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9.6 Seepage and flow nets .fr

slip surface. The output from such a computer analysis should not be ... On sidelong ground, a drain should be installed at the top of ... cal resistance network method a scaled network of resist- .... hexametaphosphate solution to help remove and to break down ...... Head, K. H. (1986) Manual of soil laboratory testing, Vol. 
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It is common practice to start the analysis by assuming a uniform distribution of/(;c) (say/(jc) = 1.0) across the slip. Some authors have indicated that variations in the shape of the f(x) distribution have little effect on the factor of safety determined by the analysis, but other experience suggests that this depends upon the geometry of the problem and the parameters used. In some cases the f ( x ) distribution can affect the result significantly, and therefore different distributions should be used. These may take the form of either: (1) a half-sine curve; or (2) a distribution where /(X) is proportional to the curvature of the slip surface. The output from such a computer analysis should not be accepted without a check that: (1) The shear stress on any vertical surface within the slip mass does not exceed the available shear strength. (2) No tension is implied on any vertical surface within the slip mass. For this to be true the resultant force on any section should pass within the bounds of the ground surface and the slip surface. It is therefore necessary to obtain values for the vertical shear force and position of the resultant thrust across the section in order to make these checks. 9.5.7.5 Flow slides Not all slides are deep-seated shear slides. (For a classification of landslides see Skempton and Hutchinson.53) A fairly common type which should be mentioned is the flow slide. Flow slides generally take place in saturated masses of loose, fairly impervious soils such as fine sands, silts or silty clays. They can occur on quite flat slopes and can travel long distances, the soil and water flowing as a liquid mass. They are caused by a sudden reduction of the shear strength to zero, or close to it, by the transfer of all the pressure to the water in the voids, a process known as liquefaction. The chief factor here is the relative density of the soil, loose soils having a relative density of less than a critical value below which volume reduction occurs on shearing contrary to dense soils which tend to dilate, thus throwing a tension on to the pore water. Casagrande considers in Green and Ferguson54 that sands having a relative density greater than 50% would be safe against liquefaction. Casagrande and others have drawn attention to a more general phenomenon called 'fluidization' where the fluid phase is mainly air. Such phenomena are not necessarily confined to fine grained soils. They can occur under a variety of circumstances, the chief of which is a sudden disturbance of a loose solid by a heavy shock or vibration. Drainage and compaction are the two main remedial and preventative measures. In some clays, the existing undisturbed strength is much greater than the strength after remoulding. The ratio of these two strengths is called the sensitivity of the clay. In general, the undisturbed strength of soft clays is measured in situ by means of a vane test. Much work on this problem has been done in Norway and Sweden and is described by Skempton and Northey.55 In England, sensitivities are usually below 10 and in these cases an analysis can be made using the undrained shear strength and the related to the base diameter B of the pile, thus: Q = 9cQcAB + acuA^



(A9.2.7)



where o> = 0.8 for B< 1 m and 0.75 for B> 1 m, and acu has an approximate limit of 100 kN/m 2 . In the event of the strength being determined on larger specimens or from in situ piston tests, upward modification in the value of co is necessary. Load factors used in the design range from 2 for straight-shafted piles to 2.5 for base diameter less than 2m as these values will generally restrict the short-term settlement of the single pile to less than 10mm. With diameters larger than 2 m the working load should be checked by calculating the settlement using the curves relating QJQ to settlement shown in Figure A9.2.2. The range of a values discussed above is based on experience of London Clay. In dealing with other overconsolidated clays (e.g. the Lias, Kimmeridge and Oxford Clays and in weathered marls) some caution is needed in assigning a values, and where previous experience is not available, loading tests designed to establish a values should be undertaken. Piles driven into soft sensitive clays result in loss of strength in the clay in contact with the pile, and thus test loading should be delayed for as long as possible after driving, preferably at least a month, to allow thixotropic strength to be regained.



Applied load Q3 Ultimate load ~ Q



tion, grouting and reinforcement. Reference should also be made to the use of geotextiles for reinforcement, separation and filtration in the ground and of mild steel reinforcement strips to produce reinforced earth structures with increased shear properties in embankments and fills. Various other processes have been developed and the whole subject of ground improvement deserves special study starting, for example, with Chapters 29 to 38 of the Ground engineer's reference book.™ This appendix lists and gives a brief description of the main ground improvement methods. A9.3.1 Drainage and water lowering



Piles without enlarged bases



Piles with enlarged bases



Drainage systems to control groundwater in engineering works may include seepage reduction measures, such as impervious barriers of sheet piles, membranes or grouts, together with drains incorporating a filtering material, sometimes enveloped within a plastic fabric filter. In sands and gravels, waterlowering systems can be used to allow an excavation to be carried out in the dry or to reduce the water pressure on the sides and base of the excavation. A9.3.L1 Site investigation A thorough site investigation to establish the hydrogeological characteristics of a site is an essential preliminary to the design of any groundwater lowering project. This is discussed further in Chapter 11.



