected by the possible variations of their water content. They may loose dramatically their bearing capacity under saturation. On the other hand, their behaviour lacks homogeneity, and due to changes in volume and mechanical resistance with water content, they may have a significant impact upon the track behaviour. Once the presence of those soils has been identified, a complementary study has to be carried out to evaluate the possible variations to be expected in their water content during construction and during the track life span.
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If the swelling soil is located under the platform, within the active zone, the need for soil stabilization has to be considered, along the following ways: -



Substitution of the swelling soils by inert soils.



-



Stabilization treatments, as lime stabilization.



-



Ensuring a constant water content in the unstable soil by avoiding the access of water through the platform or the removal of water through evaporation. The water impoundment at the contact between imported and natural swelling soil must be prevented. This can be achieved by ensuring an adequate crossfall in this contact (at least 4 %) allowing water to be evacuated.



If the platform foundation occurs in swelling soils within the active zone, the effects of carrying the works in humid or in dry season must be considered. The infiltrations through the subballast or introduced by leakage of the drainage system must not affect the platform foundation, and adequate constructive measures have to be effected.



2.3.5 -



Transitions between structures and earthworks



On the transition between earthworks and structures (e.g. overbridges), suitable measures should be taken both to reduce differential settlement and to ensure that there is a gradual transition of support stiffness. On defining the transition zone the following aspects should be taken into account: -



Type of structure abutment (open, close, underpass, frame, piled, etc)



-



The constructive process



-



Operational speed on the track



-



The height of the embankment



-



The differed allowable settlement: the long term settlement of the foundation soil, of the backfill and of the structure should comply with the allowable differential settlement of the railway track.



The following aspects should be considered: -



Special care should be taken in the compaction works, mainly in the vicinity of the structure and in open abutments.



-



Selected compactable backfill material should be used. A percentage of cement can also be added to upgrade the material near the structure.



-



A drainage layer must be incorporated behind the structure.



A detailed study of the transitions between structures and earth works is included in ERRI D 230.1/RP3 (see Bibliography - page 106). Various examples of proven designs for transitions from earthworks to railway bridges are given in figures 5 - page 29 to 14 - page 35 for DB, MAV, RFI, INFRABEL, SNCF, SBB/CFF, ADIF and RHK.
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a) DB AG : New Railway line, V ≥ 160 km/h



b) DB AG: New Railway line, bridge in a cutting



Fig. 5 - DB (Germany)
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H



2%



1:2



4%



0,8 m ≥ 3,0 m



≥ 2H



1



Top of rail



8



2



20 cm sub-ballast



3



50 cm foundation layer



9 Drainage layer 10 Section through embankment or



4



EV2 ≥ 120 MN/m2



11 Weephole



5



EV2 ≥ 80 MN/m2



12 Foundation construction depth



6



EV2 ≥ 45



MN/m2



7



Backfill compacted in 15 to 30 cm thick (layers CU ≥ 5)



Protective layer



existing ground



13



Concrete fill



Fig. 6 - MAV example



Embankment construction after the bridge L ≥ 20 m I = H: 1 ≥ 8 m ≥3m max 15 %



≥ 0.3 m



1m 1/1



Hr



2/1



H p.c



A Bituminous concrete subballast B Strongly compacted layer Md ≥ 800 Kg/cmq ; ds ≥ 98 % AASHTO mod ; CBR ≥ 50 C Embankment Md ≥ 400 Kg/cm² ; ds ≥ 95 % AASHTO mod D Alternate layers of cemented mixed and strongly compacted earth (thickness: 20 cm per layer) E Layers of cemented mixed (thickness: 20 cm per layer) F Layers of granulated mixed strongly compacted ds = 98 % ; Md ≥ 800 Kg/cm² ; CBR ≥ 50 ; max 30 cm G Loose granulated mixed, A1 - A3 I



Drenaige



Hr = H if H ≤ 4 m Hr = 3 m if H > 4 m



Fig. 7 - RFI (Italy)
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Zone de transition (schéma) étanchéïté



H ou 5 m mini



Sous couche traitée à 3 % de ciment sous couche couche de forme



1m >3m béton de structure



matériau de couche de forme non traité matériau de sous couche traité à 3 % de ciment matériau imperméable compacté paroi drainante



Fig. 8 - INFRABEL (Belgium)
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Fig. 9 - SNCF (France)
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Top of the rail 55 cm ballast (3)



(1) (2)



2,00



(5)



(4)



(6)



(1) Connect asphalt concrete with abutment (2) Horizontal drainage if it is not possible to build a sufficient cross inclination (in cases with more than 2 tracks) cemented on a wall of drainage concrete (3) Drainage shaft, at the edges, and if there are more than 2 tracks between groups of 2 tracks (4) Vertical drainage (5) ME = 120 MPa (6) Gravel ME = 80 MPa Fig. 10 - SBB (Switzerland)



EMBANKMENT CONSTRUCTION AFTER THE BRIDGE



Ballast Sub-ballast Form layer



Impermeabilization + drain layer



Natural ground level



1: Core and top of embankment material MG: Granular material MT: MG stabilized with cement



Fig. 11 - ADIF (Spain)
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Fig. 12 - RHK (Finland)



V (min 30m; max 80m) 2 lD= 0,90



Epl = 80 MPa



Ee = 60 MPa



1:4



H



0,50m



0,50m



3,00 m



l D= 0,85 100 % PS sandy gravel l = 0,80 crushed gravel D



impermeable soil



Zone of different settlement elimination (~ 20m)



Transition zone solution on new lines by using of sandy gravel and crushed gravel



Fig. 13 - ZSR (Slovakia) When the structure abutment is not perpendicular to the track axle, the solution indicated schematically in the plan view on fig 14 can be adopted.
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1: Structure 2: Main transition zone 3: Next transition zones (when existing) 4: Embankment Fig. 14 - Schematic plan view
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2.4 2.4.1 -



Composition and thickness of the track bed layers to give the desired bearing capacity Typical track bed construction



For construction of a new line, it is important to ensure that the track bed layers have the appropriate mechanical characteristics and are of adequate thickness. These are chosen according to the parameters defined in point 1.1.2 - page 6. Typical track bed structures for various grades of bearing capacity are determined by the possible combinations of the support soil qualities and characteristics of the prepared subgrade, as indicated in table 6 - page 16. The blanket layer in its most complete form can comprise: -



a sandy gravel sub-ballast layer, the characteristics of which are defined in point 2.6 - page 40. This layer is present in almost all cases. Certain railways specify it even on rocky subgrades where it serves as a compensation layer and helps to reduce the support stiffness;



-



a "foundation" layer of well graded sandy gravel, having a grading designed to give good filtering characteristics, allowing construction traffic to run over the area. It is not required on soils of quality class QS3;



-



a filtering layer of sand to be used only with a subgrade of bearing capacity class P1;



-



a geotextile filter used with prepared subgrades P1 and P2, which improves the filtering characteristics of the track bed layers; the geotextile also facilitates construction of the track bed layers without causing rutting of the prepared subgrade in soils QS1 or QS2.



2.4.2 -



Determination of the thickness of the track bed layers to give the desired bearing capacity



The dimensioning of track bed layers must take into account both: -



the desirable bearing capacity (defined in this point);



-



the problems of frost protection (defined in point 2.5 - page 38).



The total thickness (ballast layer + blanket layer) varies according to: -



the bearing capacity of the subgrade;



-



the type of sleeper and the sleeper spacing;



-



traffic characteristics (tonnage supported, axle-load and speed).



The recommended minimum thicknesses (ERRI Report D 117/RP 28 (see Bibliography - page 106) are given in figure 15 - page 37. They are valid for tracks with a rail gauge values between 1435 and 1668 mm, sleeper spacing of 0,60 m (centre-line to centre-line) and for a maximum nominal axle-load of hauled vehicles up to 250 kN. For high speed lines a P3 platform should be considered.
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e=E+a+b+c+d+f (e in metres) Ballast Blanket layer Subgrade



e



ef



Optional geotextile (see table 6)



Fig. 15 - Calculation of minimum thickness (e) of track bed E



= 0,70 m



for soils of bearing capacity class P1a



E



= 0,55 m



for soils of bearing capacity class P2a



E



= 0,45 m



for soils of bearing capacity class P3a



a



=0



for UIC groups 1-4b



a



= - 0,10 m



for UIC groups 5 and 6b



b



=0



for wooden sleepers of length 2,60 m



b



2, 50 – L = ---------------------2



for concrete sleepers of length L (b in m, L in m; b possibly negative if L > 2,50 m)



c



=0



for usual dimensions



c



= - 0,10 m



special case for difficult working conditions on existing lines



d



=0



when the nominal maximum axleload of hauled vehicles does not exceed 200 kN (see UIC Leaflet 700)



d



= + 0,05 m



when the nominal maximum axleload of hauled vehicles does not exceed 225 kN (see UIC Leaflet 700)



d



= + 0,12 m



when the nominal maximum axleload of hauled vehicles does not exceed 250 kN (see UIC Leaflets 700 and 724)



f



=+



the track bed should include a geotextile if the prepared subgrade is formed from soils of quality class QS1 or QS2c



f



=0



(no geotextile is required) if the prepared subgrade is formed from soils of quality class QS3d



a. b. c. d.



The bearing capacity classes are defined in table 6. The UIC groups are defined in UIC Leaflet 714 (edition of 1.1.89) (see Bibliography). See NB in point 2.6 - page 40 The UIC soil quality classes are defined in table 5.
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2.5 -



Protection against frost



If a subgrade is frost-susceptible, frost must be prevented from penetrating down to it, especially when hydrogeological conditions are unfavourable.



2.5.1 -



Track bed layers



The materials used for track bed layers must not be susceptible to frost and thus satisfy the conditions described in point 1.4 - page 17. The adverse effect of frost on the subgrade can be countered by increasing the overall thickness of the bearing layers or by adding a prepared subgrade made up of soils not susceptible to frost. The total thickness of the track bed layers is first calculated according to the bearing capacity of the subgrade (see point 2.4 - page 36). The depth of construction must then be increased as necessary to give the desired protection over frost-susceptible soils.



2.5.2 -



Parameters for determination of required depth of frost protection



The influence of climatic conditions is studied in ERRI Report D 117/RP 15 (see Bibliography page 106). The frost index (defined approximately as the integral of temperature with respect to time for all periods where the temperature is below zero), expressed in degree days (or "hours x degrees), and the average annual temperature, are the main parameters determining the depth of frost penetration. The maximum depth of snow cover, moisture content and other physical properties of the layers also affect design.



2.5.3 -



Use of frost penetration depth chart



The chart shown in figure 16 - page 39 enables the depth of the track bed layers required for frost protection to be determined for tracks, which are not under snow and for layers having average moisture content1. The chart has been derived from both theoretical and experimental studies. Under severe climatic conditions, the thickness of the protective layer is determined from both the frost index and the average temperature based on long term climate statistics. The shaded area represents conditions encountered in Scandinavia and Central Europe. In a temperate climate, the thickness of the protective layer is derived solely on the basis of the 8 °C curve. The reference winter used for design should be a "very severe" winter such as that of 1962-1963. This requirement may be relaxed for minor lines where the soils are other than "very frost-susceptible". Some railways have produced maps showing contours of frost index, which show the depth of frost penetration that must be considered in the calculations. The chart in figure 16 relates to a sandy gravel blanket layer which, in accordance with point 1.4 page 17, is not susceptible to frost.



1.



In the case of underbridges, frost may also penetrate via the intrados.
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Where the frost index is very high, the thickness of blanket layer may be reduced by the use of insulation layers, such as extruded polystyrene slabs described in point 3.3.4.3 - page 63.



2,40



0 °C



Required depth of frost protection (m)



hb



1



h



2



2,00



1 °C



2 °C 1,60



3 4 °C



6 °C



1,20



8 °C



0,80



4



0,40



0 0



400



800



1 200



1 600



Frost index (degree days)



1



Ballast



3



Average annual temperature



2



Sandy gravel



4



Temperate climate



Fig. 16 - Required depth of frost protection When the average temperature is below 0ºC the insulating effect of the snow is taken into consideration by national directions
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2.6 -



Properties of materials and construction of track bed layers



Ballast: Ballast is formed from crushed stone and consists of particles in the size range 20 to 63 mm, characteristics of aggregates for use as ballast material may be found in EN 13450:2000/AC 2004 (see Bibliography - page 106). No further details of ballast are given in this leaflet. Sandy gravel for the blanket layer: Procedures to determine the characteristics of aggregates susceptible to be used for blanket layer may be found in EN 13242:2002/AC 2004 and EN 933-1 to 933-9. Text for thermal and weathering properties of aggregates are given in EN 1367-1 to 1367-5 (see Bibliography - page 106). Where a sandy gravel is placed directly in contact with the ballast, it must be well-graded, as indicated in point 1.2.2.1 - page 10, and the materials used should be sufficiently durable, e.g.: -



Microdeval in the presence of water, MDE ≤ 15 or 20 (some railways use 22)



-



Los Angeles, LA ≤ 20 or 25 (some railways use 28)



depending on the importance of the line. or -



LA + MDE < 40 for v ≥ 160 km/h



-



LA + MDE < 50 for v < 160 km/h.



