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 DETERMINATION OF EARTH PRESSURE DISTRIBUTIONSFOR LARGE-SCALE RETENTION STRUCTURES
 1.0 Introduction
 Various earth pressure theories assume that soils are homogeneous, isotropic and horizontallyinclined. These assumptions lead to hydrostatic or triangular pressure distributions when calculatingthe lateral earth pressures being exerted against a vertical plane.
 Field measurements on deep retained excavations have shown that the average earth pressureload is approximately uniform with depth with small reductions at the top and bottom of the excavation.This type of distribution was first suggested by Terzaghi (1943) on the basis of empirical data collectedon the Berlin Subway and Chicago Subway projects between 1936-42. Since that time, it has beenshown that this uniform distribution only occurs when the following conditions are met:
 1. The upper portions of the vertical side walls of the excavation are supported instages as the excavation is deepened;
 2. The walls of the excavation are pervious enough so that water pressure does notbuild up behind them; and
 3. The lateral movements of the walls are kept below 1% to 2% of the depth of theexcavation.
 With the passage of time, the approximately uniform pressure distribution evidenced during constructionhas been observed to transition toward the more traditional triangular distribution. In addition, it has beenfound that the tie-back force in anchored bulkhead walls generally increases with time.
 The actual load imposed on a semi-vertical retaining wall is dependent on eight aspects of itsconstruction:
 1. The degree of saturation of the wall backfill in the zone of active or at-rest earthpressure.
 2. The degree of relative compaction of the wall backfill within the active or at-restenvelopes.
 3. The structural stiffness of the retaining wall system and its ability to deflectoutward in response to "active" earth loads.
 4. The magnitude and inclination of thrust generated by soil loads due to eitherinclined bedding, filling, or finished grades behind the wall.
 5. The inclination between the wall itself and the backfill materials.
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 6. The applicable skin friction at the wall/backfill interface.
 7. The vertical and horizontal components of loads associated with structuraltie-backs.
 8. Live or dead surcharge loads above and/or behind the wall.
 Each of these factors should be considered and appropriately evaluated separately. The final earthpressure calculations can then be made which will incorporate the design life of the wall and theenvironmental extremes to which the wall will be subjected (such as likely fluctuations in thegroundwater table or freezing ground, etc.).
 The following section outlines the design aids and procedures available for evaluating the above list offactors when calculating earth pressure values.
 2.0 Calculating Earth Pressure Values The engineer should begin by neatly sketching a scaled elevation view of the design section selectedfor consideration. Upon this section, the various limits and types of subsurface materials may belabeled. Below this (or on the next page) a neat tabulation of the various soil types and their availablesoils properties should be listed as "Given Values ". These values would typically include: soil bulkdensity and strength values derived from appropriate subsurface materials sampled in the field andthen tested in the soils laboratory. At this juncture, the engineer should evaluate these values and thesoils classifications made to see if they are commensurate with what he feels is representative of thesite. Anomalous or unrepresentative values should be stricken with a single pencil line and no longerconsidered in the analysis. A parenthetical note as to the reason for deleting this data should beadded on the paper mar-gin if that data is to be retained on the boring logs.
 2.1 Calculations Involving Landslides In many situations, such as landslides, a discrete weak zone or discontinuity may have beenresponsible for the failure or another future movement. If such weak zones were encountered orsuspected in the field investigation, care should be exercised in evaluating all of the field data.In some situations, averaging of empirical data might be a viable approach to classifying some material.In other situations, values at the more conservative end of the data range might be selected asbeing more-representative of that particular weakness zone or zones which are critical to a stabilityanalysis. To error on the side of conservatism is always considered to be the prudent alternative tochoose. A back analysis of the slippage is another method which can be used to check the strengthparameters chosen for the slip surface.
 3.0 Material Properties
 In some cases, there is either a lack of reliable data or much of the data yielded in the investigation is not
 felt to be representative of, say, the weakest material.
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 In such cases, it is often possible to make correlations between either Standard PenetrationResistance (SPT) Values or Atterberg Limits values with the angle of internal friction, Ø, of certaintypes of materials. Many such relationships have been presented over the years in the en-gineering literature. A brief listing of these relationships follows:
 Correlation Type of Soil
 SPT vs Φ for sandse vs n vs λd for sandsSoil type vs unit weight all types
 λd vs w/c all typesΦ vs type of soil all types
 PI vs Φ for clays (drained)Φ vs Rel. Density for sandsΦ vs λd, Dr sands, silts, gravelΦ vs N granular mtls.