Settlement of pile head (mm) Figure A9.2.2 QJQ against settlement in loading tests, showing the mean curves for piles with and without enlarged bases. (After Whitaker and Cooke (1966) 'An investigation of the shaft and base resistance of large bored piles in London Clay', Proceedings, conference on large bored piles. Institution of Civil Engineers, London) Piles driven into stiff clay cause severe disturbance and fracturing to the clay and experience has shown that the effective cohesion can be extremely erratic, even on the same site (Tomlinson62). The lower limit of the adhesion factor, Tomlinson suggests, ranges from about 1.0 for soft clays to 0.2 for stiff and very stiff clays. When piles are driven to deep penetrations into stiff clays, the adhesion factor is influenced by the effective overburden pressure at any point in the pile shaft.62 Loading tests should be carried out whenever possible. Piles driven into ground which is subject to consolidation from loading, or which is still settling under prior loading, are subject to downdrag forces (negative skin friction) which place an additional load on the toe. These forces can be severe and should be taken into account in the design and test loading. Negative skin friction can also occur, when driving piles through soft sensitive clays to bear on a harder stratum, owing to dissipation of the pore pressures induced by driving. Negative skin friction can be reduced by slicking the pile with the appropriate grade of bitumen. Johannessen and Bjerrum69 recommend the evaluation of downdrag using effective stresses.



Appendix 9.3 Ground improvement There are numerous cases in which the properties of naturally occurring soil or fill material can be improved or changed to help solve engineering problems arising either in temporary or permanent works. The methods of ground improvement cover a wide range of techniques - often referred to as geotechnical processes - and include compaction, moisture control, stabiliza-



9.3.1.2 Permeability and filters The permeability (transmissibility divided by the depth of the aquifier) can be determined by pumping from a large-diameter well while monitoring the drawdown in a number of adjacent observation wells. The shape of the drawdown-time curve is matched to type curves derived theoretically, and the transmissibility and storage coefficients so deduced. A wide range of available type curves enables varying aquifiers and hydrologic boundary conditions to be considered. Alternatively, for a fully penetrating well into an unconfined aquifier, permeability can be estimated from the equilibrium drawdown-distance curve, using Equation (A9.3.1). This latter method, which is the older of the two described, requires the establishment of equilibrium conditions, which may take many days; in contrast the timevariant method can be applied within a matter of hours after commencement of pumping. Pumping tests give the most reliable value for k but an order of permeability can be obtained from grading curves (see Loudon71). Undisturbed samples of fine sands are essential in order to see if the material is laminated - a fact which naturally can have a marked effect on the horizontal permeability. Grading curves are also used to choose suitable sand as a filter medium using Terzaghi's empirical rule which states that the grading curve for the filter material should be the same shape as that for the material to be filtered, and: P1, (filter) A 5 (filter) O 85 (SOiI) - 4 l o : >- D 15 (SOiI) where D15 and D85 are the grain sizes corresponding to those at which 15% and 85% pass on the grading curves. A9.3.1.3 Pumping capacity The quantity of water to be pumped from a fully penetrating well into an unconfined aquifier can be calculated from the equation:
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(A9.3.1)



where k is the permeability in metres per second, H is the depth from normal water level to the impermeable stratum in metres, h is the depth from lowered water level to the impermeable stratum in metres, R is the radius of cone of depression in metres and A is the radius of circle of area equal to area surrounded by wells in metres. R can be obtained from the empirical relation R = 30(H- /OV* (m)



(A9.3.2)



The number of wells required can be obtained from the empirical relationship g = 3.63 x 10-V0A0H** (m3/s)



(A9.3.3)



where r0 is the radius of a well in metres. H0 is the water level outside a well in metres, k the permeability in metres per second and n is the number of wells required.



As in the case of well-points, two-stage systems can be used for a lowering of more than 4.5 m but, in general, deep wells will prove cheaper. Deep wells With the deep-well system lowering of the water level can be achieved in one stage. This is because the pumps are placed at the bottom of the wells and deliver the water against pressure; there is no suction lift. The pumps used are electrically driven submersible pumps. The well cannot be less than 450 mm diameter, which allows a 75mm thickness of filter gravel, and if a two-stage filter is desired the well will be 600mm diameter. For this reason the capacity of the wells is much greater than in the case of shallow wells and they can therefore be spaced further apart, in general up to 30 m, but this will vary considerably on different installations. The cost of a deep-well system is high but it generally gives safe dry excavation and can often reduce the time of construction considerably. For safety, two independent sources of electric power must be provided for the pumps, since once they have started pumping it might be disastrous if they failed.