Some railways require: -



sulphate and organic material content limited to 0,2 %



-



the sandy gravel to contain at least 50 % of crushed stone, particularly on new lines.



Some railways fix a maximum value of permeability to limit the water inflow to the subgrade (e.g. k ≤ 10-6m/s for the required density) and define a minimum crossfall of the subgrade. The crossfall should be in the range 3 % to 5 % (2,5 % for ballastless track over cement treated embankments and cuttings). NB :



It is necessary to ensure:



-



firstly, compatibility of the gradings of the various track bed layers; this should be checked using TERZAGHI's filter criterion (this rule is only applicable to non-cohesive materials);



-



secondly, the prevention of the phenomenon of pumping which occurs in fine grained subgrades (the upward migration of fine particles into the ballast); for this, general filtration rules valid both for cohesive and non-cohesive soils have been described in ERRI Report D 117/RP 21 (see Bibliography - page 106). In practice, it is necessary that the blanket layers in contact with a fine grained (silty or clayey) subgrade should contain sufficient material having a particle size less than 0,2 mm. Railways achieve this by applying one of the following methods: • the blanket layer is composed of a single layer of sandy gravel with about 20 % of fine sand (particles less than 0,2 mm in size); • the blanket is a double layer comprising: an upper layer directly under the ballast of sandy gravel having adequate coefficients of uniformity CU and curvature CC (see point 1.2.2.1 page 10); a lower layer consisting of a filter layer; geotextiles can improve the filtering properties and bearing capacity of the structure (see ERRI Report D 117/RP 24). 40
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The requirements for compaction are specified in relation to the category and loading of the railway line. In the case of new line constructions, the following compactness requirements must be fulfilled by the blanket layers: -



γd ≥ 100 - 103 % of the Normal Proctor density or γd ≥ 98 - 100 % of the Modified Proctor density depending on the country



-



EV2 ≥ 120 MN/m2.



-



Some countries include EV2/EV1 ≤ 2,2 for EV1 less than the minimum value prescribed for EV2.



The specifications of several railways are summarized in table 11. Table 11 : Blanket layer specifications Organization



DB



Country



Germany



Dmax (mm)



Fines (%)



PI



Cu



Fracture faces (%)



LA



MD



k (m/s)



56



< 5-7



-



-



-



-



-



< 10-6



-



63



< 5-7



-



-



-



-



-



> 5-10-5



-



INFRABEL



Belgium



40



ZSR



Slovakia



63



5-14



-



-



-



SNCF



France



31,5



4-8



-



-



100



Network Rail



Great Britain



2,36



4 NP



-



>2



-



-



-



-



RFI



Italy



25,4



6-10



-



-



≥ 67



≤ 30



-



-



40,0



2-7



-



-



EV2 (MPa)



-



-



-



< 40 (LA + MDE) for v > 160 km/h < 50 (LA + MDE) for v < 160 km/h -



Asphalt conglomerate Misto cementato



Czech Republic



32



15



> 50



< 50



-



-



-



Banverket



Sweden



150



0-6



-



-



100



-



-



-



-



150



0-6



-



-



100



< 25



< 15



-



-



40



3-9



-



> 14



100 (>4 mm)



< 28



< 22



< 10-6



> 120



Spain



Frost protection ME1 > 110 MPa according to MF 40/78 Standard



CD



ADIFCEDEX



Notes
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2.7 -



Control of compaction



The compactness of an earthwork and track bed must be monitored. It is usual to control the density and the deformation modulus. Concerning density, either nuclear or traditional methods may be used. At present the deformation modulus can be monitored by means of the plate load bearing test. When plate load bearing test is used, the load interval for the estimation of Ev might be 0,3 - 0,7 of the maximum load. This maximum load depends on the plate diameter (0,5 MN/m2 for the 300 mm plate and 0,25 MN/m2 for the 600 mm plate may be used). This test is strictly intermittent in nature. Some railways are trying out continuous longitudinal or surface monitoring methods using dynamic devices: -



Portancemeter



-



Dynamic plate load testing



-



Continuous compaction control with monitored compactors. The Continuous Compaction Control is often used in some European countries to check new earthworks of railways and railroads. For this method a measuring instrument installed on the roller is used to derive a measuring value from the interaction between roller and soil. This measuring value correlates with the stiffness and the compaction of the soil. This method is especially suitable for constructions with a highly daily volume and with a high uniformity of soils. Furthermore the method is most suitable for the evaluation of the uniformity of compaction, because systematic changes of the dynamic measuring values indicate weak spots or other soil properties. The application of this method is specially recommended for self monitoring by the contractor. This procedure is included in the German Guidelines for Earthworks ZTVE-ST (1994): "Surface Covering Dynamic Compaction Control (SCCC)" and normalized in TP BF-StB part E2.



The requirements for compaction should include a limit of result´s scatter to ensure the homogeneity of the compacted blanket layer.



2.8 2.8.1 -



Drainage of subgrade Ground water



The local hydrological and hydrogeological conditions are determined by the position of the water table (see point 1.3.1 - page 14). If the hydrological and hydrogeological conditions are poor, the bearing capacity of the subgrade and, hence, the stability of the track may be affected. This situation can be improved by lowering the ground water table to a certain level below the track by ditches or deep drainage systems. Depending on local conditions, the railways specify that the ground water table should be lowered to a minimum distance between 0,80m and 2,50m below rail top. The minimum value of 0,80 m is only permitted if the subgrade under the ballast is good (P3), frost does not penetrate into the ground and ground water flow is low.
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2.8.2 -



Surface water



Any rainwater falling on the surface and likely to penetrate to the subgrade must be quickly evacuated. This requires: 2.8.2.1 - Correct crossfall of the subgrade towards the longitudinal drainage system (cuttings) or towards the shoulder (embankment) in both straight and curved track. The crossfall should be in the range 3 % to 5 % (2,5 % for ballastless track over cement treated embankments and cuttings). However, in canted sections, the subgrade for double-track lines may be designed with a single continuous crossfall. The top of the blanket layer must also have a crossfall, as was mentioned above. Provided that the blanket layer is well-graded and well compacted (see point 2.6 - page 40), about 80-85 % of rain water (run-off coefficient c ≈ 0,80-0,85) runs away directly from the ballast/blanket-layer interface to the drainage system. The remaining runs into the blanket layer, whose rapid drainage is also facilitated by the crossfall of the subgrade. Some countries use high permeability blanket layers with run-off coefficients up to 0,1 for high permeability non water sensitive natural soils, so drainage could not be necessary. 2.8.2.2 - Correct dimensioning of the components of the lineside drainage system. These must be capable of accommodating the run-off produced during the design storm corresponding to the return period (at least ten years): -



from the cutting slopes and the track (run-off coefficient QP),



-



from the catchment area of the cutting (run-off coefficient QV).



Concentration times relating to each of the run-off coefficients QP and QV are often very different; however, if the largest of the two values is adopted, the magnitude of the resulting error is not large. Where necessary, the water flow resulting from a lowering of the water table should be added. The method of calculation of the QP and QV run-off coefficients should be based upon national experience. One way to calculate these coefficients may be made as follows1:



1.



For further details on this method of calculation, consult the report ORE D 117/RP 13, "Hydraulic performance of track bed structures and soil under the influence of rainfall".
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a) Calculation of run-off coefficient QP This flow can be calculated by the following formula: 1 --u



--vu



1 --u



QP = K ⋅ i ⋅ c ⋅ A



w ---u



with: i



=



slope of the longest flow path



c



=



run-off coefficient of the subgrade, which may be considered equal to 0,3 or 0,4 (see table 12) for the embankment slope and 0,85 for track conforming with the tests described in ERRI D 117/RP 13 (see Bibliography - page 106).



A



=



surface of the catchment area



k, u, v, w



=



coefficients depending on the intensity of the design storm (see:COSTE and LOUDET: "Guide de l'assainissement en milieu urbain et rural" 1980 Edition du Moniteur, Paris)



b) Calculation of run-off coefficient QV The run-off coefficient is calculated according to: -



the effective surface A of the catchment area,



-



the average slope i of the catchment area,



-



the average run-off coefficient c of the catchment area. Table 12 shows the run-off coefficient values c normally adopted. Table 12 : Run-off coefficients Impermeable surfaces



c = 0,9 to 1,0



Cultivated soils



c = 0,4 to 0,8



Sandy soils



c = 0,3



Wooded areas



c = 0,2



Charts may be compiled to determine the run-off for regions where there is a considerable difference in rainfall patterns. Examples are given in ERRI D 117/RP 13. Nevertheless, these calculations should be reviewed according to the national codes of practice. 2.8.2.3 - correct design of the filtering materials placed directly against the longitudinal drainage system. The main rules to be observed in this respect are the following: -



The particle size distribution of materials in contact with the soil must conform to the filtration rules. These have been developed in ERRI report D 117/RP 16 (see Bibliography - page 106). However, such a method may require a filter system composed of several progressively graded layers.
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In practice, the materials defined in figure 17 - page 45 provide adequate protection for most cohesive soils (provided that they are not subjected to dynamic loads). Geotextiles provide a simpler filter system: -



geotextile in contact with the fine soil,



-



clean uniformly graded gravel around the drain.



GRAVEL



SAND



SILT



CLAY



Percentage passing (by weight)



fine medium coarse fine medium coarse fine medium coarse 0,002



0,006



0,02



0,06



0,2



0,6



2



6



20



60



0,002



0,005



0,02



0,05



0,2



0,5



2



5



20



50



100 90 80 70 60 50 40 30 20 10 0 0,0002



Particle size d (mm)



Fig. 17 - Grading envelope for filter sand (for use under static loading conditions)



2.9 -



Special construction methods and materials for new lines



In addition to the construction methods and materials described in the preceding points of this leaflet, there are special methods and materials which may be considered in certain circumstances. In the following pages, only those methods and materials are presented, for which sufficient experience is available.



2.9.1 -



Treatment of soil stabilisation with binding agents



Soil stabilization with binding agents may be used in embankment or form layer materials. Whenever treatment with binding materials (lime, cement or bitumen) is contemplated, laboratory trials in order to establish their suitability and to determine the optimum conditions must be carried out. On site, it is necessary to ensure that the proportions defined in the trials are observed. The design of the treatment should take into account the fragil behaviour and fissuration of the treated material. Specifications for aggregates to be used in hydraulically bound materials can be found in EN 13242:2002/AC:2004 (see Bibliography - page 106).
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2.9.1.1 -



Lime stabilisation



This treatment consist on mixing "in situ" clayey soils with lime (CaO or Ca(OH)2) in order to improve the geotechnic behaviour, workability and to decrease the water content of the material to be used on the foundation, core or top of the embankment and in the bottom of cuttings. The layer treated with lime might be protected by a sufficiently impermeable sub-ballast layer or by surface treatment with bitumen in order to prevent the lime from being washed out by rain water sealing the drainage system. 2.9.1.2 -



Cement stabilisation



Treatment with cement or other hydraulic binding materials can only be recommended with reservations for use in railway track bed layers due to the formation of shrinkage cracks. Furthermore, excessively high dosages of cement make the layer too stiff, which can cause further cracking under traffic. There is good experience in the use of these materials to improve the behaviour of subgrades



2.9.2 -



Track bed layers of limestone compacted with cement or bituminous layers



The FS has had good experience with two methods for more than 20 years. 2.9.2.1 -



Cement-consolidated limestone



Use of broken limestone (CaCO3), consolidated with cement ("misto cementato"), as a sub-ballast layer with a thickness of 0,20 m on a gravel layer 0,30 m to 0,50 m thick. The crushed limestone should be graded as shown by the curve in figure 18. The cement content (PZ 35) should be at most 3 - 4 % and the water content about 6 % by weight.
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Fig. 18 - Grading envelope for crushed limestone for "misto cementato"
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2.9.2.2 -



Bituminous layers



General specification for the use of bituminous mixtures for civil engineering purposes are given in EN 13101-1, 10 (see Bibliography - page 106). The bituminous materials may be used to form a layer about 0,05 to 0,15 m thick resting over a 0,3 to 0,5 m gravel or sand layer. It may be necessary to design the gravel or sand layer to control the ground and capilarity water, or for frost protection. The particle size distribution curve should fall within the envelope shown in figure 19. The bitumen content is about 5 % by weight.
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Fig. 19 - Grading envelope for asphalt conglomerate FS (Italy) has decided to provide all its new lines, including high-speed lines, with a bituminous mix sub-ballast layer, placing a 12 cm sub-layer of bituminous mix under the ballast, both in embankments and cuttings - in order to distribute the loads and protect the soil in embankments from water infiltration. The advantages of using the bituminous sub-ballast are: -



Reduce rainwater from infiltrating in the subgrade layers.



-



This layer allows the traffic required during construction's works.



-



Bituminous mix sub-ballast can attenuate solidborne vibrations transmitted to the embankment and subsequently to the area of concern.