 S u vs SPT for claysPI vs OCR for clayS u vs for normally consolidated clayE, q u for types of rockVp (P-wave velocity) all types
 When a property is chosen from one of these correlation charts or tables, the engineer should make axerox copy of the chart or table, note its source, and properly highlight or underline the particularvalues given and the values chosen. This information should then be included with the engineer'sother calculations in the job file.
 4.0 Degree of Saturation The build-up of pore water behind a retaining wall can roughly double the active force on such astructure from that imposed by a dry backfill. It is likely that the vast majority of continuous retaining wallfailures occur due to the build-up of excess hydrostatic (water) pressures due to either a lack ofadequate drainage or impermeability of the backfill materials.
 Bentonite slurry walls and steel sheet pile walls are fairly impervious and can, therefore, experiencethe build-up of significant hydrostatic pressure, regardless of the groundwater level on the front (open)side of such a wall.
 Discontinuous retaining structures, such as drilled piers, H-piles, or crib walls, can be morefree-draining by their open nature. However, a suitable amount of free-draining material must beemplaced behind such structures to allow the dissipation of hydrostatic pressures. The properconveyance of groundwater via such a system is commonly specified in Guide Specifications forEngineered Fill, prepared by geotechnical engineers or government agencies. The engineer shouldcheck for details as to:
 1. The effective width and inter-connectivity of pervious back-fill material
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 2. Check filtration criteria so that hydraulic piping and clogging of the perviousmaterial will be lessened during the life of the structure.
 3. Evaluate the subdrain system for a way of both checking and insuring that
 groundwater flow continues and is uninhibited.In most states, Item 1 can be evaluated by specifying the placement of permeable materialaccording to the respective DOT sections pertaining to Permeable Backfill Material or a suitablealternative (generally listed under Classes of Aggregate Subbase). An effective width of free-drainingmaterial behind the wall is largely a matter of judgment. Most DOTs specify 1 cubic foot of gravelwrapped in a bur-lap bag behind weepholes in continuous walls. The U.S. Bureau of Reclamationrecommends backfilling a wall with free-draining material, 3 feet width at the bottom, tapering to 1 foot
 just below the top of a wall. The topmost 6 inches to 1 foot of wall backfill is normally composed of struc-tural backfill of a more impervious nature to prevent the subdrain wall from collecting surface water.
 Until the 1990s most practitioners typically specify a 1-foot-wide zone of free-draining material behind awall with a 6-inch clay cap on top. Walls in excess of 15 feet height may require a wider drain blanket
 behind the wall like the U.S.B.R. recommends. Most practitioners are beginning to utilizeprefabricated drainage membranes like Miradrain, Enkadrain, Tensar DC-1200, Tenax TNT, MNT,etc.
 The possibility of hydraulic piping of fine materials into the subdrain can be accounted for byemploying a graded filter or geotextile material between the excavation/subdrain interface. Gradedfilter specifications are available from the U.S. Corps of Engineers (whose filter criteria was revisedin 1976) or in the U.S. Bureau of Reclamation's Earth Manual (pp. 305-309). Oftentimes, a geotextilefabric may be used instead of a graded filter fill. There are over 200 textile types presently available.Through some experiences with rock flow and silt, it has recently been suggested that it is no longerdesirable to wrap subdrain pipes in geotextile cloth because the textile can plug with fines. It isconsidered desirable to place the cloth at the excavation face so that it lies between the nativematerials and the free-draining fill. It is still considered prudent to wrap perforated hydrauger pipes withgeotextile cloths as these drains are not designed for the same life-expectancy as a retaining wall.
 Subdrain pipes should generally be designed as continuous systems with as few tight bends aspossible. Typically, the pipes are contained in the free-draining material approximately 6 inchesoff the bottom of the soil/subdrain interface. Normally, a perforated SDR 23.5 or equivalent
 ABS/PVC or perforated pipe is lain in the subdrain excavation with the perforations down. SDR23.5 possesses a wall thickness sufficient to allow for clean-out with a roto-rooter. It is the onlyPVC or ABS schedule pipe now acceptable for sewer lines by most sanitation districts in thewestern United States. Vitrified clay pipe (VCP) possesses a greater
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 resistance to corrosion and chemico/environmental effects. However, due to its brittleness, itsemployment is usually limited to situations where adverse differential settlement is consideredunlikely.
 Subdrain pipes should be connected to solid clean-out sections which ex-tend to the ground surface
 and are capped. The clean-out should not connect to the perforated subdrain pipes on an angle inexcess of 45 degrees. Experience has also shown that clean-out sections should not extend more than18" above grade as they may attract attention and people tend to drop rocks down them to see whatthey'll hear. Screw caps inside of precast concrete utility boxes is recommended in most urbanenvironments.