A9.3.1.4 Well points, suction wells and deep wells



A9.3.L5 Vacuum drainage



Three systems of water lowering are in common use and each has certain advantages and disadvantages.



In soils of low permeability, such as coarse silts, drainage can sometimes be effected by sealing the wells or well points and exhausting the air from them. The pressure of the atmosphere then acts as a surcharge on the soil causing it to consolidate, and water is squeezed out of the soil into the filters of the wells. The amount of water removed is very small but the increase in strength of the silt is marked, and excavation is greatly facilitated.



Well points When the lowering of the water level required is 4.5m or less, a well point system can be used. If the system operates very efficiently, greater lowering can be obtained, but this should not be assumed at the planning stage. A well point is a metal tube about 50 mm_diameter carrying a gauze filter about 1 m long at its lower end. New types of well points are now on the market with slotted plastic outer covering and metal centre tubes. The well points are jetted into the ground at intervals of 1 or 2 m and then connected to a header main through which the water is extracted by a well-point pump for exhausting the main and well points, and a centrifugal pump to remove the water. Well points are cheap to install and, for a long progressive excavation such as a pipe or sewer trench, they are usually the most economical system. If greater lowering than 4.5m is required, a two-stage system can be used. A special trenching machine is now available for laying a horizontal porous pipe of 100mm diameter at depths down to 5m below ground level. A pipe up to a maximum length of about 230 m can be installed, and for continuous trench work the pipes are overlapped by about 4.5 m, Shallow wells These are, in principle, the same as well points but the wells are bored into the ground. The wells are usually about 600 mm diameter with a 300 mm filter tube and a 75 to 100mm diameter suction pipe. The space outside the 300mm tube is filled with a gravel filter as the boring tube is withdrawn. Because of their greater diameter, the wells usually can be spaced about 10 to 15m apart, and since there are many fewer connections than in a well-point system, the efficiency is greater. The wells are connected to a ring main and a well-point pump. Alternatively ordinary suction-lift pumps can be installed individually in the wells for small excavations. The cost of pumping is much the same for a given lowering of the water level from either a well-point or a shallow well system, but the cost of installation of the shallow wells is higher. The shallow well installation is often to be preferred for an excavation of rectangular shape (as opposed to a long trench) where pumping must continue for many months, and in fine sands where a graded filter is necessary or in laminated soils where a definite vertical connection between the aquifers is required.



A9.3.1.6 Electro-osmosis Electro-osmosis is a further drainage process which can be used in silts. It is based on the principle that if a direct electric current is passed through the soil a flow of water takes place from anode to cathode. The cathode is made into a well and the water which reaches it is pumped out. The amount of water removed is small. The success of the method depends, as with the vacuum method, on the fact that the flow of water is away from the excavation, the free water surface is lowered and the water which remains in the soil above this surface is in tension, and that the capillary tensions add greatly to the strength of silt. To some extent also the water content of the soil is reduced, thus resulting in an increased strength. Electro-osmosis is an expensive process and should only be considered if more normal methods of construction are inapplicable. In many silts the vacuum method of drainage is probably nearly as effective and much cheaper. A9.3.1.7 Settlements caused by water lowering When the water level is lowered the effective weight of the soil between the original and the lowered water levels is increased because the buoyancy effect has been removed. Where the soil concerned is sand and gravel any settlements due to this increase in weight are normally small, but where silt, clay or peat occurs in the zone referred to, settlement will occur with time owing to the consolidation of this material under its own increased weight. Advantage is taken of this in the methods given in section A9.3.2 to accelerate settlement. Before installing a groundwater lowering system it is essential, therefore, to consider what effect such settlements may have on structures within the zone of influence. Important structures will probably be founded below the compressible material, either directly or on piles, and will be unaffected. For structures



founded on the compressible strata, it is necessary to calculate the probable settlement and to estimate what damage, if any, to the structure would result. In order to limit the radius of influence of a groundwater lowering system, some of the pumped water can be 'recharged' or fed back into the aquifer by means of infiltration wells sited close to the structure below which it is desired to limit the potential settlement.72