Some tests with 15 cm sub-ballast of bituminous mix are being carried out in France and Finland. The SBB/CFF specification for asphalt concrete used as a sub-ballast layer is shown in table 13 page 48. Old recycled asphalt concrete may be used. The minimum thickness of asphalt concrete is 0,07 m laid on a gravel bed of sufficient thickness.
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Table 13 : SBB/CFF specification for asphalt concrete layers Mean value



Individual value



Degree of compaction



≥ 99 %



≥ 97 %



Void percentage



≤ 3 % by volume



≤ 5 % by volume



Penetration at 25 °C



≥ 90 (1/10 mm)



≥ 70 (1/10 mm)



Elastic deflection of layer Part of broken material



≥ 40 (1/100 mm)



≥ 50 %



≥ 40 %



These values must be verified after installation. For selecting the type of bituminous binder and for quantifying its mass and that of the mineral dust the thermal conditions forecast for the summer period shall be taken into account.



2.9.3 -



Asphalt coating



An asphaltic layer may be used with a protective function over the blanket layer when the placement of the ballast layer is delayed.



2.9.4 -



Concrete sub-ballast



The use of concrete as a sub-ballast material has the advantage of protecting subgrades and distributing the track loads but it is not often used because of disadvantages like as: -



Cracking and crushing;



-



Pumping effect, that may be controlled with a granular layer beneath the concrete layer;



-



It decreases the durability of the ballast;



-



It increases the noise and vibration. It could be controlled with ballast mat or sleeper pad;



-



There is not experience on ballast high speed lines;



-



Very expensive.



Expansion joints or slots have to be made otherwise the effect of the thermal forces must be controlled by reinforcement.



2.9.5 -



Industrial by-products and recycled products



Industrial by-products and recycled products such as: -



colliery shale,



-



blast furnace slag,



-



PFA ash,
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-



refuse incinerator residue,



-



building demolition products,



may be used in track bed layers and earthworks only if suitability tests showed that the physical and mechanical characteristics meet railway and environmental requirements and that they are compatible with the other construction components.



2.10 - Ballastless track 2.10.1 -



Definition used in this paragraph



Sub-ballast



Fig. 20 - Comparation of permanent way systems According to the project team for UIC I/03/U/283 ballastless track project, the ballastless track system on earthwork can generally be separated in 3-subsystems: -



The track components,



-



The supporting structure,



-



The earth work including the supporting soil and frost protection layer.



In Germany, the hydraulically bonded base layer is considered as part of the supporting structure. The supporting structure is in many cases made with a reinforced concrete slab; it can consist of unreinforced concrete or asphalt layer too. This structure should be continuous and monolithic for design. So prefabricated concrete slabs which remain separated are part of the track components sub-system and not part of supporting structure sub-system. Prefabricated slabs which are strongly linked mechanically can be designed as supporting structure. In compact systems the limit between the track components and the supporting structure has to be assessed considering the continuity of concrete. The layers used for adjusting geometry of track during construction process should not contribute to the resistance of supporting structure if they are not poured in the same operation as supporting slab or if different material as bituminous mortar is used. The earth work sub-system includes frost protection layer and possibly reinforcement layers, if the design of the supporting structure needs a minimum bearing capacity.
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Special cases Special design shall be adopted for ballastless track on earth work in particular applications: -



Transition zones between ballastless track and ballasted track or between different types of ballastless tracks.



-



Transitions between earth works and bridges (bridge ends) or tunnels.



-



Transitions between several tracks in the S&C area.



When the continuity of supporting structure has to be stopped (bridges and possibly ballasted track) the thermal expansion at the end of the structure could be limited and a design to anchor the supporting structure may exist.



2.10.2 2.10.2.1 -



Interfaces between supporting structure and earth work Load criteria (transmission of vertical forces)



For dimensioning the supporting structure it is necessary to have the deformation modulus of the earth work. Information about measurement of deformation modulus and about relations with bearing capacity and compaction can be found in point 2.3.3 - page 25. Example of load criteria: DB requires for slab track system in lines with speed > 230 km/h an Ev2 = 120 MN/m2 for the earth work under hydraulically bonded layer. 2.10.2.2 -



Displacement criteria (transmission of vertical forces)



Elastic vertical displacement of earth work under load is usually not a design criterion, as resistance of continuous supporting structure generally imply very low vertical displacement (typically 0.1 to 0.2 mm on top of supporting structure). However design criteria may exist to limit elastic deformation to a percentage of deformation of track components to manage the global track stiffness. The use of ballastless track is determined by the settlements criteria.
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Fig. 21 - Settlements of embankments Settlement predictions shall show, not only how fast construction is to proceed, but also demonstrate that any settlements, which occur after the line is opened, can be rectified according to adjustable fastening capacity or other technical method.



Fig. 22 - Different settlement parts by time
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Long term differential settlements shall be analysed considering: -



Adjustable fastening capacity (or equivalent)



-



Possibility to create a vertical transition curve for long earth work according to the line speed (alignment rules) and presence of structures with pile foundations.



When settlement criteria cannot be achieved, the use of ballasted track or a special design (on pile foundation for example) must be chosen. In the last case, the rules for ballastless track on bridges may be applied. 2.10.2.3 -



Transmission of horizontal forces



For plain track the supporting structure is considered as continuously supported with enough contact area and no particular device is required for transmission of horizontal forces. However particular design or devices are required when the continuity of supporting structure is stopped to limit the longitudinal displacement induced by thermal expansion. 2.10.2.4 -



Protection of earth work



Complete design of the ballastless track shall be considered to assess the frost protection of earth work. Design of drainage shall consider the complete design of the ballastless track, especially for transverse drainage of rain water dropped between separate sub-structures under each track.
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3 - Maintenance of earthworks and track bed on existing lines 3.1 -



General maintenance



The organisation of maintenance on any given line must be optimised with regard to the technical (safety and comfort) and economic aspects. General maintenance work involves: -



for earthworks (see point 3.2): • maintenance of drainage, water catchment and protection systems; • localised remedial work required to ensure correct functioning of drainage, control of erosion and deterioration, and to ensure stability of critical area as necessary;



-



for track bed layers (see point 3.3 - page 56): • large-scale renewal operations (especially renewal of the ballast layer); • track lifting operations; • localised remedial work and blanketing (drainage and, if necessary, replacement or improvement of track bed layers).



3.2 3.2.1 -



Maintenance of earthworks on existing lines General remarks, inspection and day-to-day maintenance



On embankments, cuttings or natural slopes in soft or hard ground, the durability of slopes depends very much on the correct functioning of drainage, water catchment, protection systems and other slope stabilisation works. Nevertheless, some ageing will always occur as a result of the action of water, frost and dynamic loading, etc. on the materials. Instability may also be caused by poor performance of the track bed layers. These may contain voids where water can collect. In other cases, the problems may result in settlement of the subgrade. In order to limit potential instability as much as possible, it is necessary to plan adequate inspections appropriate to the specific features of each site, and which must cover the geotechnical problem, the risk incurred, and the operating requirements. Where necessary, specialists should be consulted both for investigation of the problem and for supervision of the remedial works. Drainage systems and slopes require maintenance at regular intervals. If damage is found during the inspections, remedial measures must be planned and carried out as described below. Where necessary, specialists should be consulted both for investigation of the problem and for supervision of the remedial works.
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3.2.1.1 -



Soft ground



Potential instability can manifest itself: -



through irregularities in the slopes (toe heaves, cracks, tilting of trees or posts, erosion, etc);



-



through distress in the various structures;



-



on the embankments through abnormal local movements over one or several rail lengths (or simply the shoulder); any remedial action taken should be carefully noted and a graph should be drawn showing the cumulative lift given to the track plotted against time; this permits accurate location of unstable areas and allows any increase in rate of movement to be detected.



NB :



serious problems may sometimes occur without any previous detectable signs.



3.2.1.2 -



Rock slopes (natural or excavated)



These areas should be listed and systematically inspected (eg. after a period of frost). Any risks to traffic must be assessed where possible, on the basis of the following parameters: -



nature of the materials: • fault planes, • dip, • expansivity;



-



volume of boulders and masses liable to move;



-



orography;



-



vegetation;



-



hydrology;



-



existing protective measures;



-



etc.



The above details should be recorded on plans, and should be updated after each inspection.



3.2.2 -



Geotechnical and hydrogeological investigation



Investigations required (both on railway land itself and in the surrounding areas) must be adapted to the complexity of the problem and the urgency of the treatment. In some cases, a thorough visual inspection of the site and examination of historical records of the area will be sufficient to identify the causes and possible consequences of the problem, and to suggest appropriate remedial action.
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In other cases, the problem may be more complex, and in addition to any immediate treatment, further study may be required to determine what extra-remedial measures are necessary. This study should include (see also point 2.1 - page 19): -



a detailed account of problems detected to date and any remedial measures previously undertaken;



-



topographical, geological, hydrogeological and climatic investigations carried out on the site;



-



identification of the condition of existing structures;



-



field and laboratory tests;



-



installation of long term monitoring equipment;



-



identification of new factors which may have affected stability. It is important to be aware of any construction work or other activities which occur in the vicinity of the track;



-



calculation of stability before and after the work proposed.



3.2.3 -



Inventory of remedial measures (with comments)



The inventory given here cannot of course be exhaustive. An unstable earthwork slope can often only be adequately stabilised if several treatments are undertaken simultaneously; for example, ground movements prevented by some form of mechanical action (such as toe wall, nailing, etc.) often necessitate remedies to the original cause, notably elimination of water by installation of a drainage system to ensure permanent protection. The development of the problem may make it necessary to take immediate action to enable traffic to proceed (eg. speed restrictions) and to set up immediately a temporary or permanent monitoring and warning system so that trains may be stopped if the situation worsens. In order to decide on the best treatment, a thorough knowledge of the geotechnical and hydrogeological conditions of the site is required. This demands: -



firstly, an accurate description of the nature and geometry of the problem: • the resulting surface irregularities; • the cause of the movements in soft ground: slab slides, circular slips, slips of a more complex shape, mud flows, creep, changes in soil volume (shrinkage, swelling, compaction, consolidation, solution phenomena, combustion, etc.), internal erosion; • disintegration and crumbling of rock slopes: surface and internal disintegration and crumbling, sliding of layers with an unfavourable dip, fall of overhanging blocks and banks;



-



secondly, evaluation of the comparative influence of various factors affecting the state of slopes: • forces of gravity, • forces due to water (surface flows, high water table, internal flows), • natural cohesion, • weathering of materials as a result of external factors. • loading due to traffic.
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Emergency treatment should be undertaken, if necessary, pending the final strengthening work, for example: -



sealing cracks,



-



protection of surfaces against rain,



-



repair of drainage systems,



-



diversion and evacuation of harmful inflow of water,



-



provisional treatment allowing traffic to continue, etc.



Various factors play a decisive role in the choice of the most suitable form of treatment, for example: -



line operation constraints,



-



possibility of realigning track (temporary or permanent),



-



possibility of constructing retaining structures or driving piles,



-



possibility of installing ground anchors,



-



access for site equipment,



-



depth to the sliding surface,



-



piezometric levels,



-



size of the area affected,



-



climatic conditions (stability of the track, especially in hot weather).



In appendix E some examples of remedial measures are summarized



3.3 3.3.1 -



Maintenance of track bed layers General



The maintenance work which is undertaken is dependent on the following three factors: -



nature of the traffic (axle-load, gross tonnage conveyed, line speed),



-



required quality of track geometry appropriate for this traffic,



-



cost of maintaining the required quality of track geometry.



In order to devise a rational maintenance policy, it is essential to: -



understand fully the factors which influence the deterioration of the track (see point 3.3.2);
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-



classify all tracks according to the required frequency of lifting. For this purpose, the SNCF has defined a track bed maintenance coefficient, which is given in point A.1 - page 67; the study can be carried out systematically on a statistical basis as shown in point 3.3.3.1 - page 60 and in points A.2 - page 68 and A.3 - page 69; see also Appendix E - page 102 elaborated by ADIF;



-



undertake a systematic geotechnical analysis of all possible subgrade problems, as in the case of the DB and DR, MAV and SBB/CFF (see point 3.3.3.2 - page 60 and Appendices B - page 73 and C - page 75).



These Appendices are supplementary to this leaflet and give the views of individual railways. Most of the methods provided in point 2.3.4.2 - page 27 are also applicable on existing lines



3.3.2 3.3.2.1 -



Determining factors Mechanical properties of track bed layers



The ability of a track to retain its geometry depends largely on the properties of the track bed layers, namely: -



the mechanical quality of each of the layers. The condition of each layer can be established by appropriate tests, if required. The parameters thus determined should then enable the quality and degree of contamination of the layers to be assessed (class QSi of table 5 - page 15). These are then compared with the values recommended in point 2.6 - page 40 for track beds;



-



the interaction and compatibility between layers: whether they provide an adequate filter to prevent lines rising from the subgrade. The rules of filtration compatibility are indicated in point 2.6.