 Guide specifications for clean-out maintenance and energy dissipation at the point of outflow shouldbe included in any construction plans. If as-built drawings of a wall are required, the general clean-outand drain locations should be noted.
 5.0 Relative Compact ion o f Wall Backfil l Guide specifications for structural backfill are normally included in all geotechnical engineering reports.
 These guidelines typically specify the structural fill gradation requirements and the degree of relativecompaction with respect to depth of the required fill. These are usually given as:
 • 90% relative compaction required for fills up to 10 feet deep• 95% relative compaction required for fills over 10 feet deep
 Problems with backfill construction operations or techniques have led to many retaining wall failures.The effects of the surcharge load imposed by construction equipment must be adequatelyconsidered in the wall design. Vibration caused by equipment or by the loose dumping of materialbehind the wall can lead to excessive pore pressures in a semi-granular fill. These locked-inpressures will cause the wall to feel the At-Rest earth pressure in lieu of the desired Active or Apparentearth pressures. This build-up of the earth pressure can also cause excessive tilting and/orstrain-failure of the wall stem.
 6.0 Structural Stiffness Rankine Earth Pressure Theory states that a soil mass must strain some finite amount in order tomobilize either passive or active shear resistance. The amount of this lateral strain is commonly inthe range of 0.002H (sand) to 0.02H (clay) for the active range and 0.005H (sand) to 0.04H (clay) forthe passive range. This is where H is equivalent to the total height of the wall (including the buriedportion).
 Walls which are retained in some manner or are built with too stiff a basal stem may not deflectsufficiently to mobilize the shear strength of the soil about them. Structures of this character mustnecessarily be designed to withstand the full hydrostatic pressure of the soil/water mixture they hold inretention.
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 Examples of such structures are rigid counterfort walls, tanks, bridge abutments, basement walls,walls of structures with integral transverse sections (such as floors and ceilings) and walls with"wing sections" return walls, and/or corners.
 Tied-back walls may be considered to be either rigid or non-rigid, depending on the section modulus (EI)
 of the wall section and the walls' ability to deflect between points of like support.
 The rigidity or geometry of a chosen structure might require that the geotechnical engineer calculatethe At-Rest Earth Pressures so the structural engineer can realistically design the section. Theprocedures for this calculation are presented later in Section 8.
 Flexible wall systems such as sheet piles, which are normally tied back, possess the desirable attributeof arching the earth pressure loads betwixt the dead man anchor and passive pressure areas. Thisarching (in the vertical plane) of the lateral earth pressures reduces the load transferred to thatportion of the wall where the maximum bending moment occurs. As a result, a significant reductionin the design bending moment and, hence the design section (EI), can be realized.
 Whereas flexibility can be shown to be advantageous in a single tied-back wall system, such deflections
 can play havoc with a cantilevered wall system. As the cantilever wall deflects laterally beyond 1% or2% of the total wall height, H, the soil is strained beyond its pseudo-elastic limit and shear strength isnow lost (i.e., soil is now in its residual strength range). This reduction in shear strength will cause anincrease in the lateral earth pressure in excess of the At-Rest earth pressures. This type ofdeformation can be particularly detrimental in situations where a sloping backfill lies behind the wall. Insome situations, a wall which is tilting excessively (>2%H) will be supporting an entire active-failuremass extending a considerable distance upslope. This mass could easily load such a wall with200% to 1000% of a traditionally-derived active pressure force.
 7.0 Inclined Backfi lls, Toefills, and Walls The most common mistake in the determination of lateral earth pressures is that incurred in hillsidesituations where active loads are normally in-creased and passive resistance decreased. Quite
 simply, this is because there is volumetric increase or decrease in the amount of soil materialinvolved in loading the wall or in resisting its deflection.
 Several loading situations exist which can alter the calculation of the Active Pressure coefficient, K a .These include:
 1. Inclined backfill or hillside slope behind the wall;
 2. Another retaining wall close enough upslope to be within the active pressurewedge of a lower wall and thereby receiving a thrust from the upper wall;
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 3. The presence of downward-sloping geologic strata or fills be-hind the wall withinits active pressure wedge;
 4. Situations where active landslide masses are being retained.
 Those loading conditions which can cause a decrease in the passive resistance to a wall include:
 5. A downward-sloping toe slope in front of the wall;
 6. The presence of active landslippage or the potential for sliding of that portion of aslope downslope of the wall;
 7. An adjacent, lower retaining wall within the passive pressure wedge of the upperwall;
 8. The use of individual piers subject to arching versus a continuous wall system.
 Once an active pressure coefficient (K a) value is chosen for the appropriate loading condition, thisvalue may be factored to account for At-Rest or apparent earth pressure conditions.