Cross-section



A9.3.2 Vertical drains to accelerate settlement



Substratum



Vertical drains are used to accelerate the settlement of layers of soft clay or silt under applied loads. In many cases settlement can be tolerated provided it occurs quickly, preferably during the construction period, e.g. road embankments on soft clay (Figure A9.3.1). The rate at which a uniform thin clay layer consolidates is inversely proportional to the square of the drainage path, which is either the thickness or half the thickness of the layer depending on the drainage conditions. The principle of this method is to provide vertical drains in the clay. The drainage path is then reduced to half the spacing of the drains. When the load (e.g. a fill) is applied, the settlements take place quickly in, say, a few months instead of many months or even years. It is important to note that vertical drains do not reduce the amount of settlement. Vertical drains are particularly effective in deposits where the horizontal permeability is high compared with its vertical permeability. However, care must be taken to avoid local reduction of horizontal permeability by the process of installation of the drain. In deposits of exceptionally high lateral permeability, vertical drains may not be necessary. It is important, therefore, to investigate the horizontal drainage characteristics with great care.73 ..... The consolidation of the clay under load increases its strength, a fact which can sometimes be made use of by construction, in stages, of a fill which would cause foundation failure if placed in one operation.
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Figure A9.3.1 Typical vertical drain installation. (After Gambin (1987) 'Deep soil improvement', in: Bell (ed.) Ground engineer's reference book (Figure 36.6). Butterworth Scientific, Guildford) cover, hence the name 'band'. The mandrel used to place these prefabricated bands may be circular, rectangular or of any other convenient section that reduces the disturbance of the surrounding soil. The equivalent diameters of band drains lie between 5 and 10mm with a typical spacing of 1.2 to 1.5m and a maximum length of 60 m (Figure A9.3.2). The particular advantages of band drains are their simplicity, speed and cost of installation, together with minimum disturbance of the foundation soil.



A9.3.2.1 Vertical sand drains Vertical sand drains usually have been formed by driving a hollow mandrel and filling the space formed by the forcibly displaced soil with sand as the mandrel is withdrawn. Jetting and augering methods have also been used. The drains are generally between 0.15 and 0.5 m in diameter at between 2 and 5 m centres and up to 30 m long, depending on conditions. A horizontal drainage blanket is required at ground level to link the vertical drains together before the fill is placed, unless the fill itself is permeable. The disturbance of the foundation soil during the installation of vertical sand drains is an undesirable feature, particularly if the method of installation could cause remoulding of sensitive clays. Various attempts have been made to develop thinner drains to reduce disturbance, such as the band drains described in section A9.3.2.3. A9.3.2.2 Prefabricated drains (sandwicks) The original Kjellmann wick drain of treated cardboard has been replaced by the use of fabric stocking filled pneumatically with sand or grooved plastic cores with nonwoven textile or geotextile filter coverings. Several different designs of plastic drains are available. A9.3.2.3 Prefabricated band drains An extension and, in many respects, an improvement on the prefabricated sandwicks are the band drains74 which consist of a flat core with internal drainage grooves surrounded by a filter



Figure A9.3.2 Examples of cross-sections of plastic band drains. (After Gambin (1987) 'Deep soil improvement', in: Bell (ed.) Ground engineer's reference book (Figure 36.10). Butterworth Scientific, Guildford) A9.3.3 Exclusion of groundwater Retaining systems excluding groundwater from a site, or from an area of a site, include sheet piled walls, in situ concrete diaphragm walls and contiguous bored pile diaphragm walls. The use of compressed air to exclude water from underground workings is another well-developed technique. Freezing and grouting are further possibilities which have the added potential advantage of strengthening the ground locally.



A9.3.3.1 Sheet piling The use of standard interlocking steel sheet piles is described in Chapter 17 (section 17.3.2.5) in relation to the construction of basements. For all except shallow excavations, the interlocking piles require support either by struts, shores or by the use of ground anchors. A9.3.3.2 In situ concrete diaphragm walls Reinforced concrete diaphragm walls can be constructed to considerable depths by placing concrete by tremie tube in a narrow trench supported by bentonite mud. The trench is excavated in short panels, 2 to 7m in length, using special cutters with circulating mud, or grabs and stationary mud. Junctions between panels are formed by means of steel tubes acting as end shutters. The mud displaced by the rising concrete is used in subsequent panels provided it is still in good condition.75 It is possible to construct such walls in all types of ground, though difficulties have been known to occur when concreting in very soft alluvium owing to displacement of the clay under the high head of liquid concrete. In very permeable ground, significant mud losses may occur.