To correct any significant inadequacy in the quality of the track bed, the following treatment should be undertaken: -



in serious cases, complete replacement of the layers (see point 3.3.4.1 - page 61);



-



more generally, estimation of the bearing capacity of the combination of subgrade and any intermediate layers (equivalent to a blanket layer) according to the rules set out in table 6 page 16 and make the necessary improvements to give the construction depths indicated in figure 15 - page 37.



When the ballast is renewed, care must be taken to ensure, of course, that the layer between the ballast and the subgrade is kept intact and not rendered dangerously thin or even removed altogether. 3.3.2.2 -



Influence of water on track bed layers



The behaviour of track bed layers under the influence of water should be satisfactory if: -



the ballast rests on a blanket layer having the correct crossfall towards the longitudinal drainage system (cutting) or the cess (embankment). This is not the case if the ballast is contaminated (due to attrition of the ballast itself, external contaminants or slurry rising into the subgrade) or if the track bed becomes distorted or if the initial crossfall was poor and did not direct water towards the drainage system;



-



the blanket layer is sufficiently thick to limit water seepage into the subgrade;
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-



the blanket layer is itself free-draining and leads to the longitudinal drainage system or towards the cess. This is compromised when the blanket layer itself is excessively contaminated or distorted transversely.



The malfunction of the track bed layers under the influence of water, which manifests itself not only in the irregularities in the track geometry but also in the appearance of slurry patches, can be improved by measures such as: -



manual cleaning between sleepers in the affected areas during day-to-day maintenance (while providing a crossfall to the longitudinal drainage or the cess) and by laying supplementary longitudinal drainage as necessary (Fig. 23);



1



2



1



1 Traces of lines in ballast 2 Base of excavation 3



2



New drain required



1



2



3



Fig. 23 - Manual cleaning of ballast between sleepers -



by attempting to correct the crossfall of the base of the excavation during renewal operations. This operation is simple for straight track (except, perhaps, when the level of the cess is above the base of the excavation) but can cause difficulties on track with a high cant. In the latter case, the possibility of cutting the base of the excavation to a slope, which is different from the original cant, is limited by the technical capabilities of existing ballast cleaning machines. Furthermore, attempts to clean an area and slope the base differently from the original cant in one mechanical operation gives rise to the following difficulties:
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• the need to install ramps, whose length should be proportional to the change in crossfall, • on electrified lines, the need to pay attention to the position of the contact wire during the period of work, • the risk of causing serious damage to the blanket layer or even destroying it completely. For these reasons, it is advisable during renewal operations to slope the base of the excavation transversely at an angle, which does not differ significantly from the existing cant. This means that, when renewing the outside track of a curved double track section, the crossfall of the base of the excavation will generally be directed towards the interval (six foot) between the tracks. In this case, if the old ballast is fouled, water must not be allowed to accumulate between the tracks. The following steps could be taken: -



where possible, the crossfall is directed towards the cess, after checking that the blanket layer or subgrade will be preserved. In certain cases, the cant can be reduced immediately before cleaning to simplify operations. If there is a risk of damage to the blanket layer or subgrade, the track can also be lifted in order to achieve this crossfall;



-



if not, it is necessary either to lay a drain between the tracks or clean all of the ballast before renewal work is started.



If necessary, geotextiles can be placed vertically between the tracks to protect the renewed ballast from the polluted ballast on the adjacent track. 3.3.2.3 -



Effects of frost



When the ballast or blanket layer becomes susceptible to frost, or when frost penetrates into a subgrade susceptible to frost, unacceptable track movements may result (heave in periods of frost and reduction in bearing capacity during thaw). Before defining the most appropriate types of protective measures (see point 3.3.4.3 - page 63), it is advisable to carry out: -



a precise survey of the critical area,



-



an assessment of the heave (by taking levels of the top surface of sleepers in winter and in summer),



-



trial holes to identify layers susceptible to frost,



-



monitoring of water levels.



3.3.2.4 -



Subgrade fatigue



The stresses leading to fatigue in a subgrade are a function of: -



volume and type of traffic,



-



configuration of the track panel,



-



thickness and properties of the track bed layers,



-



properties of the subgrade. 59
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When the level of stress is "acceptable", i.e. when the ballast + blanket thickness is at least equal to the values given in point 2.4.2 - page 36, a marked deformation of the subgrade through the effects of traffic is not likely to occur (provided the rules on filtering and correct hydraulic behaviour referred to in points 3.3.2.1 - page 57 and 3.3.2.2 - page 57 have been observed). Point A.2 - page 68 describes a method developed by the SNCF for evaluating the increase in thickness of the track bed layers required according to the "maintenance coefficient" defined in point A.1 - page 67. Appendix E - page 102 describes a method incorporated by ADIF. 3.3.2.5 -



Influence of stiffness on maintenance



The most important characteristic determining the stability of track geometry is the stiffness of the "blanket layer + subgrade" combination, which depends on its bearing capacity. The construction of the blanket layers in accordance with the recommendations of figure 15 - page 37 provides optimum conditions. If the bearing capacity and, therefore, the stiffness of the "blanket layer + subgrade" combination is too low, it will be reflected in increased maintenance, ballast cleaning and levelling work. If the stiffness is too high (for example, in the case of cement consolidation), high axle loads and high speeds can accelerate ballast breakdown and reduction of comfort.



3.3.3 3.3.3.1 -



Methodology of studies for maintenance of the track bed layers and subgrade Systematic survey based on a statistical analysis of track maintenance



Precise statistical data on the frequency of lifting work together with on-site observations regarding slurry patches, work on the drainage system, etc., will provide the detailed information required to determine what form of day-to-day maintenance is required. The scientific approach used on the SNCF in the assessment of maintenance requirements of the track bed and subgrade has been developed on this basis. It is described in point A.3 - page 69. 3.3.3.2 -



Systematic geotechnical investigations



Generally, railways undertake systematic geotechnical investigations to determine the maintenance requirements of the subgrade and track bed layers. Examples of this type of approach are given in Appendices B - page 73 (DB and DR) and C - page 75 (SBB/CFF). 3.3.3.3 -



Methodology for bed layers desing in existing lines



The methodology used for establishing the thicknesses of the bed layers (ballast + subballast) is based upon the concept of settlement-conservation coefficient and upon Dormon's law (Question ORE D 117, Rep. 28) which have been used to define the thicknesses given in point 2.4.2 - page 36. An example of methodology for bed layers design in existing lines is given in Appendix F (ADIF, Spain).
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3.3.4 3.3.4.1 -



Local repairs Improvement of bearing capacity



Several methods for improving bearing capacity are listed below, with comments: Increasing the thickness of the blanket layer during renewal Track renewal is carried out as follows: -



cleaning with crossfall towards cess or longitudinal drain (not always possible with ballast cleaning machines),



-



blanketing with a 0,15 m thick layer of sandy gravel, with crossfall,



-



reballasting, while raising the track in order to limit the depth of excavation.



If these measures are to be lasting, they must be accompanied by repair work to the longitudinal drains or by the building of such drains if they do not already exist (see point 2.8 - page 42). Complete substitution of the track bed layers Several techniques can be used: -



A conventional granular blanket layer Basically, this is identical to the construction of new lines (Fig. 15 - page 37). However, it may be necessary to keep the thickness of layers to a minimum, because of the actual problems of excavation. The ballast + blanket layer thicknesses may therefore be limited to a certain extent.



-



Waterproofing with geomembranes or water-tight bitumen layers This process can be used only when the hydrogeological conditions are good (see point 1.3.1 page 14). It means that the thickness of the track bed layers can be reduced. The thickness can be calculated by referring to figure 15 - page 37. However, a subgrade which is initially of P1 bearing capacity is considered to be class P2 after waterproofing. Experience has shown that a layer of drainage material must be placed under waterproofing to break capillary action.



-



Use of stabilised materials Different methods are used: • Use of cement-bound sandy gravel: : Tests have been carried out by various railways (DB, ÖBB, SBB/CFF). On track subject to heavy loads, they have proved generally unsuitable: cracks have appeared in the soil cement accompanied by pumping. • Use of lime-sand A layer of untreated sandy gravel should be placed between the treated layer and the ballast. This layer of untreated sandy gravel protects the lime-sand both from the abrasion caused by
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the ballast and from water seepage. It is also required to give a sufficient thickness to the bearing structure, taking account of the nature of the underlying soil. -



Improvement of subgrades with hydraulic binding agents Certain railways (e.g. DB, DR) also use layers of local soil treated with lime and an underlying layer of sandy gravel at least 0,15 m thick.



-



Stabilisation of organic soil subgrades The conventional method of treatment of problems on this type of subgrade consists of counteracting the continuous settlement by lifting the tracks concerned as a part of day-to-day maintenance. Additional loading must also be applied to either side of the track (eg. by constructing benches at the bottom of banks) so as to avoid any subsequent differential settlement, which might cause twist of the track. To reduce settlement and springy vibration, it might be advisable to use a low-density compacted material. All these reloading techniques have been studied in detail by the Nordic railways, the ÖBB, SBB/CFF and SNCF.



-



Use of geogrids, geotextiles, geocells and geocomposites These materials can be embedded in the track bed layers or under the ballast to improve bearing capacity. Basically, geogrids provide a reinforcement function and geotextiles can provide separation, filtration, reinforcement and drainage functions. The use of these materials can reduce the thickness of the track bed layers. Certain railways have successfully carried out this technique. The characteristics required for use of geotextiles and geotextile-related products in the construction of railways can be found in EN 13250:2000 and EN 13250:2000/A1:2005 (see Bibliography - page 106). Ballast Blanket layer



4-5%



4-5%



Sleepers Ballast Blanket layer Geocell slab - filled by sandy gravel Impermeable soil



Fig. 24 - Enhancement of bearing capacity recommended. Model of solution by geocells slab (ZSR) Geocomposites for improving the bearing capacity consists on a reinforcement component (for example geogrid) and a filter component (a geotextile). They can be used in or beneath the blanket layer (including the formation layer) or at the subgrade. Geocomposites improve the load distribution. Therefore it is possible to reduce the thickness of the blanket layer and/or formation layer. For example, the regulations of the DB AG (Ril 836) permit reduce the thickness of the blanket layer 10 cm, if a geocomposite is used. These materials should be selected taking into account the long time behaviour of their properties. NB :



The use of subgrade improvement methods on existing lines is described in UIC Leaflet 722 (see Bibliography - page 106).
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3.3.4.2 -



Drainage



The design of trackside drainage systems is given in point 2.8 - page 42. 3.3.4.3 -



Protection against frost



Several methods of frost protection are listed below with comments: -



Ballast cleaning If underlayers are not affected, it is sufficient to clean the contaminated ballast.



-



Replacement of the blanket layer If the intermediate layer between the track subgrade and the ballast (either a layer made up of a mixture of old ballast, various materials and soil, or a specific blanket layer) is susceptible to frost or not thick enough, it should be excavated and replaced by a frost-resistant material. The depth of the substitute layer can be dimensioned according to the information given in figure 16 page 39. Some railways use reduced coefficients depending on the importance of the line.



-



Raising of the track level There is a limit to how much lifting can be done (because of gradients, bridges, tunnels and overhead lines). The diagram in figure 16 may be of use in determining how far the track should be raised. If this is done simply by increasing the ballast depth, it should be remembered that the values obtained from the diagram will be lower than the real values, because the latent heat of water in wet crushed stone is less than that for damp sandy gravel. Certain railways also limit the maximum thickness of the ballast layer to ensure stability during running.



-



Use of thermal insulation under the ballast If it is impossible to raise the track or to obtain a sufficient value to insulate properly, or if replacement costs could not be justified, slabs of materials of low thermal conductivity could be used. The material most commonly used for this purpose is extruded polystyrene foam1 which is produced in slabs of different thicknesses. Specifications are given in the table below: Table 14 : Extruded polystyrene foam specifications



1.



Axle load (kN)



< 225



225 to 250



250-300



Dry density (kg/m3)



> 35



> 40



> 45



Breaking force (kPa)



> 400



> 450



> 550



Max 5 % deformation after 2 million load cycles with a square wave which varies between (min-max kPa)



10-200



10-225



10-275



Extruded polystyrene foam is a plastic material in which foam in the plastic state is introduced during the manufacturing process before this material is extruded. As a result, the centre part of the material is solid thermoplastic resin and is strong enough to support ballast without excessive stress. This material should not be confused with expanded polystyrene.