 A number of graphical approximation methods have been traditionally employed to evaluatesloping backfill loading conditions (Coulomb, Engesser, or vector-sum methods to name a few).
 A design chart for evaluating the active and passive pressure coefficients has been prepared. This chart isFigure 6 on page 7.2-67 of NAVFAC DM-7.2 (1982), reproduced herein as Figure 7.10. The engineershould be familiar with the use of this chart. It has been developed from Rankine Theory for continuouswalls, and, therefore, is felt to generally be conservative.
 The proper utilization of this chart requires the input of β , δ , and Φ where:
 β = Inclination from horizontal of either the backfill slope or the toeslope;
 δ = Friction angle between the structure and the soil;
 Φ = Angle of internal friction of the soil.
 δ is usually considered to be approximately equal to .33 Φ for smooth walls such as reinforcedconcrete walls poured to timber form work, sonotubes, or sheet-pile walls. δ= 0.67 Φ forstructures cast-in-place directly against the soil (such as drilled piers). The placement of a foot ormore of gravel behind the wall creates the need for averaging the Φ values of the gravel and thebackfill with respect to the wall.
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 Figure 7.10 - Design nomograph for determination of active and passive coefficients with wallfriction, δ , and sloping ground. Taken from NAVFAC DM-7.2 (1982).
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 8.0 Earth Pressures on Vertical Retaining Wall Elements Cylindrical drilled piers which have been instrumented show that active pressure loads archbetween the pier spacings and load the pier accordingly (see Terzaghi, 1943, pp. 66-76;
 Wang and Yen, 1974; and Bosscher and Gray, 198 6) . As a consequence, active loads onthese piers should be calculated for a tributary area equal to the center-to-center spacing ofthe piers. Cantilever piers can be designed for the full hydrostatic active pressure distributiontaken to the bottom of the pier in normal, long-term loading situations. In landslide situations,the active loading zone can be taken to the depth of sliding and no deeper. This is because theactive deflection experienced by such walls is usually confined to the failing soil mass. Careshould be taken in these situations to insure that the slide mass is not reactivated duringconstruction, or the wall must be designed to carry the entire thrust of the slide mass. Practicehas shown that the optimum C-to-C pier spacing for a retaining structure is between 2.0 and3. 0 times the pier diameter, D. A spacing of around 2. 5D is considered optimum forreasons of passive resistance to be discussed shortly.
 Cylindrical piers can be used to best advantage on the passive side where their independentaction is spread out over the slope in a fan shape. This fan shape can be approximated bydrawing limits flaring out from the pier sides at 45 – Ø/2 degrees from the line of the imposedload. Comparison of schematic diagrams of the passive wedges generated by each pier in bothplan and section will show that:
 1. There is a significant reduction of the soil mass resisting lateral motion of thepier in the section view.
 This reduction can be as much as 50% or more on significantly steep slopes
 (45 degrees).2. The passive wedges engendered by the piers overlap one another, thereby
 negating a portion of the passive resistance in a plan view.
 Because of the overlap of their respective passive wedges, passive pressures can only beincreased to twice the pier diameter for center-to-center spacings between 2.0 and 3.0.
 9.0 Example Calculation o f Act ive and Apparent Earth Pressur es Rankine Active Earth Pressure Theory is a conservative linear approximation of the actuallog-spiral shaped active and passive soil mobilization zones (see Terzaghi, 1943, pp . 44 , 67 ,and 84). Rankine Pressure Theory is presented in Figure 9.10. The one instance whereRankine Pressure Theory may not be adequate is that of temporary braced excavations. Insuch cases, the straight line (triangular) Rankine soil pressure distribution may severelyunderestimate loads near the top of an excavation wall and severely overestimate the loadnear the bottom of the braced excavation (see Terzaghi and Peck, 1967; pp . 193-299) .
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 In the 1940's, Terzaghi and Peck began to alter their earth pressure diagrams to more closelyfollow the actual lateral loads measured on deep-braced excavations in Chicago and Boston.This alteration is presented in Figure 9.11 and is known as Apparent Earth Pressures (Terzaghiand Peck, 1967, pp. 394-413). These relationships apply to temporary, braced excavations.
 Long-term Apparent Earth Pressures on tied back or cantilever retaining walls can be estimated bycalculating the triangular Rankine pressure distributions, then using equivalent polygonal areas withinthe various sub-strata units. This "straightening-out" of the triangular distributions produces a morerectangular loading diagram with increased loads near to top and decreased loads and moments in thelower, embedded portion of the wall. Example calculations of Rankine and Apparent EarthPressures are included herein as Figure 9.12.
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