to freeze it. To overcome this objection the Dehottay process was introduced, in which liquid carbon dioxide is circulated instead of brine. More recently, liquid nitrogen has been used. The freezing process in general is applied to narrow, deep excavations such as mineshafts, but cases are on record of its use in foundation work (Figure A9.3.3). A9.3.3.6 Grouting Injection processes using various types of grout are dealt with separately in section A9.3.4 because of their wide applications in reducing permeability, increasing strength and reducing compressibility in soils and rocks.
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A9.3.3.3 Contiguous bored pile walls Walls consisting of soldiers of bored piles can also be made with or without the use of mud depending upon the ability of the ground to support itself. The spacing can be varied and in the case of contiguous bored pile walls each is bored slightly into the completed adjacent pile while the concrete is still 'green'. A9.3.3.4 Compressed air The use of compressed air is well known as a construction expedient in underground work. It can be used in sands and gravels, silts and clays. The air pressure, acting on the surface of the soil in the excavation or, more correctly, on the water surfaces in the voids of the soil, prevents the flow of water through the soil and acts as a support. The air pressure theoretically must be equal to the water pressure. In practice, a pressure somewhat lower than the theoretical is often satisfactory. In gravels, the losses of air through the gravel may be serious and these can sometimes be cut down by injections of clay suspensions into the gravel before commencing excavation in order to reduce the permeability. The cost of compressed-air working can be high in areas of silt, fine sand and some clays which require considerable support. However, it is often the most effective method for subaqueous tunnels in soft ground. Health hazards in compressedair working, as in diving (Chapter 42), include the 'bends', and in the longer term, bone necrosis. The CIRIA medical code76 should be applied, using the appropriate decompression procedure and equipment. See also section 17.3.4.4.



Excavation



Frozen wall Figure A9.3.3 Scheme of ground freezing for support of an excavation. (After Jeffberger (1987) 'Artificial freezing of the ground for construction purposes', in: Bell (ed.) Ground engineer's reference book. Butterworth Scientific, Guildford)



A9.3.3.5 Ground freezing



A9.3.4 Injection processes: grouting It is sometimes possible to change the properties of the ground encountered by injecting materials of various sorts into the voids of the soil. These changes include: (1) reduction in permeability; (2) increase in strength; and (3) decrease in compressibility, or a combination of these. A major use is for filling voids in mine workings and karstic limestone. Cases in which the reduction in permeability is important include: (1) the formation of grouted cutoffs under dams; (2) grouting fissured rocks; (3) grouting sand and gravel to reduce air losses during construction work in compressed air; and (4) sealing gaps in sheet piling. The increase in strength is important in underpinning problems and in support of excavation in tunnelling. Injection processes can also be used to lift tanks and pavement slabs by hydraulic pressure, the grout later setting and supporting the structure in the raised position.



Another temporary method of preventing the access of groundwater to excavations and of strengthening the soil locally is by freezing the water. This is normally done by boring vertical holes into the ground, installing pipes in them and circulating brine or cryogenic liquids, cooled to below the freezing point of water, through the pipes. The freezing process is expensive and slow but once the water is frozen excavation can safely take place inside the frozen ring. The freezing must, of course, be continued until the permanent work is completed. One of the disadvantages of brine is that if a leak occurs in the pipes it will escape into the groundwater and it may then prove impossible



A9.3.4.1 Materials that can be grouted Grouts can be injected into the fissures in a rock. This is probably one of the earliest applications of the process. Rockfill and rubble masonry can also be grouted. Cement grouts, containing sand or PF ash, are used in cases where the voids are fairly large. Gravels and sands can be grouted successfully by a variety of different processes as described below, but clays and silts cannot because their voids are too small and their permeabilities too



low. An exception to this is the use of the technique called claquage grouting, in which tongues of high-pressure grout penetrate planes and zones of weakness within the soil body. A9.3.4.2 Grouting materials Grouts generally consist of suspensions, solutions or aerated emulsions, the choice depending upon the nature of the work and the type of material to be grouted. Suspensions The most commonly used grout is cement in water but, because of its high sedimentation rate, it can be relatively unstable, depending on the water/cement ratio. Pure cement grouts cannot be used for injecting sands or clays. Suspensions of cement with bentonite (e.g. in the proportions of 4 or 5:1) are more stable, easier to pump and, generally, produce a better result than pure cement grouts. If the voids to be filled are sufficiently large, sand is added to reduce shrinkage and cost. Another group of grouts comprises suspensions in solutions, e.g. in a solution of sodium silicate. An example would be a combined cement-bentonite-silicate grout. Solutions There are several grouting processes in which solutions of chemicals based on sodium silicate are injected. The chemical processes can be used down to the fine sand range. They divide into the two-solution and the single-solution processes. In the two-solution processes (Joosten and Guttman processes) the first chemical injected is sodium silicate, and this is followed immediately by calcium chloride or some such salt. The reaction is almost immediate and for this reason the solutions cannot penetrate far from the injection pipes which are therefore spaced at about 600mm centres. The process gives considerable strength to the soil and also reduces the permeability to a very small fraction of its previous value. In the single-solution processes, two chemicals are mixed before injection, possibly with a third chemical to delay the setting action for some time. The injection pipes can therefore be further apart. The processes reduce the permeability but do not give strengths comparable to the two-solution process. In addition, a range of 'liquid' grouts is available, having acrylic, formaldehyde, lignin and epoxide bases. These grouts have low viscosities and therefore considerable penetration power, and achieve comparatively high strengths. They are, however, more expensive than the common grouts. Aerated emulsions These are cement- or organic-based grouts into which a gas is emulsified. The properties of the resulting foam depend upon the distribution of the gas bubbles which, in turn, depends upon the materials and method of preparation. The foams are not particularly strong and this type of grout is used mainly as a filling. Other types of grout Cement grouts with a low water/cement ratio (e.g. 0.4) are stable and pastelike in consistency. For grouting purposes, they can be made sufficiently fluid by the use of admixtures, such as plasticizers and swelling agents, or by vigorous stirring. 'Colgrout' is an example of the latter treatment and 'Prepakt' of the former. As the high potential strength of these low water/cement ratio grouts is often unnecessary, a large proportion of the cement can be replaced by pulverized fuel ash (PFA). Bituminous emulsions can also be used as grouts, e.g. to reduce the permeability of soils down to the fine sand range. A9.3.4.3 Methods of grout injection In nearly all grouting work the injections are made by drilling or