63



719 R



These specifications must be complied with when the thermal insulation is 0,3 m below the underside of the sleeper and of 4 m width. They are imperative when the slabs are at a greater depth. The thermal insulation must be placed at least 0,3 m below the sleepers. The thickness of the sublayers may be evaluated according to the diagram in figure 25 - page 65. A filtering layer of sandy gravel or a geotextile should always be placed below the thermal insulation. To avoid punching, the latter should be covered by at least 50 mm of frost-resistant sand, or alternatively the thickness of the slabs must be increased by at least 10 mm. There should be, if possible, two layers of thermal insulation, staggered so that the joints do not coincide (see Fig. 26 - page 66). Otherwise, the slabs must be overlapped. Great care must be taken with the transition areas at the ends of a stretch of insulated track. An example is shown in figure 26. -



Placing a bed of scrap sleepers or blocks of compressed peat under the ballast Beds of wooden sleepers have a considerable insulating effect. They can be laid quite close below the ballast because of their good mechanical properties. Blocks of compressed peat can be used on secondary lines. If there is silt or silty sand in the subgrade, a filtering geotextile can be used to prevent the slurry rising up between the joints of the sleeper bed. This is not required with peat blocks.
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1 Ballast
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1



2 Extruded polystyrene foam insulation layer



hi 2m
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Fig. 25 - Required thickness hs of sandy gravel frost protection layer as a function of the frost index and the average annual temperature for the reference year for different thicknesses hi of extruded polystyrene foam
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Fig. 26 - Plan view and longitudinal section for a transition area between a non-insulated area and an insulated area



3.4 -



Vegetation control



Environmental protection considerations prompted the railways to review current policies concerning the use of herbicides for vegetation control. This is not just a problem which affects the ballast, but extends to side paths, slopes and drainage systems. For reasons of operating safety and maintenance costs, vegetation growth must be controlled at regular intervals, at least on lines with heavy traffic. Proper drainage of the sub-ballast layers and prepared subgrade is an important pre-requisite for creating conditions which are hostile to the growth of vegetation. Herbicides must be used in minimum dosages, the weather conditions must be suitable (as far as possible: work in daytime, absence of wind and rain). The herbicides must have been tested and approved by the relevant authorities. Additional restrictions may govern the use of herbicides in special areas and for protection of the water table. When, by suitable measures (regular cutting, for example), vegetation is limited to grass only in a strip of about 3 m to either side of the track, the growth of vegetation towards the track can be reduced. The growth of vegetation can also be hindered by reducing the supply of nutrients near the track. The growth of vegetation in the track itself can be reduced by the installation of an asphalt layer under the ballast and on the side paths.
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Appendices



Appendix A - Example of method of investigation for the maintenance of track bed layers on SNCF A.1 - "Track bed maintenance coefficient" k Between successive renewal operations, the cost of levelling work is not constant, but increases steadily. The cost may also depend to a large extent on the quality of the foundation (track bed layers and subgrade) of the track: this well-known fact is demonstrated in the variations noted in the number of levelling operations required on sections of the same age with the same type of superstructure supporting similar traffic. For a given category of traffic on a given Railway, it is possible to evaluate statistically the annual average number (lm) of tamping operations as a function of the age (N) of the track. A curve describing the average increase in levelling requirement with age of track is thus obtained (Fig. 27 - page 68): lm = f(N) On a particular track section, the number of operations (I) for a given age (N) may differ from the mean value (lm). With this in mind (Fig. 27), it is convenient to define a factor k, which is called the track bed maintenance coefficient: l k = ----lm By definition, this coefficient equals 1 in the average case, but it can reach a value of 10 (and even higher) if the foundation is very poor. It should be noted that, when I exceeds a certain threshold value Is (Fig. 27), track geometry standards can no longer be fully ensured for various reasons (impossibility of working in hot periods in areas with long welded rails, for example); it will then be necessary to carry out other work, rather than just levelling, so as to try to reduce the k value.
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Appendices k = 10 k=9 k=8 k=7



Annual number of levelling operations



I



k=6 k=5



10 k=4



k=3 Is 5



k=2



Average curve for a given traffic category k=1



Im = f(N)



k = 1/3 0



0



10



5



Renewal



15



20



25



Renewal decision



Age of track (years) Renewal



Fig. 27 - Lines on which renewal is systematic: Increase in annual number of levelling operations (example referring to lines of UIC Groups 1 to 3 as defined in Leaflet 714)



A.2 - Increase in the depth of the track bed layers required as a function of the value of the "track bed maintenance coefficient k" When the depth of the "ballast + sub-ballast layers" is low, a relationship between the depth of the "ballast + sub-ballast layers" and the track bed maintenance coefficient k can be observed (Fig. 28). This applies even when the rules of filtering and good drainage have been observed. "Track bed maintenance coefficient" k 0
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Fig. 28 - Variation in the depth of the track bed layer in relation to the track bed maintenance coefficient
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Appendices The representative curves depend on the traffic carried on the lines (classified according to UIC Leaflet 714) (see Bibliography - page 106), on the maximum nominal axle load for hauled vehicles and the characteristics of the track subgrade. It is possible to reduce the value of k by increasing the thickness of the track bed layers (by raising the track, for example) as shown in the example of figure 29.



Variation in depth (m) 0,50 0,40



k future



0,30 0,24 0,20



0,5



0,10



1



0,00



2,5



-0,10



5



-0,20



10



-0,30 -0,40 -0,50



0



1



2 2,5 3



4



5



k initial



6



7



8



9



10



Fig. 29 - Effects of changing the depth of the track bed layers



A.3 - Methodology of studies of track bed layer maintenance on major lines (lines on which renewal is systematic) The track bed maintenance coefficient k is known at any time by keeping detailed records of the levelling operations. This value and other observations made during line inspections (muddy patches, condition of the drainage and collecting systems) determine the measures required for: -



routine maintenance,



-



any localised operations,



-



renewal.
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Appendices k5 (Track bed layers underdimensioned, sub-ballast layers of poor quality or nonexistent and poor functioning of drainage)



-



Routine maintenance: As soon as such a k value has developed over a period of several years, despite attempts at improvement, it is advisable, after testing, to repair the track bed structure.



-



Renewal: Repair of the track bed structure is required.
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Appendices A.4 - Definition of the quality class of soils based on Standard NF P 11 300 Table 1 : Definition of the quality soils - NFP11300 Quality group of soils (see Table 5 : page 15)



Classification of standard NF P 11 300 Class



A



Name



Fine soils



Sub-class



QS 0



QS 1



QS 2



A1



A1h



A1m & A1s



A1s B.C. Hydro. dry season



A2



A2h



A2m & A2s



A2s B.C. Hydro. dry season



A3



A3h



A3m & A3s



A4



A4h



A4m & A4sa



B2h



B2m



QS 3



B1 B2



B



C



Sand and gravel soils with fine particles



Soils containing fine and coarse particles



Clean and well graded Very hard



B3



B4



B4h



B4m



B4s



B5



B5h



B5m



B5s



B6



B6h



B6m



B6s B.C. Hydro.



C2



Legend



Soils insensitive to water



h: m: s: w: wopn : B.C. Hydro. Test bed :



Clean and well graded Very hard



The quality class corresponds to a ratio of 0/50



C1



0/50 ratio of class QS0 w ≥ 1,25 wopn



0/50 ratio of class QS0 w < 1,25 wopn



0/50 ratio of class QS1



Clean and well graded Very hard



Ensure suitability for traffic test bed



D1



D



B2s B.C. Hydro.



D2



Low hardness



Medium hardness



Clean and well graded Very hard



D3



Low hardness



Medium hardness



Clean and well graded Very hard



material classified as having high (h) or very high (th) water content in standard NF P 11 300 material classified as having average water content in standard NF P 11 300 material classified as being dry (s) or very dry (ts) in standard NF P 11 300 water content optimum water content as per Standard Proctor good hydrological and hydrogeological conditions obligatory test bed



a. does not consider expansive soils, which must be examined specially.
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73



N



2



Is the filtering stability with respect to the ballast maintained?



Is the frost criterion acc. to Casagrande observed?



5



Y



2



Aa Ab Ac Ba Bb Bc Ca Cb



Cc



N



N



N



N



N



2



4



Bc Ca Cb Cc



Ac Bb Bc Ca Cb



2XX



1XX



N



4XX



Cc



5 Y



N



6 Y



2XX



AaAb Ac Ba Bb Ca



Y



Bc



3XX



Cb



N



5X



Cc



Y 4XX



3XX



5X



Cc



N



Bc



1XX



N



Is there adequate bearing capacity underneath the ballast?



Cb



Y



Y



1XX



Aa



Is it a high plasticity soil of 16 group TA (clay)?



N



Y Ab Ac Ba Bb Ca



2



3



Cb



Bc



5



4



3



2



1



5



Cc



v ≤ 80 km/h



80 < v ≤ 120 km/h



3XX



2XX



Bc Cb



N Aa AbAc Ba Bb Ca



5X



Cc



5x



Y



3XX



2XX



Bc Cb



Aa Ab Ac Ba Bb Ca



N



5X



Cc



Is the filtering stability with respect 14 to the ballast (2) maintained?



Y



5x



Y



Is the coefficient of uniformity 12 of the subgrade (2) U > 3?



Y



Ca



Aa Ab Ac Ba Bb



N



Cb



3XX



Bc Cc



4XX



1XX



Aa Ab Ba



2XX



Ac Bb Bc CaCb



N



PSS not required



PSS not normally required



PSS should be installed with next overhaul



Cc



4XX



PSS must be installled quickly (cannot wait for next overhaul) PSS must be installled latest with next overhaul



Decision whether a blanket laver (PSS) is needed



2XX



a



b



Is there sufficient drainage of the 18 subgrade (2) or is installation planned in the short term?



Y



Y



Speed c 120 < v ≤ 160 km/h



Is the intention to establish the normal ballast bed cross-section by lowering?



Is the frost criterion acc. to 13 Casagrade observed?



Does the subgrade consist of 11 non-cohesive well graded soil of groups GU, GT, SU?



N



≤ 6 000 t/d



> 6 000 < 20 000 t/d



> 20 000 < 30 000 t/d



Traffic



Is the specified ballast bed depth exceeded by more than 20 cm in long track sections?



C



B



A



Does the subgrade (2) consist of non-cohesive 10 coarse granular soil? (GW, SW, GI, SI, GE, SE, DIN 18 196 Tab. 1)



4



Cc



N



Are there any local "ballast pockets"?



N



4



Y



Ca Cb Cc



Ba Bb Bc



Aa Ab Ac



Classification



Are the soils of low or medium plasticity 15 GU, GT, SU, ST, UL, UM, TL, TM, cohesive well graded soils?



2



CaCb



Y



Was it necessary to increase maintenance?



19



2XX



N



1



Aa Ab Ac Ba Bb Bc



Aa Ab Ac BaBb Ca



Is there sufficient drainage of the 17 subgrade (2) or is installation planned in the short term? Aa Ab Ba



4



Cc



Aa Ab Ac Ba Bb



Y



Is there sufficient drainage of the subgrade (2) or is the installation planned in the short term?



4



Is the uniformity coefficient U 7D of the subgrade (2) greater than 3?



Y



7C



Y



7B



Y



Do the soils have high plasticity (DIN 18 196, page 4)?



Aa Ab Ac Ba Bb Bc CaCb



9



Y



8



5



Does the natural subgrade consist 7A of non-cohesive soils (DIN 1054 and 18 196)?



Y



Will it be necessary to lower N the top of the subgrade (1) when carrying out track work?



N



Were level and alignment faults shown on the track recording chart?



1) In this context, the term sub-grade is not used in the strict sense of the term (the sub-structure) but in the sense of the German word "Planum", meaning the surface of the sub-grade 2) In this context, the term sub-grade describes the German expression "Erdplanum" or the upper part of the railway sub-grade



3



2



Explanation of the footnotes in the flow chart X The defects derived from questions 1 and 2 cannot be cured with a blanket layer XX In each case, a check must also be made whether the defects derived from questions 1 and 2 could have originated from the subgrade and the embankment, which would require remedial work to earthworks in addition to the installation of a blanket layer.



Appendices



Appendix B - Example of flow chart for subgrade improvement (DB and DR)



Fig. 30 - Example of flow chart for subgrade improvement (DB and DR)



719 R



Appendices Comments on flow chart for subgrade improvement Question number: 1



-



E.g. frequent tamping.



2



-



Large dips in the vertical rail top profile may be indicative of ballast contamination (presence of clay slurry) or unsuitable embankment soil.



3



-



This may be required, for example, if a deeper rail section and/or thicker sleepers are to be installed.



4



Investigations by ballast draining. An increase in ballast depth is often encountered on embankments which are subject to long term settlement (creep). The settlement is then compensated for by addition of ballast and by tamping. The cause should be identified in such cases. Also there are often stability problems due to softened cohesive soil in the embankment.



5



-



Investigations by spot checks and/or draining of embankment. "Ballast pockets" are generally produced in non-cohesive subgrade (see footnote (2) - page 73) which is poorly drained and softened in spots, and therefore, has a reduced bearing capacity. In such cases, track levelling is ensured by further ballast tamping.



6



-



Generally, only possible where there are no structural elements below the track bed.



7



-



Investigation by trial pits in the track bed and sampling all soil types encountered to a depth of 0,9 to 1,1 m below rail top level according to DIN 4021. Particle size distributions to be determined using sieve analysis, to determine the soil type according to DIN 18196, its frost sensitivity, filter stability and uniformity coefficient. According to DIN 1054, soil types GE, GW, GI, SE, SW, SI, GU, GT, SU are non-cohesive and types UL, UM, TL, TA, TM, SU, ST, ST, GU, GT are cohesive. Filter stability can be determined, for example, from Terzaghi's filter rule. The coefficient of uniformity is obtained from U = d60/d10. This indicates the suitability of soil for compaction. When U < 3, compaction will not produce a dense stable structure.



8



-



To determine the plasticity of a cohesive soil (according to DIN 18196, paragraph 3.3), it is necessary to determine the liquid limit WL, plastic limit WP and the plasticity index IP according to DIN 18112 T.1. The plasticity of a cohesive soil is determined from the plasticity chart given in DIN 18196.



9



-



Drainage of the subgrade (see footnote (2) - page 73) is adequate when there is sufficient crossfall and when there is functioning longitudinal drainage which is in good condition, and the piezometric level is ≥ 1,5 m below rail top. Under such conditions, drainage may also be inadequate if there are depressions in the track.



10



-



Sieve/sedimentation analysis and establishment of particle distribution curve. These soil groups do not have more than 5 % fine particles with d < 0,06 mm.



11



-



Sieve/sedimentation analysis and establishment of particle distribution curve. These soil groups have between 5 % and 15 % fine particles with d < 0,06 mm.



12



-



The coefficient of uniformity U can be determined from the particle size distribution curve. The filter stability can be determined, for example, from Terzaghi's filter rule. The coefficient of uniformity is obtained from U = d60/d10. This indicates the suitability of soil for compaction. When U < 3, compaction will not produce a dense stable structure.



13 and 14



-



The study is made by reference to the particle size distribution curve.



15



-



To determine the plasticity of a cohesive soil (according to DIN 18196, paragraph 3.3), it is necessary to determine the liquid limit limit WL, plastic limit WP and the plasticity index IP according to DIN 18112 T.1. These soil groups have more than 15 % fine particles with d < 0,06 mm and are plastic.



16



-



To determine the plasticity of a cohesive soil (according to DIN 18196, paragraph 3.3), it is necessary to determine the liquid limit WL, plastic limit WP and the plasticity index IP according to DIN 18112 T.1. If the answer is no, the soil is one of groups OU, OT, OK, HN or F according to DIN 18196.



17 and 18



-



Drainage of the subgrade (see footnote (1) - page 73) is adequate when there is sufficient crossfall and when there is a functioning longitudinal drainage which is in good condition, and the piezometric level is ≥ 1,5 m below rail top. Drainage may also be inadequate if there are depressions in the track.



19



-



Determination of the bearing capacity by plate bearing test DIN 18134 or CBR test. In most cases, it is impossible to prove bearing capacity with a plate bearing test because of time constraints. For clay, silt and sandy soils or their mixtures, the bearing capacity can be measured with the CBR test.
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Appendices



Appendix C - Example of rehabilitation of track beds SBB/CFF C.1 - Typical track bed construction



C2



B5 B3



C3 C



C1



B4



b2



B2



b1



B1 a



A



Fig. 31 - Schematic cross-section Table 2 : Terms and examples Layers



Superstructure



Infrastructure



Surfaces



C3



Rail surface



C2



Sleeper



- Timber - Steel - Concrete



C1



Ballast



- Crushed hard stone



B5



Sub-ballast layer



B4



Foundation layer



- Sandy gravel I, II, 100, 120 - Sandy gravel CFF



B3



Filter layer



- Sand - Geotextile



B2



Prepared subgrade



B1



Embankment



A



Natural subgrade



C



b2



Running



Examples of materials used



Blanket layer



b1



Prepared subgrade



a



Surface of natural subgrade



75



(rail top) - Rail steel



- Bitumen cover - Mineral aggregate



- Compacted - Replacement fill - Stabilisation
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Appendices C.2 - Planning C.2.1 -



Time required Table 3 : Planning example



Year



X-4 Stage 1 2 3 4 5 6 7 8 9 10 11



C.2.2 -



X-3



X-2



X-1



X



Programme for several years for superstructure renewal and collection of basic data Geotechnical study remit Soil sampling programme Field tests Laboratory tests Geotechnical report Renewal project Superstructure renewal programme Implementation project Performance of drainage work Performance of superstructure and substructure work



Collection of basic data



The basic data are intended for the geotechnical expert and for the project planner. They must be collected as comprehensive as possible in planning stage 1 and incorporated into the geotechnical remit. Check list for basic data collection: -



type of track, loading and train speed (present, future state),



-



existing and planned type of superstructure,



-



existing subgrade and sub-ballast layers,



-



type and cost of maintenance,



-



type and location of damage (deformation, rising mud, frost),



-



recording car diagrams,



-



results of preliminary studies and information concerning soils in the immediate neighbourhood,



-



existing and planned line layout,



-



existing and planned structures in the track area (drainage, overpasses, level crossings),



-



possibility of connection with existing drainage systems,
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Appendices -



measures for repairs of the adjacent track and present state,



-



repair measures planned,



-



traffic mode while carrying out repair work,



-



present arrangements for protection from water.



C.2.3 -



Project flow chart Geotechnical study The infrastructure satisfies the requirements for new track



yes no The track belongs to group 1 yes no Check the economic implications of reinstatement/additional maintenance



Additional maintenance is justified economically no



yes



Reinstatement together with complete renewal of superstructure



No reinstatement



Temporary track closure no



yes Reinstatement using highway methods no



Reinstatement together with complete renewal of superstructure



yes Generally, the provisions for new constructions must be applied (each case to be assessed individually)



The provisions of point D.4 apply



Fig. 32 - Project flow chart
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Appendices C.3 - Drainage The need for repairing the infrastructure must be assessed by reference to the results of a geotechnical study of the existing infrastructure as well as to the experience gained with maintenance on the section considered. The geotechnical study provides a basis for decisions concerning: -



the measures required for the infrastructure,



-



determination of the type of superstructure. Sandy gravel blanket layer



Such a study should always be made, when: -



existing conditions are unclear,



-



infrastructure problems arise,



-



difficulties are likely to be encountered, when track loading is increased.



The type of infrastructure and drainage method used are closely interconnected. This is why the drainage conditions must also be considered whenever repairs are to be undertaken. Collector drains must be provided when: -



the track does not run on an embankment,



-



the soil is sensitive to rain water,



-



trenches or cunettes are ineffective.



Generally, infrastructure drainage should be constructed at the time when the superstructure is renewed. The presence of water in the infrastructure causes the loss of bearing capacity of the individual layers and under dynamic traffic loading, the layer boundaries can be disturbed. This leads to the inter-mixing of the infrastructure materials and even to mud rising into the ballast. The penetration of water into the infrastructure, therefore, must be prevented. For dimensioning drainage systems, a run-off coefficient of 0,8 is assumed for the superstructure. The minimum diameter of drain pipes is 0,20 m. When using pipes of synthetic materials, products made of polyethylene should generally be preferred (avoid PVC). So as to prevent inter-mixing of the layer arrangement of the infrastructure under dynamic traffic loading, the dynamic filtering criteria at the interfaces must be observed. This generally requires the installation of a filter layer. In many cases, a geotextile is sufficient to separate the adjacent layers.
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Appendices C.4 - Repair methods for foundation layers C.4.1 -



Review



Several methods can be considered for repairing railway infrastructure, when temporary track possession can be obtained: -



protection layer of gravel (CFF),



-



protection layer of gravel (CFF) and non-woven geotextile,



-



drainage layer of permeable gravel and geotextile,



-



drainage layer with impermeable membrane,



-



light material with gravel.



There is also the possibility of installing thermal insulation in order to avoid frost problems.



C.4.2 -



Sub-ballast layer of gravel (CFF)



Generally, the sub-ballast layer (for protection) must simultaneously fulfil the functions of blocking layer, foundation layer and filtering layer, i.e.: -



increase the bearing capacity,



-



ensure filtering stability,



-



keep permeability low,



-



reduce frost effects.



The thicker the layer is, the better it can fulfil these functions. Generally, a depth of 0,30 m is sufficient. However, when the bearing capacity of the ground is too low (CBR < 4 %), a depth of 0,30 m is inadequate and it should be increased to 60 - [40 • log CBR] (depth in cm, CBR in %) when settlement under dynamic loading is acceptable. When this is not the case (settlement under dynamic loading is too high), the method described in point C.4.6 - page 81 should be used. A layer depth of 0,30 m requires about 0,7 t of material per m2. This method can be used when the soil on the site contains up to 85 % fines (screen gauge < 0,06 mm). If the percentage of fines is greater, the filter stability and protection against fines is no longer ensured.
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Appendices C.4.3 -



Sub-ballast layer of gravel (CFF) and non-woven textile



This method is used when the content of fines in the soil in situ exceeds 85 % (screen gauge < 0,06 mm). It requires the installation of a non-woven geotextile under the sub-ballast layer (for protection) as an additional filtering layer. As a protection against sharp edges and to improve the filtering process, a sand layer of at least 0,05 m thickness is installed underneath the geotextile. This method is recommended, for example, if the subgrade consists of marl or its degeneration products.



C.4.4 -



Drainage layer of permeable gravel and geotextile



When the ground water table is high and, exceptionally, the water can seep from the bottom into the foundation layers, the use of CFF gravel as a sub-ballast layer (for protection) is not permitted. Since CFF gravel is relatively impermeable, pore water pressure can build up which, under dynamic loading, can result in break-up of the foundation layer and local rising of fine particles. In this case, the foundation layer must consist of permeable gravel, permitting the pore water to run into the side drains without pressure. The coefficient of permeability must not be lower than 10-5 m/s. Generally, this requirement is fulfilled by gravel 1 (Standard SN 670 120). In order to ensure the filtering action, a non-woven or finely woven geotextile is installed underneath the foundation layer. A sand layer at least 0,05 m thick should be provided under the geotextile. The surface of the drainage layer is protected by a "sub-ballast" blocking layer so that the surface water cannot infiltrate, but runs away from the railway subgrade.



C.4.5 -



Drainage layer with an impermeable membrane



Installation of an impermeable membrane prevents water from penetrating into the infrastructure. This method is only suitable for track with light traffic and on embankments. The bearing capacity of the existing infrastructure must be adequate. The thickness of the synthetic geomembrane must not be less than 1,5 mm. When laying the membrane, the ends must be welded together in accordance with the manufacturer's instructions. A drainage layer of permeable material (e.g. clean sand) with a permeability coefficient of not less than 10-5 m/s and with a thickness of 0,10 mm must be installed under the geomembrane. In this layer, the water must drain away laterally, otherwise a damp path could form under the geomembrane, which would soften the ground and reduce the bearing capacity at this point so that the ballast and geomembrane "float" on the natural subgrade. A layer of sand, or possibly gravel 0,05-0,10 m deep must be installed on the geomembrane in order to protect it against the ballast so that it will not be pierced by the ballast particles.



80



719 R



Appendices C.4.6 -



Light materials with gravel



This method should be applied on strongly compressible ground, especially on peat. A gravel layer cannot be installed directly on the peat because, due to the highly variable bearing capacity of the peat, it would sink down unevenly even if a non-woven textile were to be used. Compaction would also be impossible and an even surface could not be prepared so that relatively large settlement would result. Suitable light materials for this method are expanded clay and cellular glass. Expanded clay (e.g. Leca) has a wet weight of less than 1 t/m3. When this material is used, the load on the subgrade is generally decreased. A layer of expanded clay must be covered with a gravel layer. Successful experiments have already been carried out with the following construction: -



a mattress-like insertion of an expanded clay layer into a geotextile,



-



installation of a gravel layer on this mattress.



The thicknesses are determined by tests and experience.



C.4.7 -



Correction of frost problems



The correction of frost problems is carried out according to point 3.3.4.3 - page 63 of this leaflet.
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Appendices



Appendix D - Inventory of remedial measures D.1 - Soft ground Monitoring methods These are methods designed to record movements in works either before, during or after stabilisation to confirm the effectiveness of remedial work: -



Measurement of surface movements • Plots showing cumulative displacements of several lengths of rail. • Measurement survey reference points (vertical and horizontal). • Measurement of surface rotations.



-



Measurement of sub-surface movements • Inclinometer surveys. • Establishment of position of slip planes with alkathene tubes. • Measurement of settlements.



-



Piezometric surveys • Level of water table. • Pore water pressure.



-



Measurement of stress (e.g. when using ground anchors)



-



Other measurements (e.g. geophysical, photographic interpretation)



NB :



some of these systems may include equipment which can trigger a suitable warning system if the movements become critical.



Drainage -



Drainage of embankments and slopes1 • Ditches for collecting surface water, for example toe drains or crest drains; it should be noted that these ditches may be the cause of instability and, if necessary, should therefore be sited some distance away (several metres or more according to the nature of the soil and the height of the slope) and should have impermeable linings. • Deep drains to dewater a slope as well as collect surface water (Fig. 33 - page 83). Construction of deep drains in unstable ground is very specialised and must be undertaken in the most favourable hydrological period and be monitored by a system of piezometers. • Interceptor drains, used on natural slopes and cutting and embankment slopes (Fig. 34 page 83) where seepage occurs in wet weather.



1.