driving pipes into the ground and pumping the grout in under pressure through hoses attached to the pipes. The spacing of the pipes varies widely with the process and the conditions, from 600mm for the two-solution chemical process in sand, to about 3 m for clay injections in alluvium, and up to 6 m or more for cement grouts in fissured rocks. When filling fissures in rock with cement grout it is usual to use piston pumps which will give a pressure up to 7500 kN/m 2 . The same pumps can be used for clay injections with alluvial sands and gravels but the pressures must be controlled carefully in relation to the depth and nature of the overburden to avoid undue lifting of the ground surface. If the limitation of ground heaving is important, suitable instrumentation for the monitoring of heave may be necessary. In the Joosten and Guttman twosolution chemical processes the amount of grout required to fill the voids in the soil between injection pipes is pumped in with less regard to the pressure, subject to a maximum pressure of about 3000 kN/m2. Piston pumps are used. For very simple grouting jobs, a grout pan may be used. The cement grout is mixed in the pan by a paddle driven by hand or by a compressed air motor, an air pressure up to 750 kN/m 2 is then applied to the surface of the grout in the pan and this drives the grout through the hose into the injection pipe and so into the ground. This suffers the limitation that the injection pressures cannot easily be varied to suit the ground conditions. For more complex jobs, sleeve grouting is frequently used using a 'tube-a-manchettes'. The system comprises a PVC tube of about 30 mm bore which is installed into a borehole of about 90mm diameter and sealed into the ground with a relatively weak bentonite-cement sleeve grout. The tube is equipped at short intervals, normally 300 mm, with rubber sleeves covering perforations. An injection device is located against selected perforations in turn between upper and lower packers. The grout lifts the sleeve, fractures the sleeve grout and enters the ground. With this device it is possible to return to any position and regrout. Grouting work in general is not simple and damage can be caused by the indiscriminate use of high pressures by inexperienced operators. The work should be planned and carried out by engineers and operators experienced in the use of grouting methods. The results need to be observed and monitored stage by stage.



A9.3.5 Reinforced soil An example of reinforced soil as a constructional material consists of frictional soil backfill reinforced by linear flexible strips, usually placed horizontally. It was introduced by Vidal77 in 1963 and has been since developed into a system comprising interlocking precast concrete or metallic wall-facing panels to which are fixed 5 mm thick galvanized ribbed mild steel strips, which provide the reinforcement. The facing plays no structural role, apart from helping to retain the backfill as it is compacted in layers and in locating the reinforcement strips in the backfill under compaction. The performance of a reinforced soil structure depends on the friction developed between the soil and strip. The choice of galvanized ribbed mild steel, instead of other metals or plastics, is based on durability, friction, creep and elastic property considerations. Another form of reinforced soil is the use of woven plastic mesh placed on and wrapped around successive layers of compacted fill in embankment construction. In Chapter 17, section 17.5.9, further information on both systems is given. The range of uses for reinforced soil include retaining walls, sea walls, dams, bridge embankments and foundation slabs.



A9.3.6 Geotextiles 'Geotextile' is the generic name given to a wide variety of materials based on synthetic fibres, such as polyester, polyethylene, polypropylene, polyamine, etc. They may be woven, needle punched or formed into nets. Their potential applications in ground engineering are separation, filtration, drainage and reinforcement. Most progress has been made in the use of these materials for filtration and drainage, but geotextiles are relatively new materials that are still developing. Their use needs to be considered in geotechnical applications.



of a probe (vibroflot) of about 400 mm diameter, fitted with a vibrator giving horizontal amplitudes of 2 to 12 mm at between 30 and 50 Hz. The probe and its extension tubes are lowered by crane at penetration rates generally between 1 and 2 m/min until the required depth is reached. The tip of the probe has jetting holes for water supplied under pressure to assist penetration. Granular backfill is sometimes placed over the area of treatment and used as supplementary fill for the hole as the probe is withdrawn. Other forms of vibrocompactors apply vertical vibrations using a vibrator, similar to that for piledriving, to drive a steel pipe of I-beam section into the material. However, this method is less effective in compacting the top 2 or 3 m (Figure A9.3.4).