Systems for draining and collecting water from slopes and banks vary in design according to the nature of the soil (whether it is cohesive or not) and the mode of failure (slipping or internal erosion). In some cases, further measures (cut-offs, impermeable layers) may be necessary to control the water.
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Appendices 1 2 4 3



5



6



1 Deep drain



4



Piezometric level before installation



2



Geotextile



5



Piezometric level after installation



3



Perforated pipe



6



Drainage ditch



Fig. 33 - Example of dewatering by deep drains



1



2 1



Direction of steepest slope



2



Drainage ditch



Fig. 34 - Example of interceptor drains Comments on figures 33 and 34 The trenches of both deep and surface drains can be infilled with free draining aggregate or pebbles. If pebbles are used, the trenches must be lined with a filtering, anti-contamination geotextile. -



Transverse drains to lead water, which ponds in an embankment, towards the side slopes or to stop longitudinal flow under the track at the cutting/embankment transition point. This is only minor work but it may have a considerable effect on track geometry while it is being carried out.



-



Counterfort drains in embankment or cutting slopes (Fig. 35 - page 84) The base of the drain must be located well below the slip surface so that as well as having a hydraulic function it also also acts as a buttress. Temporary support should be given to the track when work is in progress on embankment slopes.



83



719 R



Appendices A-A 1



4



A



5



2 3 ~1,5 m



≥5%



1



3



A



2



≥ 0,6 m



1 Geotextile



4



Slip surface



2



Free draining gravel or pebbles



5



Topsoil



3



Drain



Fig. 35 - Example of a counterfort drain -



Sub-horizontal drains Set into cutting or embankment slopes to drain deep water bearing layers (perforated plastic pipes possibly surrounded with a geotextile, and other arrangements).



-



Drainage wells



-



Drainage galleries



-



Vertical drains



-



Impermeable layers or other artificial waterproof barrier



-



Electrochemical stabilisation Electrochemical stabilisation of soil consists of improving the cohesive soil in situ by injection of calcium chloride with the application of 60V direct current over a prolonged period of time. The advantage of this method is that the cohesive soil need not be replaced. Electrochemical stabilisation results in an improvement of the rheological and mechanical properties of unstable cohesive soil, improving its bearing capacity, consistency and resistance to water and frost. Preliminary field and laboratory tests must be carried in order to determine whether this method is suitable for the particular case.
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Appendices Mechanical action, by reducing the load at the top of a cutting slope, achieved either by earth removal or reprofiling Mechanical action, by loading the toe of the slope, achieved by re-profiling or provision of berms at the foot of the slope (see Fig. 36) This method is frequently used in order to stabilise slopes. The slope of the berm can be made steeper by using stabilisation methods such as: reinforced concrete beams or piles possibly with anchoring, support walls, masonry lining, nailing, etc. When the bottom of the slope is near a water course, the berm can be built wholly or partly of riprap: it is important to ensure that the berm forms a stable filter.



h ~ --2-



5-10 %



1



h



2



3



5-10 %



h



~ --2-



4 1 General fill



3



Topsoil removed



2 Topsoil



4



Permeable layer



Fig. 36 - Example of a berm This method is not recommended when the slip circle is too high on the slope or when the embankment is set on an inclined terrain. (The dimensions of the berm, h/2 x h/2, are only applicable where the slip circle ends close to the base of the slope). Mechanical action, by retaining the base of a slope This method is used when the available ground space is insufficient for construction of a berm. Most of the methods described below also have the effect of loading the toe of the slope.
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Appendices



1 Reinforced concrete beam 2 Piles



1



2



Fig. 37 - Example of a piled concrete beam -



Retaining wall, cast in situ deep foundation, if necessary, or a simple reinforced concrete beam set on a group of piles (Fig. 37) or anchored in the underlying strata (Fig. 38).



1 Reinforced concrete beam 1



2 Piles



2



Fig. 38 - Example of an anchored beam -



Flexible wall made up of prefabricated reinforced concrete units, gabions, reinforced earth, etc.



-



Sheet piling, a system often used on river banks.
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Appendices Soil nailing -



Traditional piles (Fig. 39) : rows of staggered piles placed in the lower part of the slope (wooden, steel or reinforced concrete piles, prefabricated or otherwise). Sometimes it may be advisable to bore holes beforehand to reduce vibration effects due to ramming. The piles must penetrate beyond the surface of the slip.



Fig. 39 - Example of stabilisation of the base of slope using conventional piles NB : -



when the soil under the embankment is very prone to settlement, the reinforcements can be made more effective by inclining the piles as required (Fig.43 - page 90).



Micropiles: staggered over the whole surface of the unstable part of the slope. Each micropile (several centimetres in diameter) is reinforced with a steel tube and/or one or more round steel bars and injected with a cement grout (possibly containing an additive). If appropriate, the treatment may be limited to discrete short sections of the slope in the form of injected counterforts. While injection work is taking place, any movements must be carefully monitored.



When elements of reduced inertia are used (micropiles, old rails, low diameter piles, etc) for stabilizing earth masses, their axial resistence (nailing effect) rather than their shear resistence should be used. In case of using micropiles, a "wall effect" may be introduced, in order to give inertial resistence to each set of micropiles installed in a cross section of the mass to be stabilized. This can be achieved by grouting, not only the roots of the micropiles within the firm ground, but also the upper part, keeping a distance between micropiles adequate for the grounting of the different units to overlap. Injections -



Injection of the body of the earthwork (Fig. 41 - page 89): treatment of earthworks formed from cohesive soils. An aerated, highly viscous form of cement-sand grout should be used (for example, 3 parts (weight) sand for 1 part cement and a foaming additive) to form a grout plane in the slip surface (or surfaces if there are multiple slips). A series of grouting tubes are installed in staggered rows in the bank, and the grout is injected below the slip surface. Injection should start with the lower rows.
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Appendices The grout approaches the ballast pocket that is normally found at the top of the slip and penetrates and strengthens this pocket. The injection tubes must be placed in such a way that they do not affect the clearance gauge, so that unless any movements occur in the course of work, traffic is not halted but only slowed down. Experience has shown that to obtain the best result, injection work once started should never stop for long periods (more than two weeks at a time). The operations may continue through all seasons provided that the operating team is sufficiently experienced. The figure below shows an example of ground improvement below the track without affecting the traffic (CEDEX, Spain).



0.00



Sleeve tube Non perforated tube



-9,50



Fig. 40 - Improvement technique of transition zones without disturbance to traffic by means of hydraulic fracture grouting (CEDEX Spain) Injection may be used in ballastless track to control the settlements. -



Injection of ballast pockets • substitution of material which has slipped by a non-cohesive material, • surface treatment: this can help to avoid erosion of the surface.



-



Planting vegetation: favours transpiration and strengthens the earthwork. However, it must be cut back as required.



-



Stones (loose stones, masonry, prefabricated slabs, etc.).



-



Geogrids and geocomposites.



-



Rolled turf.
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Appendices -



Protective cover of non-cohesive soil (Fig. 42). This process, which is very common in Northern Europe and North America, performs three tasks: drains water from the ground, protects the bank from water erosion, avoids failures occurring during thaws in harsh climates (liquefaction and erosion of the surface soil).



7



A 6



C



5 4



D



B



3 2



1



A Grouting tubes



C Ballast pocket



B Order of injection



D Slip surface



Fig. 41 - Example of embankment grouting



a



1 2



h



b



3 1 Granular soil 2 Cohesive soil



NB: dimensions a and b depend on the height of the slope and on the hydrogeological and climatic conditions.



3 Longitudinal drainage



Fig. 42 - Example of a protective granular layer NB :



if the foundation soil is of very poor quality for a considerable depth or if the slip surfaces are deep seated, especially when existing subgrades are being widened or deepened, the problems may be so difficult to resolve that special designs need to be produced by a geotechnical expert.
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Appendices Embankments on soils with poor bearing capacity Attention is drawn particularly to the methods listed below: -



Embankments of low height (less than 6m): • excavation under the track and complete replacement by a material of better bearing capacity (requires removal of the track); • excavation under the track and partial replacement by a low density material of better bearing capacity (requires removal of the track); • excavation to the side of the track and replacement by a material of better bearing capacity (Fig. 43, item A) (a speed restriction or interruption of traffic is required); • stabilisation by berms (Fig. 43, item B).



-



Embankments more than 6 m high: • stabilisation by berms (Fig. 43, item C); • piles placed beside the tracks (Fig. 43, item D); • piles placed under the track, which are either capped or spanned with slabs of concrete or other materials (Fig. 43, item E).



1



E



B



D



C



A



1 Radius of the slipcircle



C Berm



A Soil of higher bearing capacity



D Piling at the trackside



B Berm



E Piling beneath the track



Fig. 43 - Examples of stabilisation measures for embankments on soils of low bearing capacity The following figure shows an example of the use of a mounting sleeve in the installation of a embankment plate (VR, Finland)
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Appendices



b: Plate mounting plan Fig. 44 - Example of the use of a mounting sleeve in the installation of a embankment plate (VR, Finland)
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Appendices D.2 - Rock slopes (natural or excavated) Detection and monitoring methods The aims of these methods are to monitor movements in rock slopes before, during and after repair work is undertaken. Electric trigger wires which activate a special signal. Surface measurements of movement -



mechanical direct reader system for detecting cracks (eg. Demec gauge) or vibrating wire strain gauges for measuring extensions,



-



surveying of reference points (horizontal and vertical),



-



remote control optical measuring system with automatic readout,



-



regular spot measurements of surface rotation with a spirit-level or system equipped with a tiltswitch, which sets off an alarm when a given threshold of rotation has been reached (eg. mercury switch).



Measurement of deep-seated movements (in boreholes or wells) -



Relative or absolute variations: • • • •



axial displacements, lateral displacements, inclinations (inclinometer), axial rotations.



Measurement of stresses -



Total stresses.



-



Water pressure.



Measurement of load (e.g. in rock anchors). Other measurements (eg. endoscopic examination of bore holes, geophysical measurement on the surface or in bore holes, passive microseismic measurements). Methods of rockfall protection Track side barriers This solution is frequently adopted for a number of reasons (the problem may originate in an area that is inaccessible or too extensive; the land may not belong to the Railway; barriers are easy to erect from within the railway boundary; they are easy to maintain and inspect, etc.). For a barrier to be effective, it must be high enough to intercept any falling boulders and strong enough to resist the impact. From this point of view, a flexible barrier (which can absorb kinetic energy by plastic displacement or bending) is preferable to a rigid one.
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Appendices "Rail-sleeper" barriers (or similar) (Fig. 45), which are quite effective in the case of rock falls of limited volume.



1



4



3



2



1 Stay



3 Scrap sleepers



2 Clamps



4 Scrap rails



Fig. 45 - Example of a "rail-sleeper" barrier Wire mesh barriers with friction brakes, which allow greater absorbtion of kinetic energy (Fig. 46).
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6



5



7



3 2 8 9



1 10 11 1 End stays



5 Friction brakes



9



Weldmesh in 3 mm x 5 m sections



2 Upper anchors



6 Reinforcing stays



10



Direction of slope



3 Upper post stays



7 Post



11



Lower post stay



4 Mainstays



8 Lower anchor



Fig. 46 - Example of a weldmesh barrier (figure taken from the "Bulletin de liaison des laboratoires des Ponts et Chaussées", article by L. Rochet, May-June 1979)
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Appendices Earth bunds with debris catchment areas (Fig. 47) obtained by excavation of an earth bank.



≥2m



2 1



3



≥3m 1 Earth bund 2 Steepest slope possible with available materials 3



Debris catchment area accessible to earthmoving machine



Fig. 47 - Example of an earth bund with debris catchment area Gabions barriers (Fig. 48).



Fig. 48 - Example of a gabion barrier
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Appendices Barriers placed on the slopes (using the same techniques as above). It is important that the barriers are placed where the falling rocks are likely to have the lowest kinetic energy (Fig. 49).



1



2



3



1 Rock slope



3



2 Barrier



Track to be protected



Fig. 49 - Example of barrier placed on a slope Extra wide cess at the base of a rock cutting (stone traps). This technique of allowing extra width is used for rocky cutting slopes both on new lines (see point 2.3.2.2 - page 24) and when slope stabilisation is undertaken. RITCHIE1 has made design recommendations, which are reproduced in Fig. 50; they must of course be adapted for each case (presence of other berms on the slope, nature and weathering of the ground, etc.).



1.



RITCHIE Arthur M. "Evaluation of Rockfall and its Control". Highway Research Record, vol. 17, 1963, pages 13-18.
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Appendices



1



1 Optional fence



h l



α



d



ß ≥ 30°



Fig. 50 - Recommendations for the dimensioning of extra width at the bottom of slopes for protection against rock fall (according to RITCHIE) Table 4 : Protection against rock fall Incline of bank α (degrees)



Height of bank h (metres)



Width of trap l (metres)



Depth d (metres)



80 to 90



5 - 10 10 - 20 > 20



3 5 6,5



1 1,5 1,5



75



5 - 10 10 - 20 20 - 35 > 35



3 5 6,5 8



1 1,5 2 2



65



5 - 10 10 - 20 20 - 35 > 35



3 5 6,5 8



1,5 2 2a 3a



55



0 - 10 10 - 20 > 20



3 5 5



1 1,5 2a



45



0 - 10 10 - 20 > 20



3 5 5



1 1,5 2a



a. In this case, d can be reduced to 1,2 m if a barrier is provided.



Control of direction of fall -



Barrier set at an angle so that rocks can be directed towards areas where, for topographical reasons, they are more easily handled.



-



Mesh suspended from above and hanging free along the wall; this protection device can only be used for smaller rocks, which are directed towards the bottom of the bank.
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Appendices Manual removal This is used for smaller rocks. It is a day-to-day maintenance operation, but care should be taken to ensure that removal of one rock does not cause instability of a larger mass. NB :



the use of explosive for these operations is a very difficult operation, which requires detailed preparation, many precautions and specialised operators.



Protective gallery (Fig. 51) This very expensive solution is used, when rock falls cover a wide area or in the case of a very steep bank, when no cheaper solution is practicable.



a: Principle plan mounting sleeve



Fig. 51 - Example of a protective gallery Stabilisation of rock slopes Surface treatment -



Planting grass or bushes, fascines: these methods are effective when rock falls are due to rocks set in a matrix of finer soils becoming dislodged as a result of erosion.



-



Reforesting of the slope: this process has the long term effect of stabilising the soils and reducing erosion. The tree trunks can act as obstacles in the path of the rocks. In some cases, however, the roots may dislodge rocks where they emerge from the slope, or act as a lever, aided possibly by wind. The tree trunks can act as a breaker against rock falls.



-



Masonry facing: this method can be used to protect rock cuttings when the rock is susceptible to frost (e.g. brick or block work at least 0,30 m thick attached to the rock by interlocking or bolting; prefabricated facing units; walls cast in situ). Water should be carefully collected and drained away.



-



Sprayed concrete: this method can be used when the rock does not have a high clay content. The coating must be reinforced (grid, welded grid mesh or other methods) and fixed to the wall by grouted pins or anchoring bolts (Fig. 52 - page 98). The concrete is sprayed in several layers up
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Appendices to a minimum thickness of about 0,05 m on the most prominent areas of the rock face. Water should be directed away from behind the face to avoid the danger of further frost action. NB :



sometimes, it is sufficient to treat only the offending parts with unreinforced sprayed concrete.



1



2 3



4



1 Sprayed concrete



3



Weep holes



2 Rock bolts



4



Sub-horizontal drainage



Fig. 52 - Example of protection with sprayed concrete Support buttresses This procedure is used for rock overhands with a clearly subscribed unstable part (Fig. 53).



Fig. 53 - Example of support buttresses
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Appendices Rock anchors -



Prestressed anchors: this method (Fig. 54) requires detailed knowledge of the zone of rock in which the bond AB is made.



-



Non-prestressed anchors: these are used especially for highly jointed and very variable rock formations (see Fig. 55). Anchor holes several metres long can be drilled using light-weight equipment.



1



4



2 A A



B



B



3 5



1 Grouted anchor



4



Slip surface



2 Loading plates



5



Stable rock



3
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Fig. 54 - Example of prestressed anchors
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3



1 Un-prestressed anchor 2 Slip surface 3
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Fig. 55 - Example of a non-prestressed anchor
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Appendices D.3 - Voids and subsidence beneath the track The method of treating voids and subsidence varies according to the nature (cause and subsequent development) of the problem. A distinction is made between: Problems with natural causes Such problems occur where soluble layers in the ground are dissolved by running water, e.g. gypsum, rock salt, limestone and chalk). The ground overlying the resulting void collapses and this may ultimately progress upwards to the ground surface (subsidence and swallow holes). Dissolution may be accelerated as a result of industrialisation and urbanisation (e.g. industrial pumping). Even if the areas of soluble soils are known, the voids themselves are very difficult to detect. When a sensitive area is identified (e.g. when subsidence occurs), it is necessary to define the potential problem areas: -



by interpreting existing information and geological data;



-



by interpretation of aerial photographs or examination of photographic records;



-



or possibly by geophysical examination (seismic, electric, gravimetric, radar or gamma-rays);



-



sink small diameter boreholes at regular intervals along critical sections of the subgrade.



The most common method of treatment is grouting. This may be carried out through the small boreholes referred to above. The quantities injected at each point must be carefully monitored as the injection tube is raised. The voids are filled by gravity with a material not liable to settlement; care should be taken to avoid using materials which are too permeable, thereby forming a vertical drain which may generate further problems. The upper part must be filled in with materials that are resistant to rainwater (concrete, sand/cement grout or similar mixture), which is sometimes aided by vibration. At the same time, the drainage system should be checked to ensure that it is watertight with respect to the subgrade. In very difficult cases, the track layout may have to be modified or load-distributing slabs laid under the track. Man-made problems These include disused quarries, mines or war trenches. Where they are known to exist and can be inspected, they must be: -



checked periodically to see that the galleries and their supports are in a reasonable state of repair,



-



made secure where necessary.



If such a procedure is not undertaken, there is a danger of collapse or subsidence. The recommended solution is either to backfill or to grout.
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Appendices D.4 - Miscellaneous Sand dunes Control of sand movements and dune development requires a precise knowledge of the prevailing wind forces in the area of the track concerned. The type of preventive measures used will depend on local conditions, and include: -



screens (of various types),



-



planting suitable vegetation, such as marram grass or similar,



-



spraying with various oil-based or bitumen-based emulsion (which allows vegetation to become established).



Mud flows (erosion of both fine and coarse material) Attempts may be made to prevent the formation of mud flows by drainage, planting shrubs and trees or building dykes. Avalanches in mountainous regions Appropriate solutions include planting of forests on the slopes, protection works in areas where avalanches form and works to protect the track. Snow-drifts To protect exposed sections of the track from drifting snow, hedges should be planted or barriers or fences erected at an appropriate distance from the track. These will stop the snow before it reaches the track. In extreme situations, it may be necessary to build protective galleries. Flooding and erosion near water courses and lakes The railway subgrade can be protected against flooding and erosion by structures such as: -



rock barriers,



-



masonry facing,



-



sheet piling,



-



wave breakers,



-



dykes,



-



etc.



Torrents must be contained or dammed-up to ensure proper retention of materials carried away, as well as an effective reduction of the kinetic energy of the water.
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Appendices



Appendix E - Example of methodology for bed layers design in existing lines (ADIF, Spain) E.1 - Basis of design The methodology used for establishing the thicknesses of the bed layers (ballast + subballast) is based upon the concept of settlement-conservation coefficient and upon Dormon's law (Question ORE D 117, Rep. 28) which have been used to define the thicknesses given in point 2.4.2 - page 36.



E.2 - Evolution of the levelling operations with traffic A reference traffic To of 45 Mt is considered. Let T [Mt] be a fictitious traffic, corresponding to a real traffic which has circulated on the track since the last rail renovation (or traffic opening), obtained according to the formulation and coefficients given in UIC Leaflet 714, paragraph 1. The relative traffic τ is defined as τ = T/To. Given a relative traffic τ, which has been made necessary a number Z of levelly operations Z = k Z1, where Z1 = 0,45 (0,8 τ + 20,2τ - 1), and k is the settlement-conservation coefficient. It is experimentally verified that the variation of k with τ is small. When Z is not known, in order to obtain the k value for a given line, time intervals of at least 5 years must be considered, and if τ is the total relative traffic when a levelling operation is carried out, and τ + Δτ the total relative traffic when the next levelling operation is necessary, then k can be established with a sufficient degree of accuracy by means of the formula: K = 1/ (0,36 + 0,06.2 0,2 τ + 0,1 Δ τ) Δτ When more than 2 successive levelling operations are considered, several values of k may be obtained through the procedure described. Then, a representative value of k is taken as the arithmetical mean of those values.



E.3 - Object of design The object of the evaluation of the thicknesses of the bed layers is obtaining, on an existing platform, a track with a prefixed k coefficient. A value k = 1 is considered allowable, and it is recommended that k ≤ 0.5.



E.4 - Application of Dormon’s law Dormon's law relates k to the maximum stress transmitted to the platform. This law indicates that if an axle transmits a stress σ1 to the platform of a track having a k1 coefficient, this track will behave as having a k2 coefficient for a transmitted stress σ2 verifying: σ2/σ1 = (K2/K1) 0,2
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Appendices E.5 - Reference axle A reference axle of 20 T is considered, with a dynamic surcharge per wheel of 2, 2 12Q ⁄ z + 93 [ kN ] where Q/z [kN/mm] is the global dynamic stiffness corresponding to a single rail of the track. It has to be reminded that the global static stiffness is, generally, close to the global dynamic stiffness. The total dynamic load per wheel will not exceed the limit values given in UIC Leaflet 518, paragraph 10.1.1.2.



E.6 - Characteristics of the track and bed layers The track characteristics to be considered are: -



Rail: Dimensions and mechanical parameters



-



Rail-Sleeper fastening : Stiffness



-



Sleepers: Spacing, dimensions and mechanical parameters.



The bed layer characteristics to be considered are: -



Ballast: Dimensions of ballast layer and mechanical parameters



-



Subballast: Dimensions of subballast layer and mechanical parameters



-



Other bed layers (if they exist): Dimensions and mechanical parameters



NB :



In case more precise data are not available, the following reference values for ballast and subballast may be considered: Table 5 : Reference values for ballast and subballast E [MPa]



ν



c [MPa]



ϕ [°]



γ [kN/m3]



Ballast



130



0,2



0



45



15



Subballast



120



0,3



0



35



19



Ε: Modulus of elasticity ν: Poisson coefficient c: Cohesion ϕ: Friction angle γ: Specific weight
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Appendices E.7 - Platform characteristics The characteristics of the platform to be considered are the different layer thicknesses and mechanical parameters Ε, ν, c, ϕ, γ and w (water content). The total thickness to be considered reaches 2 m below the rail upper surface. E may be determined by "in situ" plate load tests, in which Ev1 and Ev2 values are obtained. If Ev2 ≤ 2,2 Ev1, Ev2 is taken as E value, otherwise Ev1, is considered to be the value of E. E may also be determined through the CBR test. In this case, the relationship between the CBR index and E will be taken from question ORE D 117, Rp. 28, Fig. 2. The sample in the CBR test will be compacted to the "in situ" density. In any case, the water content of the tested material must be close to saturation, and for that purpose the platform will be adequately irrigated at the testing zone. The determination of the platform characteristics must be effected at the track location, between two sleepers.



E.8 - Modification of a track K coefficient If the l coefficient of a track has to be modified, the following procedure may be followed. The present value k1 of the coefficient is determined and, preferably by elasto-plastic analysis, using the laws and methods of the continuum mechanics (or experimentally) the stress, transmitted to the platform, under a rail, by the dynamic loads acting on the track, is obtained. The object is to change the value k, to a new value k2. By applying Dormon's law, the new stress σ2 to be transmitted to the platform will be σ2/σ1 = (K2/K1)0,2. Because of the modification to be introduced in the superstructure (track and ballast). σ2 will depend upon the thickness, esb, of the subballast layer (in general, σ diminishes as esb increases). An easy approach to obtain esb will consist upon considering 4 different thicknesses of subballast (for instance 0 m, 0,2 m, 0,3 m and 0,4 m) and adjusting a function σ = σ (esb), from which esb would be obtained for a σ2 value of the stress transmitted to the platform. The values obtained for esb may be rounded off to multiples of 5 cm. The value obtained for esb may be different to the value finally adopted for other reasons (for example, for homogeneity of adjacent sections).



E.9 - Final considerations 1. For tracks in which the traffic expected during their life span will not exceed the corresponding to UIC 5 group the k coefficient may be increased to 3; this value may be increased up to 10 for the UIC 6 group. 2. The local determinations considered in E.8 may be applied to sections of sufficient homogeneity in behaviour and geotechnical characteristics. 3. For constructive reasons, the thickness of subballast will never be less than 15 cm. 104
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List of abbreviations AASHTO



American Association of State Highway and Transportation Officials



ASTM



American Society for Testing Materials



BS



Standard of British Standards Institute (BSI)



CEN



Comité Européen de Normalisation (European Standards Committee)



CNR-UNI



Consiglio Nazionale delle Ricerche - Ente Nazionale Italiano di Unificazione (National Research Council - Italian National Standards Organisation)



DIN



Deutsches Institut für Normung (German Standards Institute)



ISO



International Organization for Standardization



ISSMGE



International Society of Soil Mechanics and Geotechnical Engineering



NF



Normes de l’Association Française de Normalisation (AFNOR) (French Standards Association)



Ö-Norm



Normes de l’Österreichisches Normungsinstitut (Austrian Standards Institute)



SETRA-LCPC



Recommandations du Service d’Etudes Techniques des Routes et Autoroutes et du Laboratoire Central des Ponts et Chaussées (French road engineering recommendations)



SN



Normes des Schweizer Normenvereinigung (Swiss Standards)
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