A9.3.7 Ground anchors Rock anchors and bolts are discussed in Chapter 10 but there are some similar requirements for anchorages and ties in ground engineering. Diaphragm and pile walls are thin and generally require support which nowadays is provided by anchors, rather than strutting and bracing, as this facilitates excavation. However, for narrow excavations, strutting is often cheaper. With modern boring and injection techniques it is possible to install anchors at reasonably flat angles in all manner of soils. The method comprises boring a hole using augers in clay and rotary percussion with water flushing and casing support in granular soils. Bar or strand is inserted into the hole and the predetermined anchor length grouted up with neat cement under pressure, the free end of the bar being sleeved off. The anchor can be stressed to loads in excess of the working load, if necessary, to test its capacity. When pulled to failure, special test anchors are installed. The design procedure in clays is somewhat similar to that for bored piles. In sands, a semi-empirical approach is used based upon the density and grain size of the sand, the overburden pressure and the injection pressure.78
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A9.3.8 Deep ground improvement A variety of methods is available to improve the bearing capacity and decrease the compressibility of natural soils and manmade fills on site. They include preloading, vibro or dynamic compaction and the use of stone columns. A9.3.8.1 Preloading Improvement of soils by preloading is one of the techniques. The method is most applicable to loose sands, silts and waste materials. The types of work for which the method is most appropriate are those in which column loads will be relatively low, such as for embankments, low-rise buildings and light industrial developments (see Chapter 17, section 17.2.7). The preload is applied by surcharging with imported fill, or water tanks, for the period of time necessary to achieve the required precompression. If it is required to accelerate the process, consideration should be given to the use of vertical drainage in conjunction with preloading. The surcharge load is restricted by the stability of the original ground but, if necessary, can be increased in stages as the ground improves with time.
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Figure A9.3.4 The Vibrocompaction process. (After Gambin (1987) 'Deep soil improvement', in: Bell (ed.) Ground engineer's reference book. Butterworth Scientific, Guildford)



A9.3.8,2 Vibrocompaction Vibrocompaction (vibroflotation) is used for the deep compaction of cohesionless soils and fill materials to achieve improvements at depths to 20 to 30m (see also Chapter 17, section 17.2.7). Increases achieved in density are greater for coarse grained than for fine grained material. The equipment consists



A93.8.3 Installation of stone columns Cohesive materials and layered systems that are unsuitable for Vibrocompaction can be reinforced by sand, gravel or stone columns formed by the vibrating probe or tubes driven by vibrators on top.



In partly saturated clays or fully saturated nonsensitive clays, the deep vibrating probe displaces the soil radially and the hole so formed is filled with well-graded 75 to 100 mm angular stone. No water is used in the probe, but compressed air is necessary for extraction of the probe. The fill is placed in layers, each layer being compacted by re-inserting the probe. The stone columns of 600 to 800 mm diameter allow partial mobilization of the passive resistance of the soil at small horizontal radial strains. In very soft cohesive soils (undrained shear strength 3OkN) the stone columns are formed by replacement of the soil under water pressure. The vibrating probe is operated in a similar way as for deep compaction, using the water jets, and the hole is washed out by repeated up and down movements of the probe. The stone column is formed and compacted as described earlier. In very weak clays it is possible to couple three or four probes together to form a sufficiently stable hole to backfill with large self-supporting stone columns. A9.3.8.4 Dynamic consolidation A method of compaction introduced by Menard involves the dropping of a heavy weight, such as a concrete block or an assembly of plate steel of up to 201, from heights of about 20 m on to the ground. The compactive effect can reach depths in excess of 10 m. It is a method applicable particularly to the more freely draining soils and can strengthen cohesive soils although, with saturated cohesive soils, a combination of dynamic compaction and vertical sand drains may be necessary. It can also be used with manmade fills, including industrial wastes and some domestic waste tips (see Chapter 17, section 17.2.7). Tamping weights can be selected to suit the depth and extent of improvement required. The site is first covered with a working blanket of free-draining material, about 1 m thick, and several impacts are applied at each centre in a predetermined grid. Several coverages of the area, including a perimeter strip, are required at intervals of up to several weeks, to allow the pore water pressure to dissipate. A9.3.9 Shallow compaction Shallow compaction refers to the compaction of material in layers, typically of 200 to 250 mm or less, in the construction of embankments, earth dams, pavement bases and sub-bases and in the process of fill, including the disposal of certain types of waste. Compaction increases the resistance to deformation, reduces permeability and increases the shear strength of a material. The principles of achieving a well-compacted material are illustrated by the laboratory soil compaction tests described in section A9.1.3. The maximum density achievable, measured either in terms of dry density or air voids content, depends upon, the characteristics of the material, the moisture content at which it is compacted and the compactive effort applied, the latter depending on the number of passes as well as the weight or vibrating energy of the roller. The most commonly used rollers were of the deadweight type (up to 2Ot) including smooth-wheel, sheepsfoot or tamping rollers with variations such as grid rollers and pneumatic-type rollers which could apply higher local pressures. Vibrating rollers are now more common, ranging from self-propelled pedestrian-operated rollers to self-propelled and towed vibrating rollers of up to 201. Other important items of compaction equipment are vibrating plate compactors but, in addition, there are power rammers, dropping weight compactors and, more recently, an impact roller. The choice of compaction equipment depends on the characteristics of the material to be compacted. Smooth wheel deadweight and vibrating rollers are suitable for most materials, but grid rollers and pneumatic tyred compactors are generally



unsuitable on uniformly graded granular materials and silty clays. Although the ideal is to bring the moisture content of material to be compacted to the optimum value determined by test or, preferably, by field compaction trial, adjustment of moisture content is difficult and sometimes impossible. In arid areas, compaction at moisture contents below optimum may have to be accepted. Where an adequate supply of water is available, the moisture content of the soil can be increased by mixing water into each layer using disc harrows or cultivators; however, quality of results may vary. In temperate and other countries with wet and dry seasons, earthmoving and compaction is usually confined to certain parts of the year. A9.3.10 Soil stabilization The term 'soil stabilization' is applied to a range of treatments which improve the properties of the existing ground materials, including changing their grading (mechanical stabilization) and chemical action (chemical stabilization). Ground freezing and grouting, described in section A9.3.3, are also forms of soil stabilization. A9.3JOJ Soil-cement Soil stabilization includes treatments with cement, which can produce materials of considerable strength. For example, the flexural strength and elastic modulus of a fine grained soil-cement may be in the order of 0.5 to 1.5 MN/m 2 and 5 to 15GN/m 2 respectively. For coarse grained soil-cement (e.g. cement-bound granular material) the strength and elastic properties approach those of lean concrete. A9.3.10.2 Bitumen stabilization Bitumen has also been used for stabilization in arid climates, but it has little application in moist soil conditions. Addition of bitumen to a granular soil or crushed rock improves its cohesion and resistance to water penetration. The most usual form of addition is bitumen emulsion but foam bitumen is a recent development. A9.3J0.3 Lime stabilization Lime stabilization is widely used, particularly in the warmer climates and developing countries. The reaction of lime with the clay content of a soil rapidly reduces the soil's plasticity; but the subsequent gain in strength of the soil-lime mix is slower and less than that obtained with cement. In some cases, lime is used to modify the properties of a soil rather than to produce a material with appreciable strength, i.e. soil modification rather than soil stabilization. A9.3.10.4 Methods of construction The most commonly used forms of stabilization - mechanical, cement, bitumen, lime - all require efficient mixing and compaction. Their main application is for road, airfield and other pavement areas, but soil-lime and soil-cement have been used to provide stable fill and embankments. Mix-in-place methods, where the required thickness of the stabilized layer is less than about 200 to 250 mm, are generally the most appropriate, using single-pass or multipass machines with blades or tyres, similar to, but more sophisticated than, agricultural cultivators, or travelling mixers which pick up the soil from preformed windrows into cylindrical-drum mixers. Most of these specially developed machines have the capacity to disperse controlled amounts of water and to bring the mix to



optimum moisture content; others each include a cement dispenser, otherwise the required amounts of cement and water are spread ahead of the mixer. While it is possible to stabilize successive layers by mix-inplace methods, it requires considerable care and control. Mixing by central stationary mixing plant is often preferred, using either batch or continuous mixers fitted with paddles or blades to give a positive mixing action. Free-fall-type concrete mixers are not suitable. A range of spreading equipment is available to spread the mixed material in situ prior to compaction. Compaction is usually by smooth wheel or vibrating rollers, but impact compactors are also available. Maximum density at optimum moisture content is the requirement for strength and durability (see section A9.3.9). A9.3.10.5 Limitations to soil stabilization Not all soils or other materials are suitable for stabilization and the following gives some indication of the main limitations. Grading Uniformly or poorly granular soils which cannot be compacted adequately; stones should generally be less than 75mm. Plasticity Cohesive soils with LL>45% cannot be mixed efficiently by most mix-in-place plant; soils containing more than about 10% plastic fines cement cannot be mixed effectively by most stationary mixers. Organic content Peaty soils are unsuitable and soils with more than about 1 % organic content give low strength with lime or cement. Sulphate content Unsuitable for lime or cement stabilization without special precautions.
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